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Abstract 

The Aryl hydrocarbon Receptor (AhR) mediates the toxic effects of 2,3,7,8-tetrachlorodibenzo-

p-dioxin (TCDD) resulting in the human specific toxicity, chloracne. To test whether the 

chloracnegenic potential of AhR-agonists depends upon binding affinity for the AhR, residency 

and/or down-regulation of the AhR, we investigated the effects of different AhR agonists in 

primary human keratinocytes and epidermal equivalents.  The AhR agonists used were high-

affinity, high-residency and high-potency TCDD, and two agonists not known to induce 

chloracne; low-affinity, low-residency and low-potency β-naphthoflavone (β-NF) and the low-

affinity, low-residency and high-potency physiological agonist 2-(1‟H-indole-3‟-carbonyl)-

thiazole-4-carboxylic acid methyl ester (ITE). -NF, a partial agonist was used to test AhR 

dependency. The effects of these agonists on AhR activation, terminal differentiation, 

autophagy and expression of cathepsin D (CTSD) in primary human keratinocytes and 

epidermal equivalents were determined.  

 

All three agonists induced AhR activation by XRE-luciferase assay, which was inhibited by α-

NF, demonstrating AhR dependence of the ligands. AhR degradation was induced by all ligands 

and CYP1A1 was induced strongly by TCDD but weakly by β-NF and ITE. CYP1A1 and XRE-

luciferase induction correlated with ligand binding affinity; ranking levels of binding affinity as 

TCDD>β-NF>ITE. 

 

TCDD treatment induced a chloracne-like phenotype in epidermal equivalents, with a decrease 

in viable cell layer thickness and compacted stratum corneum. This was not induced by β-NF or 

ITE. To investigate the differential effects of AhR-ligands on epidermal equivalent phenotype, 

we studied differentiation markers filaggrin, involucrin and TGM-1. TGM-1 expression was 

induced specifically by TCDD while aberrant expression of involucrin and filaggrin were induced 

by TCDD, β-NF and ITE. AhR activation was not associated with increased apoptosis. 

Caspase-3 independent cell death has been implicated as a mechanism of decreased thickness 

of the viable cell layer, so we studied the effects of AhR-agonists on autophagy. 

 

Autophagy in keratinocytes and epidermal equivalents was characterised by induction of LC3 II, 

p62 degradation and transmission electron microscopy. TCDD robustly induced active 

autophagy, while ITE induced lower levels and β-NF blocked autophagy. TCDD- and ITE-

induced autophagy in epidermal equivalents appeared to result in decreased numbers of 

lamellar bodies, which may account at least in part for the compacted stratum corneum 

phenotype shown by the TCDD-induced phenotype in epidermal equivalents and chloracne. 

 

As CTSD has been implicated in keratinocyte differentiation and an XRE domain has been 

identified upstream of CTSD, we studied the effects of ligand-dependent AhR activation on 

lysosomal aspartic protease CTSD expression. CTSD was increased by AhR activity in 

epidermal equivalents.  

 

Induction of CYP1A1 did not appear to be a specific biomarker of chloracnegenic potential of 

AhR agonists. The data presented have shown differential effects by TCDD, β-NF and ITE on 

autophagy that we hypothesise contributes to the chloracne phenotype. In this thesis, potential 

biomarkers specific to chloracne were identified in keratinocytes, TGM-1, CTSD, autophagy and 

decreased lamellar bodies, although further validation is required.   
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1. Introduction 

1.1 Aryl hydrocarbon Receptor 

The aryl hydrocarbon receptor (AhR) is a member of the basic Helix-Loop-Helix PER-

ARNT-SIM (bHLH PAS) family of ligand induced transcription factors (Burbach et al., 

1992). The AhR plays an important role in the transduction of chemical signals (for 

example hormones and xenobiotics) to their cellular effects by induction of certain 

genes. These receptors have been well studied for their toxicity mediating roles, but 

also have important physiological roles that like the AhR, may not yet be fully 

elucidated. Many of their roles are converging, and cross talk between the receptors is a 

well known phenomenon which increases the potential number of genes regulated by 

their activation greatly.  

 

AhR activation induces transcription of a large battery of genes including many involved 

in phase I and II metabolism (Akintobi et al., 2007; Harris et al., 2002a; Harris et al., 

2002b; Kohle and Bock, 2007) reviewed in (Schrenk, 1998). 

1.1.1 AhR pathway activation 

1.1.1.1 The structure of AhR  

The AhR structure consists of a basic helix-loop helix domain which is the site for hsp90 

binding, dimerization and DNA binding, Per-Arnt-Sim A and B domains for ligand, hsp90 

binding and dimerization and a Q rich domain for transcriptional activation (Figure 1.1) 

(Burbach et al., 1992; Dolwick et al., 1993; Ema et al., 1992; Fukunaga and Hankinson, 

1996; Fukunaga et al., 1995). The ligand binding site of the human AhR has recently 

been shown to contain 4 available binding pockets (Salzano et al., 2011). Each ligand 

has a preferred binding pocket that is thought to be based on the volume of the binding 

pocket and size of the ligand, however most ligands are able to bind more than one 

pocket. Within each pocket is a number of possible binding sequences and these 

sequences correlate to the differences in mouse and human AhR sequences – the 

mouse AhR has additional binding sites to human AhR. It is suggested that the 

presence of different binding pockets and sequences within these pockets could provide 

differential ligand binding for both endogenous and exogenous ligands, leading to 

differential AhR activation and regulation of differential target genes. It also opens up 

the possibility of interactions between ligands (as opposed to the well documented 
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interactions between nuclear receptors (Kolodkin et al., 2010)), which could help to 

explain the wide ranging effects of AhR activation, especially in its lesser studied 

physiological role (Salzano et al., 2011). 

 

Figure 1.1 The functional domains of the Aryl hydrocarbon Receptor.  The AhR is 
a member of the family of bHLH PAS transcription factors. The AhR is highly conserved 
across species. High levels of structural homology are present between mammalian 
forms of AhR for example human and mouse PAS domains show 87% homology (Hahn 
et al., 1997) and the differences in sequence are found in the different ligand binding 
pockets (Salzano et al., 2011). Figure modified from (Fukunaga et al., 1995) 

1.1.1.2 Cytoplasmic AhR 

The AhR activation pathway is summarised in Figure 1.2. In its inactivated state, the 

AhR resides in the cytoplasm in a complex with its chaperone proteins: the AhR 

interacting protein (AIP) (Ma and Whitlock, 1997), p23 (Nair et al., 1996) and heat shock 

protein 90 (hsp90)(Fukunaga et al., 1995; Perdew, 1988; Pongratz et al., 1992)(Figure 

1.2). This complex has multiple functions involving keeping the AhR localised in the 

cytoplasm and repressing conformational changes that occur during activation 

(reviewed in (Carlson and Perdew, 2002; Petrulis and Perdew, 2002)). Chaperone 

complexes are thought to be common for nuclear receptors such as the AhR and the 

progesterone receptor and some chaperone molecules are common to more than one 

nuclear receptor (Nair et al., 1996). This project does not focus on these proteins, but 

an overview is included here as background on the regulation of the AhR. 
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Figure 1.2. The Aryl hydrocarbon Receptor pathway. The inactive AhR resides in the 
cytoplasm with its chaperone proteins. Upon ligand binding, the chaperone proteins are 
released and the AhR translocates to the nucleus where it binds ARNT. The AhR-ARNT dimer 
binds the XRE, inducing transcription of a battery of genes involved mainly in phase I and phase 
II metabolism. Chloracne is a result of pathway activation specific to TCDD. 

 

1.1.1.3 The chaperone molecules 

AhR interacting protein (AIP or XAP2 ) is an immunophilin like protein that is part of 

the AhR-hsp90  complex (Ma and Whitlock, 1997), binding to both AhR and hsp90 in 

the absence of ligand (Bell and Poland, 2000). AIP binding to the AhR inhibits nuclear 

translocation by inhibiting importin β recognition of the NLS (Petrulis et al., 2003) and 

ligand binding therefore breaks the AIP-hsp90-AhR complex down which is thought to 

be required for AhR-hsp90 stability (Bell and Poland, 2000). Over expression of the AIP 

increases TCDD-induced CYP1A1 in a mouse hepatoma cell line (Ma and Whitlock, 

1997) and AIP is required for AhR-dependent up-regulation of certain AhR-induced 

proteins; CYP1B1 and AhRR require AIP but CYP1A1 and CYP1A2 do not (Ma and 

Whitlock, 1997; Nukaya et al., 2010). 

 

Heat shock protein 90 (hsp90) directly binds to cytoplasmic AhR. Binding is required 

for repression through holding the AhR in an inactive state in the cytoplasm, repressing 
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background/ligand-independent activation of the AhR (Henry et al., 1999; Whitelaw et 

al., 1995) and its dissociation from the AhR is required for AhR activation (Carver et al., 

1994). One mechanism that contributes to this is the repression of the conformational 

change of the AhR to having a high DNA binding affinity (Pongratz et al., 1992). 

Removal of hsp90 from the AhR complex can promote ligand-independent translocation 

(Pollenz and Buggy, 2006) but the AhR can translocate without dissociation from hsp90 

although the hsp90 inhibits AhR-ARNT dimer formation (Heid et al., 2000). p23 is a 

chaperone molecule for hsp90 and regulates the activation of hsp90 and its binding to 

the AhR. p23 does not directly bind the AhR (Cox and Miller, 2004; Hollingshead et al., 

2004; Kekatpure et al., 2008). 

  

1.1.1.4 Translocation and DNA binding 

Upon activation, the ligand binds to the PAS domain of the AhR (Fukunaga et al., 1995) 

releasing the chaperone proteins (hsp90, AIP, p23) and inducing  conformational 

changes of the AhR (Gasiewicz and Bauman, 1987; Henry et al., 1994). The changes 

that are induced are an increased AhR affinity for DNA, decreased AhR affinity for the 

ligand and an increased ability to bind ARNT (Carlson and Perdew, 2002; Petrulis and 

Perdew, 2002). These changes are induced to varying degrees by different ligands 

(under different conditions). For example TCDD binding induces a high DNA affinity 

form of the AhR (Gasiewicz and Bauman, 1987). But when α-NF binds AhR (in rat 

hepatic cytosol extracts), AhR activation is only induced to very low levels by high 

concentrations of α-NF. This is because the conformational changes induced by α-NF 

result in a low DNA affinity form of the AhR (Gasiewicz, 1991). The removal of the 

chaperone proteins also reveals the nuclear localisation signal (NLS) allowing the AhR 

to translocate to the nucleus (Ikuta et al., 2004; Ikuta et al., 2000; Song and Pollenz, 

2002). Here it forms a dimer with ARNT (AhR nuclear translocator, described in more 

detail in the following paragraph)(Heid et al., 2000) and binds the xenobiotic response 

element (XRE) (Fukunaga et al., 1995; Whitelaw et al., 1993). The XRE is the AhR 

specific promoter region with a core sequence found upstream of genes directly 

regulated by AhR (Fujisawa-Sehara et al., 1988; Wang et al., 1998).  

 

Included in this battery of genes is the AhR repressor protein (AhRR) which after 

translation, returns to the nucleus and competitively inhibits activation by forming a 
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dimer with ARNT and binding the XRE domain (Akintobi et al., 2007; Evans et al., 2008; 

Mimura et al., 1999). 

1.1.1.5 ARNT 

ARNT(also called hypoxia inducible factor 1β (HIF1β) is a bHLH PAS protein similar to 

AhR and is required for AhR-XRE binding and activation, by inducing XRE binding 

ability in AhR (Hankinson, 1995; Reyes et al., 1992). As an integral member of the PAS 

proteins, it is involved in other pathways. This is the basis for a hypothesis on the 

mechanism of differential effects caused by TCDD; that the sequestering of ARNT in the 

TCDD-activated AhR pathway may cause inhibition of other ARNT mediated pathways. 

ARNT can dimerise with other molecules other than AhR and elicit its own ARNT 

specific effects: ARNT heterodimerises with HIF1α, binding an hypoxic response 

element and up regulating its own battery of genes (Hogenesch et al., 1997). It can also 

form a homodimer and bind constitutively to the E box, shown to regulate development 

in drosophila (Antonsson et al., 1995). The importance of ARNT in development is 

demonstrated in knock out mice. Pups do not survive for more than 10.5 days due to 

developmental defects such as angiogenesis (Maltepe et al., 1997). 

Pollenz et al. have shown that induction of the hypoxia pathway in human, mouse and 

rat hepatoma cells reduces TCDD-induced AhR-dependent CYP1A1 induction. 

Importantly, Pollenz et al showed that neither TCDD treatment nor hypoxia induced 

changes in levels of ARNT (Pollenz et al., 1999). Sadek et al. have identified AINT, the 

ARNT interacting protein, in many tissues of murine embryos that provides a link 

between ARNT and development. AINT is expressed in the cytoplasm of embryonic 

cells, and an overexpression (that can occur during embryogenesis (Aitola et al., 2003)) 

can cause ARNT to become cytoplasmic (Sadek et al., 2000). The effects of this may 

be an inhibition of the AhR pathway, but the authors claim that the AINT induced 

cytoplasmic localisation of ARNT can be overruled by AhR ligand-dependent activation, 

suggesting the AhR pathway may have priority over other ARNT pathways (Pollenz et 

al., 1999; Sadek et al., 2000) 

In skin, ARNT plays a role in differentiation during development as demonstrated by 

keratinocyte targeting of ARNT knock out in mice. Geng et al showed that ARNT knock 

out mice exhibited compacted stratum corneum, and abnormal expression of involucrin, 

filaggrin and loricrin indicating abnormal terminal differentiation. Ceramide metabolism 

was also shown to be altered by ARNT knock out, resulting in corneosome retention 
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(Geng et al., 2006). A suggested link between ARNT and keratinocyte differentiation is 

the moderate hypoxic environment in the epidermis which increases with differentiation 

(Evans et al., 2006). Wier et al. show that acute hypoxia affects HIF1α, but ARNT 

remains unaffected. Chronic hypoxia induced a post-translational decrease in ARNT 

(Weir et al., 2011), which would suggest that the AhR pathway would be compromised 

in this situation. 

However, because of the complexities of this pathway and evidence of both AhR-

dependent and independent pathways, ARNT was not considered an useful target to 

dissect out the mechanisms of AhR activation in skin or the pathophysiology of 

chloracne.    

1.1.1.6 Molecular cross talk 

There is known to be cross reactivity between the ligands and downstream effects of 

receptors such as the AhR, oestrogen, retinoic acid and progesterone receptors 

(Kolodkin et al., 2010; Nair et al., 1996; Wang et al., 1998). This can be the result of 

interactions at different levels of the receptor pathways, for example chaperone 

molecules (described in section 1.1.1.3) are common to a number of nuclear receptors 

(reviewed in (Nair et al., 1996), ligand promiscuity for receptors, or cross talk between 

response elements of receptors. This contributes to the large number of compounds 

that through activating receptors can exert very wide ranging and differential effects. 

 

Many ligands may have the ability to activate more than one receptor. For example 

statins, which are well known for their wide ranging cellular effects, have been shown to 

differentially activate the constitutive androstane receptor (CAR), farsenoid X-receptor 

(FXR) and pregnane X-receptor (PXR), exerting the highest activity on PXR, revealing a 

mechanism for the wide ranging effects of statin treatment (Howe et al., 2011). 

Interactions between response elements can result in similar transcriptional regulation 

of proteins at low ligand concentrations, that at high concentrations become more 

receptor specific, demonstrated by Bailey et al. in the case of the PXR and vitamin D 

receptor (VDR) (Bailey et al., 2011).  

 

There is also a promoter region that is common to a wide range of genes. The Sp1 

binding site (TATA box) is often co-expressed with other response elements but is not 

robust enough to induce transcription without the presence of another transcription 

factor (Wang et al., 1998). It is involved in the regulation of maximal basal expression of 
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proteins (Fitzgerald et al., 1998; Wang et al., 1998; Wang et al., 1999) and the 

differential effects of interactions with inactive AhR compared to active AhR suggest a 

physiological role for the AhR (Wang et al., 1998). The joint regulation by receptors and 

Sp1 is complex, but a good example is the regulation of Cathepsin D (CTSD) by the 

oestrogen receptor (ER) and AhR (Figure 1.3). CTSD is a lysosomal aspartic protease 

which has important roles in the regulation of terminal differentiation in keratinocytes 

(section 1.4.3) and autophagy (section 1.4.2). The following studies were performed in 

the breast cancer cell line MCF-7, as the origin of this work is from the anti-oestrogenic 

capabilities of TCDD on oestrogen-dependent tumours, with an aim for use as a 

therapeutic target, however due to the importance of CTSD in epidermal differentiation, 

this data can be extrapolated; there are studies showing similar behaviour of CTSD in 

HaCaTs, which suggest conserved responses between human keratinocytes and MCF-

7 cells (Vashishta et al., 2007). CTSD is regulated by both “housekeeping” (the Sp1 

binding site, TATA box) and “inducible” response elements (AhR-ARNT response 

element, XRE) and both Sp1 and AhR-ARNT are required for maximal basal activity 

(Wang et al., 1999). Sp1 directly binds to the AhR as well as the TATA box, inducing 

maximal basal activity (Kobayashi et al., 1996; Wang et al., 1998; Wang et al., 1999). 

TCDD is known to have anti-oestrogenic effects when the XRE is present with ER and 

Sp1 binding sites, suggesting some XREs may be inhibitory (Gierthy et al., 1993). In the 

absence of the ER response element, the ER binds the Sp1 with no interaction with the 

DNA itself (Porter et al., 1997)  and can also regulate transcription via the Sp1. The Sp1 

protein is the intermediate factor between AhR and ER, without Sp1, the nuclear 

receptors do not interact (Wang et al., 1998), suggesting Sp1 may contribute to cross 

talk between receptors.  It has been suggested that the basal expression of AhR itself is 

regulated by Sp1 (Fitzgerald et al., 1998). This is described in more detail in section 

1.4.1. 
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Figure 1.3. Regulatory sequences in the Cathepsin D promoter region. ER and 

AhR interact via SP1 in absence of the ER response element (ERE). ER, Oestrogen 

receptor; DRE, dioxin response element. Figure modified from (Wang et al., 1998). 

 

1.1.1.7 Ligand-independent AhR activation 

The AhR has been shown to become activated ligand-independently by loss of cell-cell 

contact. This has been demonstrated in the human keratinocyte cell line HaCaT, by 

showing sparse confluency inducing nuclear translocation of the AhR (Ikuta et al., 

2004). Sparse confluency also induced transcriptional activation of the AhR (Ikuta et al., 

2000; Sadek and Allen-Hoffmann, 1994a, b). This suggests a physiological role for AhR 

potentially in development and wound healing. 

1.1.1.8 Degradation 

Once activation has occurred, the AhR can be degraded within the nucleus by the 26S 

proteosome (Song and Pollenz, 2002). It can also be exported to the cytoplasm by 

revealing the nuclear export signal (Ikuta et al., 2004), where it is degraded by the 

cytoplasmic proteosome (Davarinos and Pollenz, 1999; Pollenz, 2007). The timescale 

for both pathways in the HepG2 cell line is ~3 hours (Song and Pollenz, 2002) but 

varies depending on cell type and the ligand that induced activation (Swanson and 

Perdew, 1993). Onset of TCDD induced AhR degradation in human cell lines ranges 

from 2-4 h and may last over 16h (Ikuta et al., 2000; Pollenz and Buggy, 2006; Sadek 

and Allen-Hoffmann, 1994a, b).  
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AhR degradation is used as a readout of AhR activation, but it isn‟t exclusively ligand-

dependent. Geldanamycin is an hsp90 specific binding protein (Grenert et al., 1997), 

not a ligand for the AhR, that removes the hsp90 from the AhR allowing translocation 

and mimicking a step of ligand-induced activation. The AhR translocates to the nucleus 

and is degraded without binding the XRE (Pollenz and Buggy, 2006; Song and Pollenz, 

2002). 

 

The duration of ligand-dependent AhR degradation depends upon the residency of the 

ligand and forms the basis for a common hypothesis that differential effects of the AhR 

pathway depend in the residency of the ligand. TCDD induces sustained AhR 

degradation because of its low metabolic clearance, with ligands that are more quickly 

metabolised allowing recovery of AhR levels more quickly (Berghard et al., 1992; Henry 

et al., 2010). After ligand-dependent AhR degradation, the AhR can recover to higher 

levels than basal (Franc et al., 2001; Sloop and Lucier, 1987).  

 

1.1.2 AhR expression and activity 

1.1.2.1 AhR in Humans 

AhR was first identified in skin as the mediator of benzo[a]pyrene toxicity (Levin et al., 

1972) and even though AhR expression is ubiquitous, its levels of expression in tissues 

varies greatly. Dolwick et al show AhR mRNA expression in human tissues to be 

highest in placenta followed (in order of decreasing level) by lung, heart,  pancreas, 

kidney, brain,  muscle and liver (Dolwick et al., 1993). Expression in basal keratinocytes 

is low but is shown to increase with differentiation (Ray and Swanson, 2003). 

Importantly, AhR activation in keratinocytes increases with differentiation (Coomes et 

al., 1983; Du et al., 2006a; Jones and Reiners, 1997; Pohl et al., 1984). AhR expression 

can also be increased in diseased states, for example levels of AhR protein in human 

lung carcinoma (Lin et al., 2003) and AhR mRNA in pancreatic cancer cells is increased 

strongly compared to normal pancreatic cells (Koliopanos et al., 2002). This suggests 

that AhR has potential as a therapeutic target.  

 

AhR expression and activity do not necessarily correlate – the presence of the AhR 

repressor (AhRR) protein is also variably expressed in tissues basally, as well as being 

directly upregulated by AhR activation. High levels of basal expression of the AhRR will 

result in low levels of AhR activity resulting in constitutively low AhR activity in certain 
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cells (Gradin et al., 1999). The induction of AhRR expression also forms a negative 

feedback loop to tightly regulate ligand-induced AhR activation. Tight regulation of the 

AhR is crucial for maintaining homeostasis in the cell as over expression of the AhR 

results in severe toxicity in animals (Brunnberg et al., 2006; Tauchi et al., 2005) and the 

observation of increased AhR in tumours (Koliopanos et al., 2002; Lin et al., 2003) 

suggests overexpression may play a role in carcinogenesis.  

 

1.1.2.2 AhR in Animals 

There are high levels of interspecies variation in AhR expression and activity (Dere et 

al., 2011; FitzGerald et al., 1996). Levels of AhR response varies greatly between rat 

strains including some strains that are resistant to toxicity (Franc et al., 2001; Poland 

and Glover, 1990). This is not necessarily dependent on AhR expression regulation 

(degradation or recovery) (Franc et al., 2001), but is a result of variable AhR affinity for 

the ligand and DNA in different  rat strains due to sequence differences in the AhR. 

Sequence differences between rat and human AhR also account for differences in 

affinity between humans and animals (Ema et al., 1994; Okey et al., 2005; Ramadoss 

and Perdew, 2004; Salzano et al., 2011).  

 

AhR activation has been studied in variable strains to distinguish differential effects of 

AhR activation and the causes of toxicity. Although they have not revealed the 

differential causes of toxicity, they have provided a large amount of data on variable 

AhR activity inter- and intra-species. Alvares et al showed a 4 fold increase in basal 

AhR activity of primary keratinocytes from humans to rats and a 7 fold increase in basal 

AhR activity from humans to mice (Alvares et al., 1973). In AhR activity assays, there 

was a ~75 fold increase in basal AhR activity from skin to liver. This demonstrates the 

low basal activity of AhR in skin compared to liver (Raza and Mukhtar, 1993).  

1.1.2.3 Wide ranging roles of AhR 

The effects of AhR activation change depending on which cell type is being studied. As 

inducible AhR is present in a wide range of cell types, there is a wide range of cell-

specific effects caused by AhR activation. AhR activation in primary keratinocytes 

causes early onset of terminal differentiation (Du et al., 2006a; Greenlee et al., 1985; 

Loertscher et al., 2001b; Osborne and Greenlee, 1985). There are also reports on 

TCDD-induced immortalisation of keratinocytes (Ray and Swanson, 2004). Fibroblasts 

were reported to be quite resistant to AhR-induced toxicity because of the high levels of 
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AhRR expressed (Gradin et al., 1999), however this seems to be specific to human skin 

fibroblasts and the AhR pathway in other fibroblasts remains active (Akintobi et al., 

2007; Beedanagari et al., 2010; Cho et al., 2004; Henry et al., 2010). The AhR is also 

known to regulate the cell cycle, with AhR agonists suppressing the cell cycle (ligand 

dependently) in rat hepatoma cell lines (Reiners et al., 1999) and TCDD suppressing 

senescence in primary keratinocytes associated with differentiation, and increasing the 

amount of cells in the sub G1/G0 stage of the cell cycle (Ray and Swanson, 2003). 

 

In more widely ranging cell and tissue types, AhR has been shown to directly induce 

expression of  breast cancer resistance protein (Tan et al., 2010) and to have anti-

oestrogenic effects (Wormke et al., 2003; Zhang et al., 2009), induce production of 

sperm (Ohbayashi et al., 2001) and regulate inflammatory (Tsuji et al., 2011; Vondracek 

et al., 2011) and immune responses (Simones and Shepherd, 2011; Stockinger et al., 

2011). TCDD is also known (via AhR) to be carcinogenic in animals (although its status 

as a human carcinogen is under regular review) (Gelhaus et al., 2011; Shi et al., 2009). 

AhR has been shown to modulate susceptibility to apoptosis (Park et al., 2005; Reiners 

and Clift, 1999) and play a role in lysosomal fragility, the first step of CTSD induced 

apoptosis (Caruso et al., 2006). This is described in more detail in section 1.4.2 and 

Figure 1.11. 
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1.1.3 AhR-dependent toxicity 

As described in the last paragraphs, the AhR pathway elicits wide ranging effects 

through both activation and absence of the AhR. A brief overview of the toxicities 

associated with the pathway follows. 

 

Chloracne is a human and dioxin specific toxicity described in detail in section 1.3. 

There are animal models that exhibit chloracne-like disease (for example the rabbit ear 

model (Hambrick, 1957) and hairless mouse model (Panteleyev et al., 1997)), but 

because of differences in the hair follicle (the main site of TCDD induced changes 

causing chloracne) between human and animal, extrapolation from the animal models 

to human disease is difficult. The animal models are reviewed in (Panteleyev and 

Bickers, 2006). Chloracne-like epidermal lesions are known to occur in murine skin in 

response to both AhR knock out (Fernandez-Salguero et al., 1997) and constitutive AhR 

expression (Brunnberg et al., 2006; Tauchi et al., 2005). 

 

An industrial accident in Seveso, Italy, which exposed residents to a cloud containing 

chlorophenols mainly identified at TCDD, resulted in chemical burns, diarrhoea and 

vomiting. Chloracne followed 30-60 days post exposure and had improved in most 

cases 2 years post exposure (Caputo et al., 1988). Many long term studies have been 

carried out on this cohort, identifying long term effects of TCDD toxicity in humans 

including the possible increased risk of breast cancer and decreased fertility (Mocarelli 

et al., 2008; Pesatori et al., 2009) 

 

In animals, TCDD is highly toxic carcinogen (Huff et al., 1994) and a potent teratogen 

causing effects in rodents, most importantly cleaved palate and hydronephrosis  (Abbott 

et al., 1999; Mimura et al., 1997) reviewed in (Couture et al., 1990; Poland and Knutson, 

1982; Schwetz et al., 1973)). The most effective method used to show the extent of the 

role of AhR is by using genetic AhR knock down. Fernandez-Salguero et al developed 

AhR knock out mice (-/-) and have shown AhR knock down to cause developmental 

defects in the heart, uterus, gastric tract, liver, spleen and skin and 23% of the mice 

died (Fernandez-Salguero et al., 1997). 100% developed hypertrophic but normally 

formed hearts, 100% showed T and B cell depletion, 81% exhibited hepatic vascular 

hypertrophy. 53% developed thickening and scaling of the skin. Interestingly, when the 

epidermal lesions began to form they caused alopecia and abnormal follicle formation. 

This caused epithelial hyperplasia, hyper granulosis and changes in the shape of the 



13 

 

hair (Fernandez-Salguero et al., 1997). Changes in follicles and hair development are 

characteristic of chloracne, see section 1.3 for details.  

 

The effects of constitutive AhR expression bear similarities to AhR knock out. 

Brunnberg et al. showed that mice with constitutively active AhR exhibited hyperplasia 

of the liver, kidney and heart, with a decrease in thymus size (Brunnberg et al., 2006). 

This correlates well with the chronically TCDD treated model, suggesting perhaps 

paradoxically, that long term effects may be caused by increased AhR levels; chronic 

treatment has been shown to result in increased AhR levels at recovery (Franc et al., 

2001; Sloop and Lucier, 1987), however the AhR knock out model, once again exhibits 

similar effects to the TCDD treated and constitutively active models. In summary, 

epidermal lesions are exhibited in AhR knock out, constitutively active and TCDD 

treated animal models (reviewed in (Poland and Knutson, 1982) which remains to be 

fully explained.  

 

1.1.3.1 Physiological roles of AhR  

The AhR is highly conserved and ubiquitously expressed (Hahn et al., 1997) suggesting 

it has an important physiological role, however this has not yet been elucidated. The 

AhR has been studied in detail as a mediator of toxicity, but few endogenous ligands 

and roles have been identified. 

 

The endogenous ligands 2(1‟H-indole-3‟-carbonyl)-thiazole-4-carboxylic acid methyl 

ester (ITE) (Henry et al., 2006; Song et al., 2002) and 6-Formylindolo[3,2-b]carbazole 

(FICZ)  (Wei et al., 2000) are the first endogenous AhR agonists to be discovered. ITE 

is a potent AhR ligand which was isolated from porcine lung and is described later in 

this chapter (section 1.1.4). FICZ was isolated as a tryptophan photoproduct (Wei et al., 

1999) in skin/keratinocytes. Both induce CYP1A1 transiently, suggesting that binding to 

AhR is short lived possibly because they are metabolised rapidly and as physiological 

ligands this would be expected allowing efficient endogenous pathway signalling. FICZ 

is metabolised by CYP1A1 and CYP1A2 (Bergander et al., 2004). It has been 

suggested that FICZ mediates some of the UV effects in skin (Jux et al., 2011; Wincent 

et al., 2009). 
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TCDD activated AhR is known to induce anti-oestrogenic effects via the Sp1 protein and 

therefore antitumour effects by decreasing the overexpression of CTSD (Chen et al., 

2001; Gierthy et al., 1993; Westley and May, 1987). However, non-ligand bound AhR is 

thought to be required for maximal basal expression of CTSD (Wang et al., 1998; Wang 

et al., 1999). This is described in more detail in section 1.4.1. 

1.1.4 Ligands 

1.1.4.1 General Ligands 

The AhR is known to be activated by a wide range of compounds, the structure of which 

are normally planar aromatic molecules. Ligands are polycyclic aromatic hydrocarbons 

(PAH)(Ohura et al., 2007) or halogenated aromatic hydrocarbons (HAH)(Okey et al., 

1994), which bind with a range of affinities for the AhR and induce changes in the AhR 

which result in varying degrees of AhR affinity for ligand, ARNT and DNA as described 

in section 1.1.1 (Gasiewicz and Bauman, 1987; Gasiewicz, 1991; Henry et al., 1994; 

Petrulis and Perdew, 2002). AhR agonists are known to be able to exert differential 

AhR-dependent effects to each other, for example TCDD induces TGM-1 mRNA and 

protein expression and cross linking activity, while β-NF does not (Du et al., 2006a) and 

there are differences in regulated genes, binding regions and binding sites between 3-

methylcholanthrene (3-MC) and TCDD (reviewed in (Safe, 2010)). 

 

1.1.4.2 AhR Agonists 

TCDD 

The most potent AhR ligand is 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). It is a planar 

halogenated aromatic hydrocarbon, the classic shape for an AhR agonist (Figure 1.4 A), 

with high-affinity for the AhR, is highly lipophilic and its metabolism is basally low (Henry 

et al., 2006; Henry et al., 2010; Kedderis et al., 1993) but can be induced to slightly 

higher levels by its own activation of the AhR (Neal et al., 1982; Sorg, 2009; Sutter et 

al., 2010). It is known to cause chloracne (Geusau et al., 2001; May, 1973; Schwetz et 

al., 1973) and the best example of this is the poisoning of Viktor Yushchenko (Sorg, 

2009) which will be described in more detail in section 1.3. TCDD is a potential human 

carcinogen (Huff et al., 1994; Pesatori et al., 2009). The effects of TCDD have been well 

characterised in vivo (Couture et al., 1990; Pohjanvirta et al., 1999; Poland and 

Knutson, 1982; Schwetz et al., 1973) and in vitro (Loertscher et al., 2002; Loertscher et 
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al., 2001b; Okey et al., 1994; Osborne and Greenlee, 1985; Sloop and Lucier, 1987) as 

described in the previous sections. 

 

TCDD induces early onset of terminal differentiation in keratinocytes in vitro (Geusau et 

al., 2005; Greenlee et al., 1985; Loertscher et al., 2001a; Loertscher et al., 2001b; 

Sutter et al., 2011) by direct AhR-dependent regulation of filaggrin (Sutter et al., 2011) 

and indirect increase of expression and activity of TGM-1 (Du et al., 2006a).  It is known 

to induce a decrease in keratinocyte number independent of apoptosis (Loertscher et 

al., 2001a). 

 

β-NF 

β-Napthoflavone (β-NF) is a polycyclic aromatic hydrocarbon (Figure 1.4 B) that has 

low-affinity for the AhR and low-residency with rapid clearance by CYP1A1 and 

CYP1A2 (Berghard et al., 1992; Maier et al., 1998; Song et al., 2002). It is known to 

induce the AhR battery of genes transiently because of its high metabolism (Berghard et 

al., 1992; Carver et al., 1994; Harris et al., 2002a), which is induced by AhR activation. 

β-NF is also known to induce AhR-dependent toxicities in rodents (Raza et al., 1992; 

Raza and Mukhtar, 1993; Tilton et al., 2008). 

 

In keratinocytes, β-NF is known to induce aspects of terminal differentiation but not 

TGM-1 induction (Du et al., 2006a; Khan et al., 1992). Its activity is also known to 

induce AhR activation most highly in human sebaceous glands than differentiated 

human keratinocytes and basal keratinocytes at lowest levels (Harris et al., 2002a). 

 

ITE 

2(1‟H-indole-3‟-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE) is a more recently 

characterised AhR agonist (Figure 1.4 C). It is highly potent (~5 fold higher than β-NF, 

equal to potency of TCDD) but has a low-affinity for the AhR (roughly equal to that of β-

NF) (Henry et al., 2006; Song et al., 2002). ITE is known to induce the AhR battery 

transiently (Henry et al., 2010) because of its presumed fast metabolism (and low-

residency) based on the known metabolism of FICZ; as endogenous molecules, they 

must be cleared quickly to convey effective pathway regulation (Wincent et al., 2009). 
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ITE has not yet been tested in keratinocytes, but some effects of ITE have been 

reported to be similar to those of TCDD in vitro (Henry et al., 2010; Simones and 

Shepherd, 2011). Interestingly, ITE has been shown to inhibit TGFβ1-induced 

differentiation of primary corneal fibroblasts. Lehmann et al. use these cells as a model 

for myofibroblasts and scarring, and therefore conclude ITE could inhibit scar formation. 

This demonstrates cross talk of the AhR agonist on TGFβ1 signalling that had not been 

reported previously (Lehmann et al., 2011). 

 

 

Figure 1.4. The structures of AhR agonists. AhR agonists are commonly planar 
aromatic molecules that are often halogenated or chlorinated, hence the term 
“chloracne”. 
 

1.1.4.3 Pharmacological Inhibition of the AhR Pathway 

Inhibitors of the AhR pathway include man made inhibitors such as α-NF (Merchant et 

al., 1990), 3-methoxy-4‟nitroflavone (Henry et al., 2006) and naturally occurring 

compounds such as curcumin (Nishiumi et al., 2007). A relatively new AhR antagonist 

CH-223191 was defined that showed inhibition of TCDD-induced AhR activation in 

HepG2 and blocked TCDD induced toxicity in mice (Kim et al., 2006) however recently it 

was reported to be a specific inhibitor of halogenated aromatic hydrocarbons (Zhao et 

al., 2010). This is the first example of a ligand specific inhibitor for the AhR. 

 

The mechanisms of inhibition vary between these antagonists. Firstly, α-NF is a partial 

agonist, inducing AhR-XRE binding in mouse hepatoma cells at concentrations equal to 

or higher than ~1µM (Gasiewicz, 1991). Gasiewicz et al. suggest that α-NF inhibition of 

the AhR is a result of α-NF directly binding the AhR and inducing a low-DNA, high 

ligand affinity form of AhR. This causes an “inactive” form of AhR with either no binding 

or very transient binding to the XRE, competitively blocking higher affinity agonists from 

binding the AhR and forming high DNA affinity forms of AhR (Gasiewicz, 1991; 

Merchant et al., 1990; Santostefano et al., 1993). Nishiumi et al demonstrates that the 
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complete antagonist curcumin blocks the formation of the AhR-ARNT dimer by inhibiting 

protein kinase C phosphorylation of the AhR and ARNT (Nishiumi et al., 2007). These 

differential mechanisms of inhibition demonstrate the differences between ligands with 

partial agonist activity and full AhR inhibitors. 

 

1.2 Normal human skin 

The skin forms a protective barrier controlling water loss from the body, thermal 

regulation and it metabolises compounds entering the body. It consists of the dermis, a 

tough, elastic, thick layer mainly composed of collagen and connective tissue that 

provides protection from mechanical stress. It also contains fibroblasts and migratory 

cells involved in the inflammatory response. The epidermis is mainly composed of 

keratinocytes but also includes melanocytes and langerhans cells. This layer provides 

the functional barrier against chemical stress and maintenance of appendages such as 

the follicle, including the sebaceous gland and sweat glands pan through a number of 

layers including dermis and epidermis (Wolff et al., 2008).  

 

1.2.1 Keratinocyte differentiation 

The epidermis consists of several viable cell layers (VCL) that varies in thickness 

depending on the site of the body and a cornified layer (the stratum corneum) consisting 

mainly of keratinocytes. The VCL is a constantly renewing tissue where keratinocytes 

proliferate and then differentiate up into the stratum corneum, where cells become 

enucleated and are metabolically active. Lipids are an important component of the 

stratum corneum, providing a barrier against water loss and a waterproof barrier to 

external compounds. 

 

The basal layer forms part of the dermal-epidermal junction. This includes 

hemidesmosomes and anchoring filaments to provide tensile strength. These 

keratinocytes are columnar, proliferating and nucleated cells. Keratin, the characteristic 

protein of the keratinocyte, forms small bundles around the nucleus which join into the 

desmosomes. This is also where some stem cells reside, providing a constant supply of 

proliferating basal cells (Kamstrup et al., 2008). Proteins expressed here are K5 and 

K14, and K6 in proliferating keratinocytes (Sandilands et al., 2009; Sun et al., 1983). 
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As keratinocytes begin to differentiate, they move upwards to the spinous layer. Here 

the cells begin to lose their columnar shape and the membranes take on a spinous 

phenotype which contain high numbers of desmosomes. Desmosomes act to anchor 

the cells together and maintain structural integrity of the epidermis (Thomason et al., 

2010). The keratin fibres become larger and visible in the cells by transmission electron 

microscopy (EM) and the keratinocytes begin to flatten as they enter the upper spinous 

layers. K1 and K10 are expressed in the spinous layer (although K5 and K14 are stable 

and are therefore still expressed) (Sandilands et al., 2009; Sun et al., 1983). In the 

upper spinous layers keratinocytes start to express lamellar bodies (or lamellar 

granules) which are important in maintaining lipids within the stratum corneum. The role 

of lamellar bodies is described in more detail in the following sections.  

 

Keratinocytes flatten more and express keratohyalin granules (Sandilands et al., 2009), 

the characteristic organelle of the granular layer. Here, formation of the cornified 

envelope occurs. This involves cross linking of proteins including involucrin (Steinert 

and Marekov, 1997; Yaffe et al., 1992; Yaffe et al., 1993), filaggrin (Sandilands et al., 

2009) and loricrin (Yoneda et al., 1992a) making them insoluble and bound to the cell 

membrane, and takes place on the inner edge of the cell membrane by 

transglutaminase-1 (TGM-1) and TGM-3 (Eckert et al., 2005; Lambert et al., 2000; 

Steinert and Marekov, 1997; Yoneda et al., 1992b; Zeeuwen, 2004). Caspase 14 is 

expressed in differentiated and cornified cells, however this caspase is not part of the 

apoptotic pathway (Rendl et al., 2002). It regulates keratin filament processing during 

terminal differentiation and is essential for proper formation and function of the 

epidermal barrier and terminal differentiation (Demerjian et al., 2008; Denecker et al., 

2007; Eckhart et al., 2000). Caspase 14 is only expressed in epithelia that undergoes 

cornification and is not activated by other caspases (Denecker et al., 2008). Regulation 

of caspase-14 activity can be strongly decreased by retinoic acid treatment, offering a 

therapeutic mechanism for retinoic acid treatment (Rendl et al., 2002). Terminal 

differentiation from the granular to the cornified cell involves the loss of most cellular 

contents. Apoptosis is thought to aid this conversion, but the complete process is 

unknown (Chaturvedi et al., 2006; Ishida-Yamamoto et al., 1999). Autophagy has 

recently been suggested to play a role in differentiation of keratinocytes, but the 

pathway has not been investigated fully (Aymard et al., 2011; Sato et al., 1997). CTSD 

is known to be expressed highly in granular and cornified cells (Horikoshi et al., 1998; 

Ohman and Vahlquist, 1994). The pH in the granular/cornified layers is ~5, providing an 
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environment in which CTSD can degrade cellular debris (Ohman and Vahlquist, 1994; 

Sato et al., 1997), including desmosomes (Igarashi et al., 2004). 

 

The stratum corneum forms the main lipid barrier of the epidermis, maintaining 

metabolic activity that has increased as the keratinocytes differentiate (Du et al., 2006b; 

Harris et al., 2002a; Harris et al., 2002b). During the conversion from granular to 

cornified cells, the lamellar bodies fuse to the apical membrane of the granular cell and 

secrete their contents of lipids and hydrolytic enzymes into the extracellular space 

between cornified cells where a lipid raft is formed through remodelling of glycolipids 

and phospholipids (by hydrolytic enzymes)(Bouwstra et al., 2000; Menon et al., 1992b). 

Under normal conditions, cornified cells should contain nothing more than the cross 

linked proteins of the cornified envelope. 

 

The regulatory pathways of differentiation are complex due to the huge number of 

processes involved in differentiation and terminal differentiation. Again, epidermal 

differentiation is a process which must be tightly regulated to avoid the formation of 

hyperproliferative diseases. Zeeuwen et al demonstrate the role of aspartic proteases 

and protease inhibitors in regulating terminal differentiation and TGM activity (Zeeuwen, 

2004). This is summarized in Figure 1.5. 
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Figure 1.5. Regulation of differentiation and the specific expression of proteins. 
Cathepsins play an important role in differentiation – top. As cells differentiate they 
express specific markers to their location in the differentiation pathway which can be 
used as biomarkers. CTSL, Cathepsin L; CTSD, Cathepsin D; CTSV, Cathepsin V; 
LGMN, legumain; TGM-1 and -3, Transglutaminase-1 and -3. Figure modified from 
(Zeeuwen, 2004) 
 

The epidermis and dermis house the hair follicle and sebaceous gland (Figure 1.6). The 

follicle is known to be the main region involved in chloracne, where the stratum corneum 

thickens and compacts, causing loss of the hair and a keratin plug in the follicle. This 

forms the comedone which is characteristic in chloracne. This process is described in 

more detail in section 1.3. The sebaceous gland has been shown to have high levels of 

AhR inducible metabolic activity (Harris et al., 2002a) and is involved during chloracne, 

however reports in the literature are mixed as to the details of sebaceous gland 

involvement (described in section 1.3).  
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Figure 1.6. Schematic representation of the hair follicle. Modified from (Nishimura et 
al., 2002).   
 

1.2.1.1 Lamellar Bodies 

Lamellar bodies are membrane bound organelles expressed in the upper spinous and 

granular layers of the epidermis. They contain lipid lamellae which can be identified by 

EM (Bouwstra et al., 2003); the lipids contained include sphingolipids, phospholipids 

and cholesterol, and the lipid processing enzymes including acid sphingomyelinase and 

glucosylceramidase (Madison and Howard, 1996) to form the lipid rafts once the 

lamellar body contents have been extruded into the gap between the granular and 

cornified layers (Madison, 2003; Madison et al., 1998; Menon et al., 1992b). Lamellar 

bodies have characteristics of both secretory vesicles and lysosomes, exhibiting 

common features with lysosomes including their contents, for example hydrolases and 

Cathepsin D but their protein markers differ; lysosomes express LAMP1, but lamellar 

bodies express caveolin which is used as a structural scaffold for lipid raft formation 

(Madison and Howard, 1996; Sando et al., 2003). 

 

The lamellar bodies are formed in the upper spinous layer and they are thought to 

originate from the golgi apparatus (like lysosomes) where main contents of the lamellar 

body, glucosylceramides are formed (Madison and Howard, 1996; Madison et al., 1998; 

Sando et al., 1996; Sando et al., 2003). At the granular layer they move to the apical 
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membrane where they fuse with the membrane to secrete their contents. The 

membrane here creates deep invaginations to accommodate the fusion of lamellar 

bodies and facilitate fast secretion of the lipid contents into the granular-cornified 

intracellular space (Bouwstra et al., 2003; Menon, 2003). 

 

When the contents of the lamellar bodies have been secreted into the junction between 

the granular and cornified keratinocyte layers, lipid rafts are formed by the hydrolytic 

enzymes processing the lipids that were contained in the lamellar body (Madison, 

2003). This forms a water tight barrier which controls transepidermal water loss and the 

inlet of external compounds (Bouwstra et al., 2000; Bouwstra et al., 2003).  

 

The turnover of lamellar bodies is fast; Menon et al demonstrate that the decrease in 

lamellar body number (caused by mechanical barrier disruption) is reversed quickly with 

the formation of new lamellar bodies in the upper spinous/granular after 30 minutes. By 

360 minutes, the number of lamellar bodies have returned to normal (Menon et al., 

1992a; Menon et al., 1992b). This demonstrates the high levels of regulation and 

importance in maintaining the barrier function. 

 

1.2.2 Metabolism 

The skin forms an important barrier against both mechanical and chemical external 

insults. Because of its high exposure to exogenous chemicals and large surface area, 

the skin is an important site of xenobiotic metabolism in the body. The epidermal barrier 

is made from lipids so it is non-polar and this gives protection against any polar 

compounds, but non-polar compounds can freely cross the epidermal barrier. This has 

resulted in the need for increased basal expression and therefore increased metabolic 

induction potential of the differentiated layers of the epidermis. 

 

The expression of phase I and phase II metabolising enzymes in human skin (including 

the follicle) and keratinocytes has been studied extensively and is reviewed in (Oesch et 

al., 2007). Generally, basal keratinocytes constitutively express low levels of metabolic 

enzymes including CYP1A1(Harris et al., 2002a; Raza and Mukhtar, 1993), CYP2S1 

and CYP26A1 (Pavez Lorie et al., 2009b). Glutathione-S-transferase (GST) alpha, mu 

and pi isoforms (Harris et al., 2002a; Raza and Mukhtar, 1993) and NADPH:quinine 

reductase (Harris et al., 2002b) are also thought to be expressed in low levels in basal 
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keratinocytes. But levels of xenobiotic metabolism increase as keratinocytes 

differentiate; this is often AhR dependent (Du et al., 2006a), but can also occur AhR-

independently (Ledirac et al., 1997). 

 

The basal expression of AhR increases as keratinocytes differentiate, resulting in higher 

inducibility of AhR-dependent phase I and II metabolising enzymes. The follicle, most 

importantly the sebaceous gland, also has basal levels of metabolic activity that include 

CYP1A1 and CYP1B1 (Harris et al., 2002a).   

 

1.2.3  Epidermis and disease 

Epidermal differentiation is a complex process that must be tightly regulated to avoid 

diseased states. A brief overview of the common areas of dysregulation and their 

consequent diseases is given in this section. 

 

Malformation or low numbers of the anchoring organelles, hemidesmosomes and 

desmosomes between cells and at the dermal-epidermal junction, can cause blistering 

conditions (reviewed in (Burgeson and Christiano, 1997). 

 

The pairs of keratins can become expressed in the incorrect cells layer, or persist for 

too long, causing hyperproliferative diseases like psoriasis (Rao et al., 1996). CTSD is 

increased in psoriasis (and other hyperproliferative states such as tumours and wound 

healing)(Egberts et al., 2004) but opposite to this, a decrease in CTSD results in 

diseases such as lamellar ichthyosis, caused by down-regulation of TGM-1 (Matsuki et 

al., 1998). The causes of ichthyoses vary depending on the type of ichthyosis; lamellar 

ichthyosis is caused by TGM-1 down-regulation, ichthyosis vulgaris is caused by 

filaggrin mutation/down-regulation (Gunzel et al., 1991) and loricrin mutation/down-

regulation can result in an ichthyosis variant of Vohwinkel‟s keratoderma (Egberts et al., 

2004; Korge et al., 1997). 

  

Ichthyoses can be a result of multiple problems; Sjorgen-Larsson syndrome is caused 

by a mutation in fatty aldehyde dehydrogenase (ALDH3A2), which regulated lipid 

metabolism, resulting in empty lamellar bodies. This causes the characterised 

compaction of the stratum corneum which is not sloughed off easily and forms thick, 

inflexible skin with increased transepidermal water loss. The epidermal barrier is also 
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compromised, caused by the malformation of the lipid raft because of the lack of 

lamellar contents (Rizzo et al., 2010).  

 

The most severe form is harlequins ichthyosis which is caused by frameshift or 

nonsense substitution mutations in the gene encoding the ABCA12 transport protein a 

mutation in the ABCA12 transport protein which is involved in correct lipid transport and 

secretion by lamellar bodies (Harvey et al., 2010; Thomas et al., 2009). 

 

Improper or incomplete terminal differentiation can result in parakeratosis, the 

persistence of nuclei that occurs in diseased states such as psoriasis and chloracne 

(Wolberink et al., 2011), 

 

1.2.4 Epidermal equivalents 

The epidermal equivalent model provides suitable cell-cell contact conditions, allowing 

primary keratinocytes to differentiate fully, forming discrete basal, granular and cornified 

layers (Figure 1.7). This model is robust and used widely for in vitro studies including 

metabolism (Harris et al., 2002a; Harris et al., 2002b; Jackh et al., 2011; Pavez Lorie et 

al., 2009a),cell death (Chaturvedi et al., 2006), differentiation (Geusau et al., 2005; 

Loertscher et al., 2001b), barrier function (Ponec et al., 2000),protein expression (Lee et 

al., 2010; Mazar et al., 2010), pigmentation (Nakajima et al., 2011) and irritation 

(Bernhofer et al., 1999).  

 

Primary keratinocytes are seeded at high concentration on a polycarbonate membrane. 

24h after seeding, the medium is removed from the top of the culture so the culture is 

fed from medium below, allowing cells to terminally differentiate. These models can be 

treated by compounds in the medium or directly applied to the surface. To harvest these 

cultures, the cells and membrane are cut from the plastic support, fixed and embedded 

as normal tissue (Poumay, 2004). 

 

The 3D formation of the epidermal equivalent culture allows keratinocytes to be cultured 

in more physiologically relevant conditions than monolayer culture and therefore allows 

more physiologically relevant levels of cell-cell contact and the air-liquid interface allows 

cells to terminally differentiate fully (Figure 1.7)(Parenteau et al., 1992; Stark et al., 

1999).  
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The epidermal equivalent model can already include collagen-fibroblast matrices that 

act as a feeder layer (Nolte et al., 1993; Parenteau et al., 1992) and melanoctyes have 

also been successfully included in epidermal equivalents to study the co-culture of 

keratinocytes and melanocytes (Wang et al., 2008). Progress is being made at present 

to further improve the epidermal equivalent model to include co-culture of dermal papilla 

cells with a view to develop follicles within the epidermal equivalent. 

 

The use of epidermal equivalents is becoming easier due to the quality of commercially 

available cultures. Ponec et al describe and compare the histology of commercially 

available cultures for barrier function and proper cellular differentiation. Overall, the 

quality is good but the cultures do vary in stratum corneum formation and VCL thickness 

from brand to brand (Ponec et al., 2000). Because of the ease of using a commercially 

available model that is increasingly reliable, epidermal equivalents will hopefully be 

used increasingly during future research, possibly replacing some animal models.  

 

The main benefit of using epidermal equivalents in this project is to increase the 

physiological relevance for studying chloracnenegic biomarkers. As described in section 

1.1.2, animal and human skin differs greatly in the follicle and response to AhR 

activation (especially chloracnegens) so that animal models are not entirely suitable 

(and the numbers of animals used in research should always be kept as low as possible 

if there are alternative models). However because of the importance of keratinocyte 

differentiation and cell-cell contact in projects on the AhR, keratinocyte monolayers are 

not entirely suitable either (Knutson and Poland, 1980). The epidermal equivalent 

provides a good model to investigate the hypotheses set out in the aims (section 1.6), 

and its development to include follicular cells will increase its effectiveness even more. 
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Figure 1.7. The epidermal equivalent model and schematic representation of 
normal skin. The epidermis is comprised of several VCL differentiating to form the 
stratum corneum. A) A schematic representation of normal skin. B) An H&E stained 
section from a vehicle treated epidermal equivalent. A is modified from (Swanson, 
2004). 
 

1.3 Chloracne 

Chloracne is a skin disease specific to humans and TCDD. It consists of acne vulgaris 

like lesions including open and closed comedones and cysts, however unlike acne 

vulgaris, the lesions are sterile, non inflammatory (Scerri, 1995) and not characterised 

by increased sebum production (Gawkrodger et al., 2009). Localisation also differs from 

acne vulgaris, with limbs and trunk also sometimes involved in chloracne (Gawkrodger 

et al., 2009; Scerri, 1995). The follicles involved are always vellus follicles, there is no 

involvement with follicles on the scalp (Hambrick, 1957).Chloracne consists of 

abnormalities in keratinocyte differentiation in the follicle, causing thickened and 

compacted stratum corneum which leads to follicular plugging and characteristic 

comedones (Figure 1.8)(Scerri, 1995).  

 

The involvement of sebum in chloracne is varied. Ju et al. describe decreased neutral 

lipid content of sebocytes in culture treated with TCDD for up to 7 days (Ju et al., 2011), 

but Pastor et al show histologically “well developed” sebaceous glands from a human 

chloracne biopsy. The reports on levels of sebum secreted also vary (within the same 

reports) for example Gawkrodger et al. report that out of 6 patients, 3 had increased 

levels of sebum, 2 had slightly reduced levels and 1 had no sebum excretion 

(Gawkrodger et al., 2009). 
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Some molecular investigations have been carried out on skin samples of chloracne. 

Tang et al show increased CYP1A1, GSTA1 and AhR mRNA in skin biopsies from 

industrial workers exposed to dioxins (Tang et al., 2008). CYP1A1 was significantly 

increased in chloracne sufferers compared to controls (age and sex matched). However 

AhR was also increased significantly in chloracne compared to control skin. This was 

not addressed in the paper, but could be a result of AhR recovery after ligand-

dependent AhR activation (Franc et al., 2001; Sloop and Lucier, 1987), although if this 

was the case, levels of CYP1A1 would be expected to be decreased too. 

 

 

Figure 1.8. Histology of chloracne. Follicles involved in chloracne become plugged 
with keratotic material to form comedomes. # thickened and compacted stratum 
corneum and * thinner VCL suggest abnormal differentiation. Thickened stratum 
corneum contributes to formation of follicular plug (arrow).  Diamond indicates a dilated 
follicle. Figure modified from (Pastor et al., 2002) 
  

Most chloracne cases are from accidentally exposed individuals through chemical 

industry. As is the problem with many cases of accidental exposure, it often involves a 

cocktail of compounds, making it difficult to define the chloracnegenic compound 

responsible, or exposure is to novel uncharacterised compounds (Pastor et al., 2002). 

There is discussion whether other compounds too can be chloracnegenic (Gawkrodger 

et al., 2009; Scerri, 1995), and whether similarly structured compounds to TCDD can 
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also cause chloracne (Schwetz et al., 1973). The best case study there is to date is of 

Viktor Yushchenko (Figure 1.9)(Sorg, 2009), the Ukrainian president between 2005-

2010. He was poisoned with high levels of pure TCDD in 2004. Unfortunately, no 

histological analysis has been carried out on his skin, however the metabolic data 

provides insight into the low but inducible metabolism of TCDD and the long term 

effects will continue to be followed throughout the course of Yushchenko‟s recovery.  

 

 

Figure 1.9. Viktor Yushchenko pre-, during and post-chloracne. Yushchenko was 
poisoned with high concentrations of TCDD. Middle picture shows 3 months post 
exposure and chloracne involving every follicle on the face, creating a slate grey 
appearance. Right picture shows 3 years post poisoning and a remarkable recovery due 
to relatively fast clearance of TCDD induced by its own activation of AhR. Image 
modified from (Sorg, 2009) 
 

TCDD is highly lipophillic and has a half life of ~10 years which is highly variable 

depending upon metabolic genotype, age and levels of exposure. Because of TCDDs 

high lipophillicity, it can become sequestered in the body fat (Kedderis et al., 1993) 

causing chloracne to persist for up to 15 years (May, 1973). Because of this TCDD can 

bioaccumulate and has the potential to cause high environmental impact. 

  

  



29 

 

1.4 Cathepsin D 

Cathepsin D (CTSD) is an aspartic protease that has roles in differentiation and cell 

death. It can be localised to the lysosome or cytoplasm and undergoes a series of steps 

to form the active or mature form of CTSD. The processing pathway is reviewed in 

(Zaidi et al., 2008). 

1.4.1 CTSD:  Regulation and processing 

1.4.1.1 Regulation by Sp1 

Cathepsin D is regulated by three regulatory sequences in the CTSD promoter region; 

the “housekeeping” (SP1) and “inducible” sequences for the oestrogen receptor (ER, 

oestrogen responsive element, ERE) and the AhR promoter (XRE) (Krishnan et al., 

1995; Wang et al., 1998; Wang et al., 1999). AhR is required for maximal expression of 

ER-dependent CTSD activation. Interestingly, ligand activation of AhR is not required 

for AhR-dependent enhancing of CTSD expression, but unbound nuclear AhR 

enhances CTSD expression. Ligand-induced activation of AhR in fact causes inhibition 

of the oestrogenic effects on CTSD described previously resulting in TCDD inhibited 

oestrogen dependent breast tissue tumours in mice (Krishnan et al., 1995). This is 

caused by active AhR-ARNT breaking the ER-Sp1 dimer by interaction of AhR with ER, 

decreasing CTSD induction (Khan et al., 2006). As described in section 1.1.2, Sp1 often 

requires another response element to induce transcription of a gene (Wang et al., 

1998). Levels of transcriptional activation of CTSD depends upon the distance that the 

SP1 binding site and XRE are from each other and the presence of non-activated 

nuclear AhR (Krishnan et al., 1995; Wang et al., 1999).   

 

1.4.1.2 Post translational maturation 

Cathepsin D undergoes post translational modifications resulting in the presence of 3 

main forms: pre-pro CTSD (52kDa), pro CTSD (48kDa) and active CTSD (34kDa). 

Formation of pre-pro CTSD occurs in the rough endoplasmic reticulum. As described in 

figure 1.10, pre-pro CTSD is cleaved forming pro CTSD which undergoes glycosylation 

in the endoplasmic reticulum. Pro CTSD then travels to the Golgi body where it 

undergoes phosphorylation which allows its targeted movement to the endosomal 

pathway. Here, low pH breaks down the molecule further generating intermediate forms 

of CTSD which result in a 48kDa molecule which is then cleaved by cathepsins B and L 

to the active 2 chain mature CTSD, as reviewed in (Zaidi et al., 2008). CTSD is only 
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active at certain pH, and degrades cellular proteins at acidic, lysosomal pH. The stratum 

corneum has a pH of ~5, inducing CTSD degradation of desmosomes (Horikoshi et al., 

1999). 

 

As the final stages of CTSD activation are by cleavage of CTSD by cathepsins B and L, 

CTSD also activates other proteases. Cathepsin B, L, and capsases 3 and 9 are all 

activated by CTSD. This demonstrates the role of CTSD in regulating proteolysis 

(Minarowska et al., 2008). 

 

 

 

Figure 1.10. The processing steps of Cathepsin D Cathepsin D undergoes post 
translational modifications from inactive pre-pro CTSD to active CTSD. During these 
steps the molecule moves from the rough endoplasmic reticulum, through the 
endosomes to the lysosomes. Modified from (Zaidi et al., 2008) 
 

1.4.2 CTSD activity in cell death  

1.4.2.1 Apoptosis 

Activation of apoptosis can be induced by the permeabilization of lysosomes, resulting 

in cytoplasmic CTSD (Figure 1.11) (Guicciardi et al., 2004). Baumgartner et al have 

shown that lysosomal permeabilisation by oxidative stress induced the release of 
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cathepsins D and E which in turn activate caspase 8 and caspase 3 (Baumgartner et 

al., 2007). Apoptosis induced by lysosomal disruption can also be caspase-8 

independent via cleavage of Bid by cytoplasmic CTSD (Heinrich et al., 2004). AhR can 

modulate this pathway through TNF-α and AhR deficiency blocks the permeabilisation 

of the lysosome, blocking CTSD release to the cytoplasm and cleavage of Bid and pro-

caspase-8 (Caruso et al., 2006). This shows that AhR effects the stability of lysosomes 

and can induce susceptibility to apoptosis (Caruso et al., 2004; Park et al., 2005; 

Reiners and Clift, 1999). 

 

 

  

Figure 1.11. Activation of the apoptotic pathway by cathepsin D. Disruption of the 
lysosomal membrane releases CTSD into the cytoplasm where it activates caspase 8 or 
cleaves Bid, resulting in activated caspase-3. Inhibitory steps are included – AhR 
deficiency blocks permeabilisation of the lysosome. Image modified from (Caruso et al., 
2006) 
 

1.4.2.2 Autophagy 

The role of lysosomes in autophagy is well understood and described in more detail in 

section 1.5. The lysosome is a degradative vesicle that contains CTSD and other 

proteases that degrade cellular debris (Raymond et al., 2008). During autophagy, the 

lysosome fuses with the autophagasome creating the autolysosome (Huynh et al., 
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2007), which degrades the contents of the autophagasome. However, beyond this, the 

relationship between CTSD and autophagy is not understood. It has been suggested 

that an increase in lysosomes could induce autophagy, as the two processes are 

interdependent (Settembre et al., 2011). 

 

Carew et al. have shown that blocked autophagy by novel agent lucanthrone increases 

levels of CTSD in breast cancer cell lines. They show that blocked autophagy causes 

increased CTSD, and that this accumulation induces apoptosis. The paper does not 

state which form of CTSD is increased though, and only shows one band by Western 

blot (Carew et al., 2011). So from this we cannot draw any conclusions on the effects 

that inhibited autophagy has on the CTSD pathway. Autophagy has been shown to 

cause a decrease in CTSD levels in MCF-7 cells, suggesting that CTSD may be 

degraded by autophagy, but there is not enough data to show that the CTSD decrease 

is autophagy-dependent. Byun et al have also shown an increase in CTSD expression 

in senescent MCF-7 cells (Byun et al., 2009).  

1.4.3 CTSD in differentiation  

Egberts et al. show that in basal keratinocytes, all 3 isoforms of CTSD are present, with 

the 48kDa form predominant. In differentiated keratinocytes, protein expression 

increases significantly, the main forms being expressed pre-pro CTSD and 48kDa form, 

the membrane bound active intermediate. CTSD protein expression in keratinocytes 

has been shown to correlate well with CTSD activity, showing an increase in activity as 

keratinocytes differentiate. This correlates with the increased role of CTSD in 

degradation of cellular organelles during terminal differentiation. In HaCaTs, TGM-1 

cross linking increases with CTSD treatment, and the increased expression of CTSD, 

TGM-1, involucrin and loricrin all increase with keratinocyte differentiation. This increase 

is CTSD dependent; in CTSD knockout mouse skin there is a large decrease in TGM-1 

activity and an absence of involucrin, loricrin and filaggrin staining (in CTSD+/- mice the 

expression is lower and also disrupted) (Egberts et al., 2004). These effects result in the 

development of an ichthyosis-like phenotype in CTSD-/- mouse skin, with a decreased 

VCL and thickened stratum corneum.  

 

1.4.3.1 Overexpression 

The role of CTSD in maintaining barrier function is further demonstrated by its increase 

in response to mechanical damage to the epidermal barrier such as tape stripping or in 
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in vivo situations when the barrier has been compromised such as wound healing 

(Egberts et al., 2004). The expression of CTSD has also been shown to be increased 

during embryogenesis. In areas where remodelling occurs through programmed cell 

death (apoptosis), levels of CTSD are also increased such as in the limb and heart 

(Zuzarte-Luis et al., 2007).  

 

CTSD is also expressed at increased levels in some cancers. This can be due to 

disrupted sorting of CTSD into the late endosome/lysosome by mannose-6-phosphate 

(Kokkonen et al., 2004) or by increased transcription in oestrogen dependent cancers 

such as breast or endometrial cancer (Rochefort et al., 1989; Zhang et al., 2009). 

Increased transcriptional activation of CTSD by oestrogen occurs via the oestrogen 

receptor response element (ERE) and Sp1 binding site as described in section 1.1.1, 

molecular cross talk (Cavailles et al., 1993; Chen et al., 2001; Safe and Wormke, 2003). 

TCDD inhibits mammary tumours in mice, demonstrating the anti-oestrogenic effects of 

TCDD-activated AhR on CTSD induction (Gierthy et al., 1993; Holcomb and Safe, 

1994). The role of CTSD in tumours has been shown to involve secretion of pro-CTSD 

to act in a paracrine or autocrine manner, increasing proliferation, invasion and 

metastatic potential of the cells in the tumour (Ohri et al., 2008; Vashishta et al., 2007; 

Zhang et al., 2009). This has been shown in MCF-7 cells, a human breast cancer cell 

line (Ohri et al., 2008; Zhang et al., 2009), and also HaCaTs, that showed pro-CTSD 

was secreted by HaCaTs under starvation conditions and that treatment of HaCaTs with 

exogenous pro CTSD increased proliferation (Vashishta et al., 2007). This suggests that 

CTSD is not only involved in cancer but physiological conditions such as wound healing.   

 

1.5 Autophagy 

Macro autophagy (which will be referred to in this thesis as autophagy) is a cell 

survival/cell death pathway which specifically degrades proteins and organelles, 

recycling the materials for further use in the cell and producing energy for cellular 

processes (Settembre and Ballabio, 2011). It is a ubiquitous process basally active in all 

cells and essential for normal tissue homeostasis; defective autophagy has been 

considered the mechanism of various diseases including certain liver diseases, cystic 

fibrosis and breast cancer (Kongara et al., 2010; Luciani et al., 2010; Rautou et al., 

2010). 
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1.5.1 Pathway  

Autophagy is a process that packages and degrades specific proteins and organelles by 

engulfing material in the autophagic vacuole and fusing to lysosomes to form 

degradative autolysosomes. 

 

The formation of the autophagic vacuole begins with the induction phase, forming the 

isolation membrane from the golgi body. This structure undergoes expansion and 

closure, forming the characteristic double membraned autophagasome (Figure 1.12). 

The autophagasome can then fuse to lysosomes, forming the degradative 

autolysosome (Eskelinen, 2005; Longatti and Tooze, 2009; Lukacs et al., 1990). During 

this maturation, microtubule associated protein light chain 3 (LC3) is recruited to the 

autophagasome from the cytoplasm where it resides during low levels of autophagy, as 

LC3 I. Conversion of LC3 I to LC3 II occurs upon recruitment to the autophagasome 

membrane and is used as one of the main markers of autophagy (Mizushima and 

Yoshimori, 2007), but as discussed in chapter 5, it is not a good marker for autophagy if 

used alone. The formation and degradation of autophagasomes and their respective 

markers can be followed to show increases and decreases of autophagy speed, or flux, 

caused by the effects of chemicals inducing or blocking active autophagy (as opposed 

to basal autophagy). This flux varies over time both basally and in induced states and is 

one of the main characteristics of autophagic measurement (Huang et al., 2010; Shvets 

and Elazar, 2009). 

 

Specific targeting of damaged or un-needed materials must occur to provide the 

autolysosome with material to degrade. This process is by ubiquitination and is a 

mechanism that is also used to target material for degradation by the 26s proteasome; it 

is thought that large proteins/organelles that are too big for 26s proteasome degradation 

are degraded by autophagy (Kraft et al., 2010). p62 is the “cargo receptor” and binds to 

the ubiquitinated material transporting it to the autophagasome membrane (dependent 

on self oligomerisation and localisation with autophagasome membrane proteins) for 

degradation (Itakura and Mizushima, 2011). p62 and LC3 are both degraded by 

autophagy (Jaakkola and Pursiheimo, 2009). 
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 Figure 1.12. Maturation of the autophagasome. IM, isolation membrane; PAS, pre-
autophagasomal structure; AVi, immature autophahasome; E, endosome; LY, 
lysosomes; AVd, degradative autophagasome. Modified from (Longatti and Tooze, 
2009) 

1.5.1.1 Regulation  

Regulation of autophagy occurs through a host of mechanisms. It can be cellular or 

chemical and promises to be a powerful tool as a pharmacological target. One of the 

main regulatory and characteristic mechanisms for inducing autophagy is through 

serum starvation. When ATP is not widely available (for example, under starvation 

conditions or nutrient low conditions like tumours) then cells induce autophagy to create 

their own supply of ATP (Bennett et al., 2010; Rosenfeldt and Ryan, 2011; Williams et 

al., 2009). This is the major survival process that autophagy is responsible for. Hypoxic 

conditions also induce autophagy, for example, in tumours (using the HeLa cervical 

cancer cell line) hypoxia is thought to induce autophagy, increasing cell survival 

(Pursiheimo et al., 2009). This would suggest that in this case, blocking autophagy may 

slow tumour growth. This has recently been described as a mechanism for successful 

chemotherapy. Autophagy is induced by cells to survive chemotherapy, but if autophagy 

is inhibited, cells are no longer resistant to chemotherapy (Yang et al., 2011). 

 

Autophagy is also a cell death pathway which is demonstrated by autophagic activation 

exhibiting signs of apoptosis cell death eg. vacuoles (Gonzalez-Polo et al., 2005). 

Induction of autophagy is thought to induce cell death by increasing cellular turnover to 

an extent that the cell can no longer survive (Kanzawa et al., 2005; Turcotte et al., 

2008). 

 

As well as general roles in cell survival and cell death, autophagy also induces tissue 

specific effects by targeted degradation of certain organelles. Autophagy is thought to 
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have a role in regulating lipid metabolism (a main store for ATP) and induction of 

autophagy has been shown to target the degradation of lipid droplets in the liver, being 

one of the most efficient organelles to target for releasing ATP (Singh et al., 2009b). 

Specific targeting of organelles in other tissues can be the cause for degenerative 

disease such as Alzheimer‟s and dementia (Funk et al., 2011; Lagalwar et al., 2007). 

1.5.1.2 Autophagy in skin 

Autophagy has been shown to occur in skin and be involved in skin cancer, an increase 

in autophagy is seen in melanoma caused by increased cellular stress (Lazova et al., 

2010; Proikas-Cezanne et al., 2004). This can be used to a therapeutic advantage, 

targeting defective autophagy with chemotherapeutic drugs (Armstrong et al., 2011). 

Autophagy plays a role in other processes in the skin too, for example inflammation 

regulated by autophagy and p62 (Lee et al., 2011), UVA photodamage (Lamore and 

Wondrak, 2011) and as a target for reduction of scarring by induction of autophagy in 

human dermal fibroblasts (Oikarinen, 2009). Autophagy has been suggested to be 

involved in keratinocyte differentiation (Aymard et al., 2011), but little has been 

published on this. 

1.5.1.3 Autophagy and apoptosis 

Biomarkers characteristic of autophagy are an increase in autophagic vacuoles, and for 

apoptosis it is the formation of vacuoles, nuclear fragmentation and chromatin 

condensation but there is some crossover. Vacuoles are also observed in cells 

undergoing autophagy, suggesting that the two types of cell death are not as clear cut 

(Gonzalez-Polo et al., 2005). 

 

There is also a link between the two methods of cell death by cathepsins. As described 

in section 1.4.2, lysosomal CTSD is involved in autophagic degradation, but lysosomal 

permeabilisation and release of CTSD into the cytoplasm is a very important 

mechanism of apoptotic activation. The pathways are closely related and have been 

suggested to be interdependent.  

 

Inhibition of autophagy has been shown to result in induced apoptosis (Boya et al., 

2005). This can be caused by an accumulation of CTSD leading to lysosomal 

permeability and induction of apoptosis (Carew et al., 2011). Induction of apoptosis 

through autophagic inhibition by different chemical agents (eg, lucanthrone, 3-

methyladenine or chemotherapy) seems to occur through caspase-8 activation and 
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consequent Bid cleavage (Bohensky et al., 2007). This pathway is also shown to 

bypass autophagy when activated first. For example Li et al show that treatment with 

chemotherapeutic agent camptothecin blocks autophagy by caspase-8 induced 

cleavage of beclin-1, a member of the autophagic pathway (Li et al., 2011). The 

involvement of caspase 8 in all of these pathways suggests a connection between 

autophagy and apoptosis may be cathepsin dependent (CTSD cleaves caspase-

8)(Baumgartner et al., 2007; Heinrich et al., 2004) or dependent on LC3, inhibition of 

proteasomal degradation induces LC3-dependent caspase-8 activation and apoptosis 

(Pan et al., 2011). 

 

1.6 Aims 

The main aims of this project were to increase understanding of the physiological role of 

AhR in skin and to develop a mechanistic understanding of the pathophysiology of 

chloracne induced by TCDD. Our aim was to assess potential biomarkers for predicting 

physiological effects of novel AhR agonists that could be used in cell culture models to 

predict the main human AhR-dependent toxicity, chloracne. We aimed to characterise 

the effects of AhR activation (proliferation, differentiation and cell death) in normal 

human epidermal keratinocytes and epidermal equivalent models and thereby gain an 

understanding of chloracne pathogenesis. We hypothesised that the affinity of ligands 

for the AhR and their binding dynamics would correlate with transactivation of specific 

genes and downstream effects on primary keratinocyte growth, differentiation and 

apoptosis. We planned to dissect the contribution of specific components of the 

pathway utilising pharmacological inhibitors and a genetic approach using siRNA 

knockdown.  

 

It is unclear whether the downstream effects resulting from AhR activation stem from 

the lack of AhR caused by activation-dependent down-regulation, up-regulation of 

transcriptional activation pathways or sequestering of ARNT, a promiscuous PAS 

protein, into the AhR pathway leading to deficiency of ARNT for other ARNT-dependent 

pathways. We hypothesised that because of the high-residency of TCDD due to its 

lipophilicity and low rates of metabolism, TCDD-induced AhR activation and its 

downstream effects would be prolonged, exacerbating the effects of AhR activation. 
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Further work is required to determine whether CYP1A1induction represents a biomarker 

of chloracnegenic potential. During drug development in industry, all compounds are 

screened for AhR activation. CYP1A1 is a commonly used as a readout for AhR 

activation; however it is not necessarily a specific marker of chloracne. At present most 

compounds that activate the AhR (as assessed by CYP1A1 induction in a liver cell line) 

will be discarded early on during the drug development pathway. Thus, potentially 

useful compounds are discarded because of potential cutaneous toxicity. A more 

specific biomarker for chloracne would potentially reduce the number of novel 

compounds discarded that would potentially be beneficial and not cause AhR induced 

toxicity. 

 

One hypothesis to account for the phenotypic changes induced by TCDD in epidermis 

(including comedones) is non apoptotic cell death (Chapter 5). Therefore we aimed to 

characterise cell death induced by AhR agonists and investigate a potential role for 

autophagy induced by the AhR pathway and hypothesised that this process might 

contribute to the phenotype of chloracne. Using EM we observed the effects of AhR 

activation by TCDD, ITE or β-NF on cellular morphology and autophagic processes 

visible at this level. 

 

Links between AhR and CTSD are described in the literature (Wang et al., 1999), 

although regulation is complex. As CTSD has been implicated in the regulation of 

terminal differentiation (Zeeuwen, 2004; Zuzarte-Luis et al., 2007), we then 

hypothesised that AhR activation may upregulate CTSD activation, linking AhR 

activation with early onset of terminal differentiation.   
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Hypotheses 

 Affinity of ligands for AhR and their binding dynamics will correlate with 

transactivation of AhR degradation and CYP1A1 induction, and downstream 

effects on keratinocyte differentiation  

 That residency is the main contributing factor for a compound to have 

chloracnegenic properties. Many compounds would exert chloracnegenic effects 

if their residencies were increased to equal TCDD. To test the hypothesis we 

utilised 3 compounds with different agonist characteristics of affinity, residency 

and origin (physiological or non-physiological) to increase the understanding of 

AhR activation in the skin 

 AhR activation plays a role in keratinocyte differentiation and comedone 

formation and pathogenesis of chloracne 

 AhR activation induces autophagy in keratinocytes which contributes to the 

phenotype of chloracne. 
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2 Materials and Methods 

2.1 Cell culture 

2.1.1 Monolayer culture 

Primary human keratinocytes were isolated from redundant skin samples, following 

approval by the Newcastle and North Tyneside Research ethics committee and 

informed consent.  

 

Skin samples were washed in PBS and subcutaneous tissue removed, then scored and 

incubated overnight in dispase at 4°C. The next day the dermis and epidermis were 

separated and epidermis incubated in trypsin for 5 mins at 37°C. Trypsin was 

neutralised with foetal calf serum and centrifuged for 3000g for 5 minutes. Cells were 

resuspended in Epilife medium and seeded into T175 flasks in Epilife (Lonza, Basel, 

Switzerland) supplemented with 60µM CaCl2, penicillin/streptomycin and Human 

Keratinocyte Growth Suppliments (Lonza) at 37°C with 5% CO2 in a humidified 

atmosphere. Medium was changed after 24h to remove pieces of intact skin and 

residual trypsin and foetal calf serum.  

 

Trypinization was carried out by washing the cells in PBS, then replacing medium with 

5ml Trypsin + EDTA (Lonza) for 10±5 minutes at 37°C. Trypsin was neutralised with 

foetal calf serum and cells were centrifuged for 5 minutes at 3000g. The pellet was 

resuspended in complete Epilife and cells cultured in T175 flasks up to passage 5. 

 

2.1.2 Epidermal Equivalents 

Three dimensional epidermal equivalents were formed by seeding primary keratinocytes 

(maximum passage 4) on cell culture inserts (0.4µm pore, 12mm diameter, Millicell, 

Millipore), Bedford, MA in Epilife containing 1.5mM CaCl2. The next day the culture was 

bought to the air liquid interface and the high CaCl2 Epilife was supplemented with 

5mg/ml Vitamin C. Supplemented medium was changed every 48h for a further 5 days. 

The epidermal equivalents were then treated every 48h for a further 7 days and 

harvested. Cells were either snap frozen in OCT or fixed in 4% paraformaldehyde 

overnight and embedded in paraffin for analysis. 
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2.2 Immunohistochemistry 

2.2.1 Haematoxylin & eosin staining 

The structure of epidermal equivalents was observed using H&E staining. Paraffin 

embedded sections were cut at 4µm and baked onto superfrost ultra plus slides (VWR ) 

overnight at 56°C. The following day, paraffin was removed with histoclear (30 minutes) 

and sections were dehydrated in decreasing dilutions of ethanol. Sections were stained 

with haematoxylin and eosin for ~10s each. Images were taken by light microscopy with 

a Zeiss Axioimager microscope. 

2.2.2 Fluorescence 

To visualise the localisation and levels of expression of differentiation markers, AhR and 

caspase-3, immunohistochemical analysis was performed for the antibodies described 

in Table 1. Paraffin embedded sections were cut and baked onto slides as above and 

heat induced epitope retrieval was used (3 x 5 mins). For TGM-1 and caspase-3 

antibodies, OCT embedded sections were cut using a cryostat at 4µm, dried onto 

superfrost ultra plus slides and stored at -80°C. Fixation methods are described in Table 

1. Sections were permeabilised with 0.2% Triton X-100, blocked in normal goat serum 

in BSA/ PBS (S-1000, Vector labs) and incubated with primary antibody as described in 

Table 1 or isotype IgG control (at equal concentration to primary antibody), in phosphate 

buffered saline/BSA for 1h at RT (TGM-1 was incubated at 37°C). Oregon green or 

Alexa fluor (488) conjugated secondary antibodies (Invitrogen, anti-mouse no. 06380 or 

anti-rabbit no. 06381) diluted 1:300 in BSA/PBS were applied for 1h at RT. Nuclei were 

stained using RNAse pretreatment and To-Pro 3 (Invitrogen, 642/661). Table 2 

describes antibody specificity for each protein. Images were analysed using a Leica 

confocal inverted TC II SP2 system. 

2.2.3 DAB 

To visualise the localisation and expression of cleaved Lamin A and CTSD, 

immunochemical analysis was carried out at AstraZeneca with the DAKO envision 

system (DAKO) on paraffin embedded epidermal equivalents or skin sections obtained 

with permission from the catalogue at Astra Zeneca. Sections were cut at 4µm and 

baked onto superfrost plus ultra slides at 56°C overnight. Epitope retrieval was 

performed by heating sections to 98°C for 10 minutes in target retrieval solution, citrate 

pH6 (Dako) and sections were blocked with 3% peroxidase followed by 20% goat serum 

then primary antibody for 1h at RT as described in Table 1 or isotype control. Dako 
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envision FLEX HRP labelled secondary antibody was applied for 30 minutes then DAB 

stained using DAKO Envision buffer and chromogen (Vector Laboratories) for up to 5 

minutes. Sections were counterstained with haematoxylin and images taken using the 

Zeiss Axioimager light microscope. 

 

Primary 

Antibody 

Cat. 

number 

Company  Embedding 

and Fixation 

Dilution 

Fluorescence 

AhR Sc-5579 SantaCruz Rabbit 

polyclonal 

Paraffin 

4% PF 

1:200 

 

Active 

Caspase-3 

 

AF835 

 

R+D 

systems 

 

Rabbit 

polyclonal 

OCT 

Acetone: 

methanol 1:1 

 

1:50 

Filaggrin MS-449-

P1 

Thermo 

Scientific 

Mouse 

monoclonal 

Paraffin  

4% PF 

1:500 

Involucrin NCL-INV Novocastra Mouse 

monoclonal 

Paraffin  

4% PF 

1:50 

TGM-1 BT-621 Biomedical 

technologies 

Mouse 

monoclonal 

OCT  

Acetone 

1:100 1h at 

37°C 

DAB  

Cleaved 

Lamin A 

2035 Cell 

signalling 

Rabbit 

polyclonal 

Paraffin  

4% PF 

1:50 

CTSD 

 

1910-

8997 

Abd serotec Mouse 

monoclonal 

 

Paraffin  

4% PF 

1:200 

Table 1. Antibody details and fixation methods for IHC analysis. Conditions were at 

room temperature (RT) unless otherwise stated. PF = paraformaldehyde 
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Primary antibody Catalogue 

no. 

Specificity 

AhR Sc-5579 Corresponds to amino acids 637-848 of 

human AhR 

Active caspase-3 AF 835  Detects p17 subunit of cleaved caspase-3 

 

 

Filaggrin 

 

MS-449-P1 

Clone FLG01. Corresponds to epitope 

present in each filaggrin molecule, detects 

profilaggrin and filaggrin.  

Involucrin NCL-INV Clone SY5 

 

TGM-1 BT-621 Clone B.C1 

 

Cleaved Lamin-A 2035 Detects small subunit of Lamin A and C 

after cleavage at aspartic acid 230 by 

caspase-6 

 

CTSD 1910-8997 Clone C5 

 

Table 2. Antibody specificity for IHC. 

2.3 Sulforhodamine B Assays 

Sulphorhodamine B (SRB) assays provide a sensitive measure of total cellular protein, 

are linear with cell number and cellular protein at densities from 1-200% and perform 

similarly compared with other proliferation assays such as MTT assay or clonogenic 

assays (Skehan et al., 1990). Keratinocytes were seeded into flat bottomed 48 well 

plates with 5 x103 cells per well and SRB assay performed. Cells were treated with 

DMSO vehicle (0.2% maximum) or with AhR agonists TCDD, β-NF or ITE up to 8 days. 

Fresh medium and agonist was applied every 48h. To harvest the cells, medium was 

removed from wells and cells were fixed with 200μl 10% Trichloroacetic acid (TCA) for 

1h at 4°C. Plates were washed 5 times in water and drained well. 200μl of SRB (0.4% in 

1% acetic acid) was added to each well for 20 minutes at RT. Plates were washed 5 

times in 5% glacial acetic acid and dried over night at RT or for 1h at 37°C. Protein was 

solubilised in 200μl of Tris-base pH10 (10mM) on a rocker for 20 mins. Absorbance was 
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read at 564nm using a plate reader (Spectra MAX 250, Molecular Devices, USA). Cell 

growth was expressed as optical density units.  

 

2.3.1 Ligand preparation 

2,3,7,8-Tetrachlorodibanzo-p-dioxin was purchased from Supelco, Sigma Aldrich. Stock 

solutions (10µM) were diluted in dimethylsulfoxide (DMSO) and kept at room 

temperature protected from light. β-Naphthoflavone (Sigma Aldrich) stock solutions 

(60mM or 15mM) were made in DMSO and kept at 4°C, protected from light. ITE (2-

(1‟H-Indole-3′-carbonyl)-thiazole-4-carboxylic acid) 

 (Sigma Aldrich) stock solution (5mM) was made in DMSO and also kept at 4°C 

protected from light. Due to toxicity in primary keratinocytes, the DMSO concentration in 

primary keratinocyte medium was kept below 0.01%. 

 

2.4 Dual Luciferase assays 

AhR activity was measured using an XRE-dependent luciferase reporter (pXRE4-SV40-

Luc) (Mimura et al., 1999) (a kind gift from Y. Fujii-Kuriyama, Tohoko University, Japan). 

Cells were co-transfected with a renilla luciferase construct internal control vector 

(pRLTK, Promega). Primary keratinocytes were seeded into 24-well culture plates and 

transfected at 70% confluency with 0.5µg Firefly reporter plus 0.0125µg renilla control 

using TransIT Keratinocyte transfection reagent (Geneflow) according to manufacturer‟s 

instructions. Cells were treated with vehicle or AhR agonist TCDD, β-NF or ITE as 

described and at 48h or up to 96h for the time course shown in section 3.2.1.2. For α-

NF inhibition assays, cells were co treated with vehicle or AhR agonist plus α-NF 

concurrently. Keratinocytes were harvested and assayed using the Dual luciferase 

reported system (Promega), which allows measurement of the inducible firefly luciferase 

and housekeeping renilla construct almost simultaneously using a Perkin Elmer 

luminometer microplate reader. Values were presented as Firefly: renilla ratio, 

normalised to vehicle.  

 

2.5 Western blotting 

Primary keratinocytes were cultured in 6 well plates and treated at 80% confluency with 

vehicle (DMSO), TCDD, β-NF or ITE. For inhibition studies with α-NF, keratinocytes 
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were treated with medium containing AhR ligand and α-NF was added immediately, 

directly into the medium. Cells were lysed in ice cold buffer containing 50mM Tris-HCl 

(pH7.5), 1% NP40, 0.25% Sodium deoxycholate, 150mM sodium chloride, 1mM sodium 

fluoride, 1mM PMSF, 1mM sodium orthovanadate, plus a protease inhibitor cocktail 

(Roche). Samples were probe sonicated at an amplitude of 8µm for 3 x 5s pulses. 

Levels of protein were determined by BCA protein assay kit (Thermo Scientific, 

Rockford, IL, USA) Samples were combined with 4x sample buffer and NuPAGE 

antioxidant (Invitrogen) and heated for 3 minutes at 100°C. Samples were loaded 

(20µg/well) immediately into 4-12% NOVEX Bis-Tris precast gels (Invitrogen) with 

CYP1A1 positive control (human liver microsomes) and pre-stained ladder (NuPAGE, 

Invitrogen) on each gel. 200 V was applied for ~30 minutes in NuPAGE MES Running 

buffer (Invitrogen) containing 2.5% antioxidant. Protein was then transferred to a 

nitrocellulose membrane at 100 V for 1h in NuPAGE Transfer buffer.  

 

Membranes were blocked in 5% non-fat milk in TBS/T for 1h at RT. Primary antibodies 

were used at concentrations described in Table 3. Equal protein loading was confirmed 

with monoclonal β-actin antibody (1:20,000) in TBS-T + 5% non-fat milk for 45 mins at 

RT (Sigma-Aldrich, St. Louis, MO, USA). Anti-mouse or anti-Rabbit IgG peroxidise 

conjugated secondary (Vector Labs) 1:1,000 in TBS-T + 5% non-fat milk for 1h at RT. 

Signals were detected using ECL Plus (Amersham GE healthcare) for 10 minutes 

(except β-actin, incubated for 5 minutes). Membranes were imaged using a Fujifilm 

FLA-3000 fluorescence image analyser. 

 

Bands were analysed according to densitometry and presented as a ratio of CYP1A1, 

AhR, p62, LC3 II, CTSD : β-actin using Multigauge V2.2 software and statistical 

analysis carried out in Prism 5. Details are described in section 2.9. 

 

Western blots presented in this thesis are not mixed between donors at any time point. 

Where indicated, figures showing increasing time points show data from 2 different 

donors, but this does not occur regularly. In all cases, stacked images of bands from 

different antibodies are from probing the same membrane with different antibodies. On 

occasion, lanes of illustrated blots were reorganised (within samples from the same 

donor) from the original blot, to show relevant samples. The lines at the side of the 

Western blots in Appendices X to AA represent molecular weight markers run on each 

Western blot gel.  
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Primary 

Antibody 

Cat. no.   Conditions in TBS-

Tween 20 

AhR MA1-

514 

Affinity 

Bioreagents 

 

Mouse 

monoclonal 

1:1000 + 5% milk 

O/N at 4°C 

CYP1A1  sc-

25304 

Santacruz Mouse 

monoclonal 

 

1:1000 + 5% BSA 

O/N at 4°C 

p62 sc-

28359 

Santacruz Mouse 

monoclonal 

 

1:1000 + 5% milk 1h 

at RT 

LC3B 2775 Cell 

Signalling 

 

Rabbit 

polyclonal 

1:1000 + 5% BSA 

O/N at 4°C 

CTSD 219361 Calbiochem Rabbit 

polyclonal 

 

1:1000 + 5% milk 1h 

at RT 

β-actin A5316 Sigma Mouse 

monoclonal 

 

1:20,000 + 5% milk 

45 mins at RT 

Table 3. Primary antibodies used for Western blotting 
 

2.6 Confocal Microscopy 

2.6.1 Fixed sample imaging 

Immunohistochemical staining was imaged using a Leica TC2 SP II laser scanning 

confocal microscope. 

2.6.2 Live cell imaging using BODIPY FL-pepstatin A 

To observe the levels of expression and localisation of CTSD in live primary 

keratinocytes, the liquid dye BODIPY FL-Pepstatin A (Invitrogen) was added to cells 

treated with vehicle, 10nM TCDD or 5µM dithranol (autophagy positive control). 

BODIPY FL-pepstatin A was taken up by cells by endocytosis and binds selectively to 
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the active site of CTSD when exposed at an acidic lysosomal pH and has been shown 

to localise mainly to the lysosomes (Chen et al., 2000).  

 

The protocol was modified from (Chen et al., 2000). Primary keratinocytes were seeded 

onto glass bottomed dishes and at 80% confluency keratinocytes were preincubated at 

37°C for 1h with vehicle, 10nM TCDD or 5µM dithranol in fresh complete Epilife. 1µM 

BODIPY FL-pepstatin A was added to the medium for 30 minutes pre-incubation at 

37°C. Live cell imaging was performed by confocal microscopy, using a heated stage 

and air flow through to maintain 37°C and 5% CO2. Preliminary studies were carried out 

to test levels of evaporation from the medium in a non-humidified atmosphere. The 

levels of evaporation overnight were found to be very low in the system and the 

atmosphere was therefore not humidified. 

 

BODIPY Fl-pepstatin A is excited at a wavelength of 488nm, with an emission peak at 

~500-520nm. Confocal images were taken within this window with transmitted light to 

allow definition of cell morphology. Pre-treated keratinocytes were imaged overnight (up 

to 11 h) with z-stacks taken every 5 minutes. Primary keratinocytes were treated with 

vehicle, TCDD and dithranol and were run over consecutive day and night sessions with 

keratinocytes seeded accordingly to reach the same confluency. This was repeated in 3 

donors.  

 

2.7 AhR knock down assays 

2.7.1 siRNA 

siRNA constructs were purchased from Dharmacon Thermo Scientific in a kit of 4 

constructs against human AhR (ON-TARGET plus, Thermo Scientific). The constructs 

were targeted against the sequences GCAAGUUAAUGGCAUGUUU (construct ID J-

004990-05), GAACUCAAGCUGUAUGGUA (construct ID J-004990-06), 

GCACGAGAGGCUCAGGUUA (construct ID J-004990-07) or 

GCAACAAGAUGAGUCUAUU (construct ID J-004990-08) which were referred to as the 

numbers in bold (McManus and Sharp, 2002). After optimisation of transfection 

techniques between nucleofection and Lipofectamine plus, Lipofectamine and plus was 

chosen based on the viability and proliferation abilities of the cells after transfection. 

Optimisation of Lipofectamine plus transfection of siRNA constructs was based on 
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previous work carried out in our group (Baba Taal PhD thesis 2009), (Dalby et al., 2004) 

and the manufacturer‟s instructions. 

 

Primary keratinocytes were seeded at 9 x 104/well of a 6 well plate and grown to ~70% 

confluency. Transfection master mixes were made as follows: tube A, 100µl transfection 

medium, 2µl plus (Invitrogen) and 18nM (final concentration) siRNA. Tube B, 100µl 

transfection medium and 2µl Lipofectamine reagent (Invitrogen). Tubes were incubated 

separately for 15 minutes, together for 15 minutes then diluted further in transfection 

medium and incubated with keratinocytes for 5 h. After this incubation time cells were 

washed with PBS and lysed after 24 h or 48 h for Western blots or seeded after 24 h to 

form epidermal equivalents. 

 

2.7.2 Short hairpin RNA 

To create stable AhR knock down in primary keratinocytes for longer term experiments, 

lentiviral short hairpin RNA (shRNA) against AhR was transduced into primary 

keratinocytes. Using a hairpin shaped piece of RNA, shRNA constructs use RNA 

interference to silence the translation of a gene (Paddison et al., 2002). 

 

Lentiviral shRNA pGIPZ vectors against AhR (known as 1380, 1382, 2320, 3803, 

corresponding to part of their identification numbers) and control sequences scrambled 

and empty GFP (EGFP) were purchased from Open Biosystems (AhR Target set 

number RHS4531, empty vector: RHS4349 or non silencing controls: RHS4346). The 

pGIPZ vectors contained an internal ribosome entry site (IRES) sequence allowing GFP 

to be transcribed in parallel with the shRNA, resulting in successfully transduced cells 

being GFP positive and a puromycin resistance gene to allow puromycin selection for 

transduced cells (Figure 2.1). The transfection protocol and the vector system used 

were based on the protocols from the Trono laboratory, Switzerland (Klages et al., 

2000; Naldini et al., 1996).   
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Figure 2.1. Vector map of the pGIPZ lentiviral vector. pGIPZ vectors included 
sequences for GFP and IRES controlled puromycin resistance, as well as shRNA mir 
targeting sequence. Image modified from Thermo scientific open biosystems shRNA 
technical manual. 

2.7.2.1 Packaging and production of the shRNA vector in 293T cells 

The packaging cell line 293T cells were seeded in 10cm culture dishes and cultured in 

complete DMEM containing 4mM L-Glutamine and FCS. When cells were ~30% 

confluent, cells were transfected by the calcium chloride precipitation method with 15µg 

envelope plasmid, 15µg packaging plasmid and 20µg shRNA construct against AhR 

(The CaCl2 precipitation transfection solution contained 0.125M CaCl2 buffered with 

NaCl and HEPES at pH 7, which was mixed by air bubbling with 20µg shRNA construct, 

15µg envelope plasmid and 15µg packaging plasmid. After incubation for 30 mins at RT 

to allow precipitate formation, the mixture was added dropwise into 10ml complete 

growth medium on 293T cells. The next day 293T cells were washed in PBS and 

medium was replaced with fresh complete growth medium. 293T cells were incubated 

ay 37°C in 5% CO2 and a humidified atmosphere for 3 days. After this time, the viral 

particles secreted into the medium were harvested, centrifuged at 3000rpm for 15 mins 

to remove cellular debris and stored at - 80°C.  

 

2.7.2.2 Transduction of primary keratinocytes with lentiviral shRNA 

Primary keratinocytes were seeded at 10x104 per well of a 6 well plate for transduction 

the next day at 70-80% confluence. Keratinocytes were washed with PBS and medium 

was replaced with 2ml virus per well with 0.1µg/ml polybrene. Keratinocytes were spin 

transduced for 90 mins at 1500rpm, washed in PBS and incubated in complete Epilife 

as normal. Maximal GFP expression was 48h post transduction and images were taken 

by fluorescent microscopy to record transduction efficiency (Figure 4.8). This varied 

greatly between experiment and construct. 48h post transduction keratinocytes were put 
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into selection medium consisting of complete Epilife containing 1µg/ml puromycin. 

Medium containing puromycin was changed every 48h. After ~5 days puromycin 

selection cells were checked by fluorescent microscopy and expressed ~90% GFP 

positivity. Keratinocytes were then seeded in 6 well plates for Western blotting lysates 

or at high confluency in millicell inserts to form epidermal equivalents. Once 

keratinocytes were stably transfected, puromycin selection was continued in order to 

maintain shRNA expression – if puromycin was removed from the medium then 

daughter cells would not be GFP positive, suggesting modification by the cell to bypass 

shRNA transcription. Constant use of selection media would keep the cells under 

selection pressure so puromycin resistance was required for survival and cells 

maintained shRNA transcription. 

 

Figure 2.2. Schematic representation of the transduction and treatment regime of 
primary keratinocytes with shRNA for AhR knock down epidermal equivalents 
and Western blot. 

2.8 Ingenuity pathway analysis 

To identify known interactions in the literature between pathways or key phrases, 

ingenuity pathway analysis (IPA) can be used in 2 ways. 1) To identify direct and 
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indirect links between pathways and their associated proteins. 2) Text mining to identify 

the relationship between key phrases. IPA was performed on our behalf by Stephanie 

Roberts at AstraZeneca. IPA was used in this project to investigate the relationship 

between the observed phenotype of compacted stratum corneum in TCDD treated 

epidermal equivalents which is also common in the well researched group of ichthyosis 

skin disease and the AhR pathway. More details are given in section 6.1.1.2.  

 

2.9 Statistical analysis 

All statistical analysis was performed using Graphpad Prism 5. Different methods were 

used between luciferase assays and Western blots because Westen blots showed that 

time became an important factor. Statistical analysis was not performed on preliminary 

data because sample size (number of donors that each assay was replicated in) was 

too low. 

Luciferase assays 

Mean values were taken from triplicate wells for each donor. Values were normalised by 

Log transformation for analysis. One-way ANOVAs were performed for each ligand, 

comparing vehicle to each dose, then for inhibition assays, ligand at each dose was 

compared to both concentrations of α-NF by one-way ANOVA. This answered two 

questions: the effect of ligand and the effect of α-NF on ligand responses. Post hoc 

tests used were Dunnetts or analysis of linear trend chosen depending on the linearity 

of the dose response. Dunnetts post test was used to compare vehicle to each separate 

dose when no linear dose response was observed. Analysis of liner trend was 

performed to measure dose responses when present.  

 

Western blots 

Densitometry was carried out on representative blots from 3 donors and normalised to 

β-actin. Values were normalised by Log transformation for analysis. Data sets showing 

the effects of AhR agonist on protein levels were analysed using two-way ANOVA, 

comparing ligand dose and time. Inhibition studies were also analysed by two-way 

ANOVA, comparing the effects of α-NF and time. Post hoc tests were not performed for 

two-way ANOVAs. 
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3 AhR activation in primary human keratinocytes 

3.1 Introduction 

3.1.1 Known effects of AhR activation  

 

The AhR is the mediator of a wide range of toxicities from developmental defects to 

neurological disorders and cancers (Gasiewicz et al., 2008; Singh et al., 2009a; 

Williamson et al., 2005). AhR activation by TCDD mediates the well known human 

toxicity chloracne, an acne-like skin lesion resulting from exposure to TCDD 

(Panteleyev and Bickers, 2006; Sorg, 2009). Chloracne is defined and described in 

detail in the introduction (section 1.3). The defining characteristics of a chloracnegen 

are unknown but some hypotheses are that high-residency of the ligand or high-affinity 

for the AhR are required to cause chloracne. To study this further, we used three 

ligands with different characteristics: chloracnegenic TCDD which displays high-affinity 

and residency (Table 4)(Schwetz et al., 1973; Sorg, 2009), low-affinity exogenous 

agonist β-NF that is not chloracnegenic (see section 1.1.4.2)(Maier et al., 1998; Song et 

al., 2002) and highly potent physiological agonist ITE that is not known to be 

chloracnegenic but has not been fully characterised in skin or models of chloracne 

(section 1.1.4.2)(Henry et al., 2006; Henry et al., 2010; Song et al., 2002). The 

characteristics of these agonists are described in detail in the introduction (section 

1.1.4.2).  

 

 AhR affinity Residency Metabolism Potency 

TCDD (nM) +++ +++ + +++ 

β-NF (µM) + + +++ +  

ITE (µM) ++ + +++ ++ 

 
Table 4. The characteristics of AhR-agonists TCDD, β-NF and ITE. 
Plus sign represents strength of characteristic for each ligand. Information is taken from 

the literature as described in Chapter 1. 

 

AhR is known to induce wide ranging effects including immunosupression (Lundberg et 

al., 1991; Matulka et al., 1997) and anti-inflammatory effects (Benson and Shepherd, 

2011; Wu et al., 2011). There are tissue specific effects intraspecies variation in AhR 

responses that include variation of AhR degradation (eg. low AhR activation in mouse 

fibroblasts and high AhR activation in embryonic carcinoma)(FitzGerald et al., 1996) 
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and induced migration in MCF-7 cells, caused by autocrine activity of CTSD (Ohri et al., 

2008; Seifert et al., 2009). Levels of AhR response are dependent in part on expression 

of the AhR (Dolwick et al., 1993; Mason and Okey, 1982) and also the AhR repressor 

protein (AhRR) (which is induced by AhR activation) as described in the introduction 

(section 1.1.2). For example, human fibroblasts are thought to show low AhR activity 

because of low expression of AhR and high expression of AhRR (Akintobi et al., 2007; 

Gradin et al., 1999). The effects of AhR activation also appear to be species specific; 

the differences are thought mainly to be caused by variation in affinity of the AhR to the 

ligand (Henry et al., 1989; Ramadoss and Perdew, 2004; Schwetz et al., 1973). For 

example, Perdew and Glover showed forms of AhR with different ligand affinity in 

mouse strains (Poland and Glover, 1990), while Ramadoss and Perdew showed that 

AhR affinity in humans was lower than mouse AhR in competition binding experiments 

(Ramadoss and Perdew, 2004). 

 

As discussed in the introduction (section 1.1.1) CYP1A1 is a commonly used readout of 

AhR activation and potential for chloracnegenic toxicity. During drug development in 

industry all novel compounds are screened for causing CYP1A1 induction. However, 

CYP1A1 expression may not correlate directly to AhR induced toxicity. Thus 

compounds such as β-NF may induce CYP1A1 in specific cell types yet β-NF is known 

not to have chloracnegenic potential. One aim of the studies described was to test 

whether that the different characteristics of these ligands would correlate with different 

downstream effects in cultures keratinocytes and cutaneous models, suggesting toxicity 

specific markers.  

 

The first step in the project was to characterise AhR activation in primary keratinocyte 

monolayers, justifying dose ranges and time points and forming treatment regimes to 

put into the epidermal equivalent model. This model is important in studying the AhR 

because a) TCDD induces changes in keratinocyte differentiation that appear relevant 

to chloracne in this model and b) the effects of confluency on AhR localisation (Ikuta et 

al., 2004; Sadek and Allen-Hoffmann, 1994a, b) and the effects of differentiation (Du et 

al., 2006a) on AhR activation in keratinocyte monolayer culture. Studies in monolayer 

culture therefore required carefully controlled and defined conditions. 
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3.1.1.1 Comparisons of AhR agonists in the literature 

Comparisons of AhR activation by TCDD, ITE and β-NF have been previously reported 

in the literature. Du et al utilised keratinocyte cultures differentiated in high calcium 

medium to compare the AhR mediated effects of β-NF and TCDD treatment on 

proliferating or differentiating keratinocytes over 6 days (Du et al., 2006a). CYP1A1 

protein was induced to similar levels at 6 to 8 days by 30µM β-NF and 10nM TCDD, 

with AhR degradation observed in parallel. TCDD induced more AhR degradation than 

β-NF. Du et al showed up-regulation of TGM-1 expression and TGM activity by TCDD 

and not β-NF, concluding that this could be a contributing factor of TCDD induced 

chloracne (Du et al., 2006a). Keratinocytes were cultured in high calcium medium for 16 

days and were shown to developed a basic type of 3D culture (Du et al., 2006b). 

However this model did not include media supplements of vitamin C or an air liquid 

interface to allow cornification of keratinocytes (as in epidermal equivalents used in this 

project or by Loertscher or Geaseau, details shown in introduction and next chapter). 

Data complementary to these papers is presented in this thesis; I have shown studies in 

monolayer keratinocyte cultures treated with TCDD and β-NF, including novel data on 

ITE in keratinocytes and comparisons between TCDD/β-NF and ITE. I also present 

novel data on the treatment of epidermal equivalents with ITE (and β-NF which has not 

been studied in epidermal equivalents in regards to its phenotypic effects) and again 

compare the effects to TCDD. 

 

 ITE has been recently studied and compared to TCDD and β-NF to define its properties 

but no previous studies have investigated ITE in keratinocytes or epidermal equivalents. 

Song et al compared levels of AhR activation induced by 100nM – 10µM ITE or 10nM – 

100µM β-NF in a mouse hepatoma cell line and also used isolated murine and human 

AhR for in vitro binding studies (Song et al., 2002). Binding studies showed that 0.5 and 

5µM ITE could compete against 2nM TCDD for AhR binding. The authors concluded 

that binding affinities of β-NF and ITE for the AhR were similar whereas binding affinity 

of TCDD for the AhR was slightly higher (ki (nM) for murine AhR: ITE = 3, β-NF = 2, 

TCDD = 0.5 ). Based on luciferase assays in a mouse hepatoma cell line, potencies 

were different; µM ITE was 5 times more potent than the same concentrations of β-NF. 

They hypothesise that this may have been due to greater stability of ITE (compared to 

β-NF), that ITE may have greater access to the nucleus or that it may induce 

conformational changes that causes AhR to be more efficient at binding DNA. Henry et 

al. studied levels of AhR activity induced in Hepa cells by a range of concentrations of 
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ITE and TCDD (1-5000nM ITE and 0.01 – 1nM TCDD) by luciferase assay and Western 

blot (Henry et al., 2006). The XRE-luciferase activity was induced to similar levels by 

both ligands (at doses of ITE 1000 fold higher than TCDD) and AhR activity was 

measured by Western blot (down-regulation of AhR and up-regulation of CYP1A1), 

showing similar levels of activation by 0.1 – 1 nM TCDD and 0.1 – 5µM ITE. Differences 

were seen in that TCDD induced sustained activation, where as ITE-treated samples 

showed partial AhR recovery by 24h. Conclusions drawn from this paper are that 

potency of ITE (at doses 1000 fold higher than TCDD) was equal to that of TCDD. 

Rapid AhR protein recovery over 24 h was thought to be caused by low stability of ITE. 

Very short time points were used in the study by Henry et al (Henry et al., 2006)(4 h and 

24 h), so comments on sustained activation by TCDD compared to ITE were only over 

24h. It would have been interesting if this time course had been expanded further to 

show effects over prolonged treatment. Further studies were carried out by Henry et al. 

(Henry et al., 2010) in primary mouse lung fibroblasts and produced similar results as in 

(Henry et al., 2006), showing equal activation induced by 0.25 – 2.5µM ITE and 0.2 – 

1nM TCDD (Henry et al., 2010). The Henry and the Song papers report data on ITE 

compared to TCDD (Henry et al., 2006; Henry et al., 2010) and ITE compared to β-NF 

(Song et al., 2002) in mouse hepatoma cell lines. Comments are made on the 

comparable potencies of the agonists; TCDD and ITE have similar potencies but 

prolonged activation is only induced by TCDD due to the relatively fast metabolism of 

ITE (Henry et al., 2006); the Song paper compares ITE to β-NF and reports that ITE has 

a similar affinity for the AhR as β-NF (reporting murine ki: ITE = 3, β-NF = 2, TCDD = 

0.5nM) but that ITE has a higher potency due to its increased stability (compared to β-

NF). Neither paper references any metabolic studies of ITE. It is presumed that as a 

physiological agonist, it must be relatively quickly cleared to act efficiently as part of a 

signalling pathway.  

 

These doses were chosen based on the literature in keratinocytes, a relevant treatment 

model in a rat hepatoma cell line (Du et al., 2006a; Khan et al., 1992; Song et al., 2002) 

and epidermal equivalents (Geusau et al., 2005; Loertscher et al., 2001a; Loertscher et 

al., 2001b). ITE had not been tested in keratinocytes or epidermis, so the 

concentrations utilised in experiments were based on the comparisons by (Henry et al., 

2006; Song et al., 2002). Different time courses were used in hepatic cell lines and 

epidermal cultures to show optimal AhR activation in literature; In hepatic cell lines 

Western blots were performed at 24h and luciferase assays at 1h -24h showing a peak 
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between 4 and 8 h (Henry et al., 2006; Song et al., 2002), whereas in differentiating 

keratinocyte cultures, Western blots were performed at time points up to 8 days. Du et 

al show low induction of CYP1A1 at day 6 (TCDD and β-NF treatment) and stronger 

induction at day 8, so this suggests that protein effects of AhR activation in the skin are 

not seen until then (Du et al., 2006a). To test this theory I included time points at days 2 

and 4 in preliminary luciferase studies (Figure 3.2 A). Henry et al. show luciferase assay 

peaks between 4 and 8 h, so to test if there was early activation in keratinocytes, we 

included an 8 h time point in our luciferase studies (Figure 3.2). We show novel 

comparisons of AhR ligands TCDD, β-NF and ITE in their ability to activate AhR 

transcriptional activation and effects on AhR and CYP1A1 protein levels in primary 

keratinocytes. 

3.2 Preliminary studies 

3.2.1.1 Assessing potential of AhR agonist-induced toxicity in vitro 

To define the optimal dose ranges and time points for the treatment of primary 

keratinocytes in cell culture models, preliminary studies were conducted to define 

treatment ranges that would exert AhR-dependent effects but not toxicity, allowing 

assessment of growth and differentiation in the cell culture models. 

 

The Sulforhodamine B (SRB) assay is a cell viability assay where the protein binding 

dye SRB is applied to fixed cells cultured in monolayer and solubilised in a 10mM Tris. 

The absorbance of this solution is read at specified wavelengths, and optical density 

units (ODU) plotted; increased ODU correlated closely with increased levels of protein 

and is considered a robust and reliable readout of cell viability and proliferation 

(Houghton et al., 2007; Papazisis et al., 1997; Skehan et al., 1990). 

 

Primary keratinocytes were seeded and treated for up to 6 days as described in 

materials and methods and cell viability/proliferation assessed by SRB assay. Over 

time, vehicle treated primary keratinocytes proliferated as indicated by increasing levels 

of protein and SRB staining. Figure 3.1 A shows results from SRB assays of primary 

keratinocytes treated with 1, 5 or 10nM TCDD for up to 6 days. Although this assay 

does not include TCDD treatment up to 8 days, no morphological evidence of TCDD-

induced toxicity was observed up to 8 days in keratinocyte culture (or reduced renilla 

values, see Figure 3.2, Figure 3.14 and Appendix A).  
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Figure 3.1 B shows cells treated with 3, 15 or 30µM β-NF. After day 4 at the higher 

doses 15 and 30µM β-NF (note the higher concentrations than those used with TCDD) 

cells did not proliferate. Moreover, the reduced ODU value in the SRB assay was most 

likely indicative of cell death as a result of β-NF toxicity. We therefore did not use doses 

over 15µM β-NF in future studies apart from during protein induction assays which 

involved time points at 2 and 4 days. 30µM β-NF was included in those assays due to 

its strong agonist activity and low toxicity at the early time points. Figure 3.1 C shows 

primary keratinocytes treated with 1 or 5µM ITE. At later time points (day 6 and 8) 

proliferation of cells was inhibited in presence of 5µM ITE. Cells were less viable after 6 

days treatment by µM β-NF and ITE. This was not reflected by treatment of 

keratinocytes with nM TCDD, and differential effects are probably due to the 1000 fold 

increase in treatment between TCDD and β-NF/ITE causing toxicity. TCDD has been 

shown to induce differentiation in primary keratinocytes (Du et al., 2006a; Greenlee et 

al., 1985; Osborne and Greenlee, 1985), which can be seen as a decrease in 

keratinocyte growth or increased senescence (Ray and Swanson, 2003; Ray and 

Swanson, 2004), however the decrease in proliferation caused by TCDD are very small 

compared to the effects of β-NF and ITE. The concentrations of β-NF and ITE were also 

1000 fold higher than TCDD, therefore toxicity exerted by β-NF and ITE was probably 

due to high concentrations of compound and not increased differentiation by AhR-

activation. High concentrations of β-NF and ITE were used in Western blot assays 

because the levels of toxicity observed were acceptable for monolayer cultures, enough 

cells were viable with each dose at all time points to form lysates for Western blots, 

except 30µM β-NF at 8 days that sometimes caused too much toxicity to run well on 

Western blot. These assays also included early time points, days 2 and 4, at which 

neither β-NF nor ITE showed high levels of toxicity.  
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Figure 3.1. β-NF and ITE cause toxicity in a time and dose dependent manner. 
Primary keratinocytes were seeded and treated after 24h at ~70% confluency with 
concentrations of vehicle or A) TCDD B) β-NF or C) ITE as indicated for up to 6 or 8 
days. Levels of protein were measured by the Sulforhodamine B (SRB) assay and 
expressed as optical densitometry units (ODU). All error bars show mean ± sem, n = 3, 
triplicate wells from 1 donor. Statistical analysis has not been performed due to low 
sample number. 
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3.2.1.2 Assessing pharmacologically active time and dose ranges 

In order to measure levels of transcriptional activation by AhR over time and to define 

which time points should be used in the subsequent assays, keratinocytes were 

transfected with a pXRE4-SV40-luciferase construct as described in materials and 

methods. Constructs transfected into keratinocytes are usually transcribed within 24h 

(Mimura et al., 1999; Sekine et al., 2006), so keratinocytes were left for 24h before 

treatment. As cells were transiently transfected, the longest time point used was 4 days 

of treatment. An early time point (8h after treatment) was used in transfected 

keratinocytes treated with TCDD (Figure 3.2 A) to test for any early activation, as 

reported the literature (Henry et al., 2006). Henry et al. showed a peak in AhR 

transcriptional activation between 4 and 8h using mouse and human hepatoma cell 

lines transfected with AhR-dependent luciferase and treated with ranges of 1nM – 1µM 

ITE or 0.1nM – 1nM TCDD (Henry et al., 2006). AhR activation in keratinocytes did not 

occur at 8h (Figure 3.2 A), even at the higher concentrations of TCDD that we used. 

This difference is thought to be because the liver cell lines used in these early studies 

have higher levels of AhR protein and activity (Dolwick et al., 1993; Khan et al., 1992). 

  

Maximal induction of AhR dependent activation in response to TCDD occurred after 24h 

treatment and persisted for at least 96h. However as the level of TCDD induced XRE-

luciferase activation at 24h varied to a greater extent among different donors than at 

later time points, future studies focused on AhR activation at 48h. AhR activation 

decreased time dependently to 72 h, increasing slightly again at 96 h, but losing the 

dose dependent response pattern seen at earlier time points. At 24 and 48h time points, 

the dose response of AhR activation induced by TCDD was increased by 0.5, 5 and 

maximally (in this model) by 10nM TCDD.  

 

The concentrations of β-NF shown in Figure 3.2 A were nM β-NF, which is low 

compared to the doses used in the literature (Du et al., 2006a; Gelardi et al., 2001). This 

was because when luciferase assays were performed using µM β-NF, very low 

firefly:renilla ratios were induced. On closer inspection, firefly luciferase activity was 

decreased to values normally shown in empty control wells. This was addressed and is 

shown in Figure 3.3, suggesting the decreased firefly values were not a result of toxicity 

because renilla values (internal control for transfection efficiency and viability) were 
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unaffected and suggested that the presence of β-NF in cell lysates quenched firefly 

luciferase activity. Figure 3.2 B shows that nM concentrations of β-NF induced AhR 

transcriptional activation which was maximal at 20nM β-NF. Figure 3.2 B shows that β-

NF induced transcriptional activation peaked at 20nM, but by 200nM, activity had 

started to decrease. As discussed in regards to TCDD, the 24h time point induced high 

transcriptional AhR activation but the results varied between donors. As with TCDD, 48h 

was chosen for future studies. Figure 3.2 C shows induction of AhR transcriptional 

activation by ITE. Induction by all concentrations of ITE was very high, maximum 

induction was roughly ~4 fold higher by 10µM ITE than 10nM TCDD. Considering the 

1000 fold difference in concentration, this is not surprising. A 1000 fold difference in 

dose between ITE and TCDD has been used previously in the literature (Henry et al., 

2010) to directly compare activation in mouse fibroblasts. Their results showed similar 

effects from both ligands on AhR degradation and CYP1B1 induction by Western blot. 

These data were not compared to AhR activation tested by luciferase assay (Henry et 

al., 2010) but we went on to compare AhR activation induced by TCDD, β-NF and ITE 

by Western blot and luciferase assay as described later in this chapter (section 3.3.1). 

 

The lowest concentrations of both TCDD (0.5nM) and ITE (0.1 and 0.5µM) showed high 

levels of AhR transcriptional induction. This could be caused by the poor solubility of 

higher concentrations of lipophilic agonists in the media. At low concentrations, lipophilic 

compounds remain in solution, however at higher concentrations the ligands often come 

out of solution. At low concentrations luciferase activity was high possibly due to high 

solubility and availability of the ligand, however at medium concentrations (eg. 1nM 

TCDD), availability is low due to less solubility and lower ligand present. The stronger 

response caused by the higher doses (10nM TCDD) could be due to high levels of the 

compound providing a constant supply of ligand when solubilised ligand has been used 

or metabolized over the 48h treatment.  

 

To test this theory, primary keratinocytes were treated with low concentrations of TCDD 

to test whether protein levels (AhR degradation and CYP1A1 induction) would show 

higher AhR activation with 0.5nM TCDD than 1nM TCDD as in the luciferase assays in 

Figure 3.2 A. These results are shown in Figure 3.9. 

 

Therefore, concentrations of ligand for future assays were chosen based on levels of 

toxicity (Figure 3.1) and activity (Figure 3.2). 48h was chosen as the time point for future 
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luciferase assays to be undertaken because of less variability in values between donors 

at this time point. TCDD exhibited a good dose response by 1, 5 and 10nM TCDD in 

both luciferase assay (Figure 3.7) and Western blot (Figure 3.9) and literature 

conclusively showed use of 1 and 10n TCDD in primary human keratinocytes (Du et al., 

2006a; Geusau et al., 2005; Loertscher et al., 2001b). β-NF concentrations were based 

on data from Figure 3.1 and the literature (Du et al., 2006a; Gelardi et al., 2001; Khan et 

al., 1992), and concentrations of ITE were chosen based on levels of activation, toxicity 

and the literature (Henry et al., 2006; Henry et al., 2010; Song et al., 2002). Figure 3.2 C 

shows high activation by all concentrations of ITE, however based on the literature, 

1000 fold higher concentrations of ITE were used compared to TCDD (Henry et al., 

2010). 5µM ITE induced high levels of toxicity (Figure 3.1) so higher concentrations of 

ITE were not used despite high AhR transcriptional induction, resulting in 1 and 5µM 

ITE being carried through to main studies. 
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Figure 3.2. AhR transcriptional activation was induced by TCDD, β-NF and ITE 
between 24h and 96h treatment. Primary keratinocytes were transfected with XRE-
luciferase and renilla constructs as described in materials and methods.  24 h later 
keratinocytes were treated with vehicle or concentrations of A) TCDD, B) β-NF or C) 
ITE as indicated for up to 96h and XRE luciferase activity measured using a dual 
luciferase kit and luminometer. Results are expressed as mean firefly luciferase/renilla 
ratios (± sem) normalized to vehicle. n = 3 triplicate wells from 1 donor. Statistical 
analysis has not been performed due to low sample number. 
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3.2.1.3 Problem solving 1:                                                                                       

Defining the reasons for inhibition of luciferase by β-NF  

As discussed in the previous paragraph, µM concentrations of β-NF resulted in low 

firefly:renilla ratios. To study this further, primary keratinocytes were transfected with 

XRE-luciferase as described in materials and methods then treated with concentrations 

of β-NF as indicated. Figure 3.3. A shows decreased firefly:renilla activity with higher β-

NF concentration. At ≥1000nM β-NF, relative luminescence had decreased to negligible 

values (ratio ~0.05). To test whether β-NF was having a quenching effect, we added 

vehicle (DMSO) or β-NF (final concentration 15 or 30µM β-NF) to TCDD treated primary 

keratinocyte lysates prior to measuring luciferase activity. As shown in Figure 3.3. B, 

firefly:renilla ratios decreased sharply with addition of β-NF to the lysate in vitro. Looking 

at the raw firefly and renilla luciferase values, it was apparent that firefly luciferase had 

been quenched (Figure 3.3.  C), while renilla values remained unaffected (Figure 3.3.  

D). To test if this observation was specific to the construct, the assay was repeated with 

primary keratinocytes transfected with an alternative XRE-luciferase construct (details 

are described in materials and methods) with similar results. Ratios and raw values for 

the parallel experiment with the alternative construct are shown in Appendix A. Inhibition 

and quenching of firefly luciferase activity at higher doses of β-NF (from 0.1µM β-NF)  

has previously been reported (Wang, 2002), showing the phenomenon of firefly 

luciferase quenching was specific to β-NF. These effects were cell line and construct 

independent and specific to β-NF, α-NF was also tested for quenching effects on firefly 

luciferase. β-NF-dependent quenching was tested at a range of 0.1 – 2µM β-NF and 

EC50 was defined at of 0.1µM β-NF, leading to complete quenching of firefly luciferase 

by 2µM β-NF (Wang, 2002). Our results correspond well with this paper, clearly 

showing that β-NF (≥ 1µ β-NF) in vitro markedly inhibited firefly luciferase, specifically 

showing quenched firefly luminescence by adding β-NF (at a final concentration of 15 or 

30µM β-NF) to the lysate before assaying.  

 

Direct quenching effects of 15 and 30µM β-NF have been shown on firefly luciferase, 

however we have not investigated the quenching effects of low levels (2nM-3µM) of β-

NF. Figure 3.3.  A shows peak XRE luciferase activity at 20nM β-NF. At concentrations 

from 200nM β-NF, activity started to decrease, reaching complete inhibition at 1000nM 

β-NF. This decrease appears to be due to onset of β-NF-dependent firefly luciferase 

quenching. If we compare this to the effects of nM β-NF on AhR activation by Western 

blot (Figure 3.12), we see the onset of β-NF-dependent AhR activation by AhR 
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degradation from 20nM β-NF at days 2 and 6. Luciferase activation would be expected 

to increase more above concentrations of 20nM but as my data does not show this it 

would suggest that this concentration is where luciferase assays may start to be 

partially inhibited by β-NF. This is consistent with the observations from Wang 2002 

(Wang, 2002), where they defined the EC50 of β-NF quenching at 0.1µM β-NF and the 

level for complete quenching at 2µM β-NF. To directly compare transcriptional activation 

with the effect of β-NF on protein levels, a different non-luciferase reporter assay would 

have to be used. In view of these results low levels of β-NF (<200nM β-NF) were used 

in further XRE-luciferase assays. 
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Figure 3.3. β-Naphthoflavone quenched firefly luciferase activity. Primary 
keratinocytes were co-transfected with XRE-luciferase and renilla housekeeping 
luciferase reporter. A) Cells were treated with vehicle, 5µM ITE or specified 
concentrations of β-NF for 48h. B) Cells were treated with vehicle, 5 or 10nM TCDD for 
48h and lysed. Before luminescence was read, vehicle or β-NF (15 or 30µM β-NF final 
concentration) was added to the TCDD-treated cell lysate. Results are expressed as A) 
mean firefly luciferase/renilla ratios (± sem) normalized to vehicle, B) mean firefly:renilla 
luciferase ratios (± sem), C) mean firefly raw values(± sem), or D) mean renilla raw 
values (± sem). A) n = 3 (triplicate wells from one donor), data is representative of 3 
individual donors. B) n=3, triplicate wells from 1 donor, representative of data from 2 
donors. Statistical analysis has not been performed due to low sample number. 
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3.2.1.4 Problem solving 2: Addressing low solubility of TCDD 

To address the possible issues caused by low solubility of TCDD accounting for data 

shown in luciferase assays (Figure 3.2 A), an alternative vehicle for TCDD was tested. 

Dioxane is less polar than DMSO (retaining enough polarity to remain miscible in water) 

and was tested to see if it would hold higher concentrations of TCDD in solution more 

effectively (Drake et al., 2006). Primary keratinocytes were transfected with XRE-

luciferase and treated with vehicle, TCDD diluted in dioxane (at concentrations shown) 

or 10nM TCDD diluted in DMSO as previously used (Figure 3.2 and Figure 3.3. ). Figure 

3.4 shows a dose dependent increase of AhR transcriptional activation with TCDD 

diluted in dioxane, however 10nM TCDD diluted in DMSO induced slightly higher AhR 

transcriptional activation than 10nM TCDD in dioxane. This suggests that dioxane did 

not increase availability of TCDD in culture medium compared to DMSO. We therefore 

continued to use DMSO as the vehicle for all ligands tested. 

 

Figure 3.4. Dioxane does not increase TCDD-induced XRE-luciferase activation in 
cell culture. Primary keratinocytes were co-transfected with XRE-luciferase and renilla 
internal control constructs and treated with vehicle, 1, 5 or 10nM TCDD in dioxane or 
dioxane alone (vehicle) for 48h compared to 10nM TCDD in DMSO. XRE-luciferase 
activity was measured. Results are expressed as mean firefly luciferase/renilla ratios (± 
sem) normalized to vehicle. n=6, triplicate wells from 2 independent donors. Statistical 
analysis has not been performed due to low sample number. 
 

3.2.1.5 Problem solving 3: Addressing the effect of confluency on AhR response 

Ligand-dependent activation of the AhR results in translocation of the AhR to the 

nucleus where the AhR/ARNT dimer binds the XRE (see introduction for details and 

references). Translocation is an important part of the process and can also occur by 
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ligand-independent mechanisms such as cell density (Cho et al., 2004; Ikuta et al., 

2004; Sadek and Allen-Hoffmann, 1994a, b) and the removal of AhR chaperone 

molecule hsp90 from the AhR-complex (Petrulis et al., 2003; Pollenz and Buggy, 2006; 

Pongratz et al., 1992). Ikuta et al. (Ikuta et al., 2004) previously showed that cell density 

affects localization of the AhR in the human keratinocyte line HaCaT. When cells were 

sparse the AhR was nuclear, when confluent the AhR was cytoplasmic. They correlated 

nuclear AhR in sub confluent cells with upregulated transcriptional activation by 

luciferase activity and CYP1A1 induction by Western blot. There are other reports of 

ligand-independent AhR translocation and activation in the literature (Sadek and Allen-

Hoffmann, 1994a, b) but this demonstrates that AhR translocation does not necessarily 

result in AhR transcriptional activation.  

 

As described in the introduction and the following literature, hsp90 is an AhR chaperone 

molecule which keeps the AhR in the cytoplasm when in its inactive state. If the 

AhR/hsp90 complex is broken, the AhR is no longer anchored in the cytoplasm by 

hsp90 and is able to translocate to the nucleus. Pollenz and Buggy previously showed 

the effects of treatment with specific Hsp90 dimerisation partner, geldanamycin (Grenert 

et al., 1999; Grenert et al., 1997) on a number of human cell lines. It has been 

hypothesized that geldanamycin has the ability to inhibit hsp90 binding to the AhR, as is 

has been shown to do with other hsp90 complexes (An et al., 2000; Schulte et al., 

1995). Treatment with geldanamycin causing hypothesized breakdown of the 

AhR/hsp90 complex, resulted in AhR translocation and degradation but no AhR 

transcriptional activation (Pollenz and Buggy, 2006; Song and Pollenz, 2002).  

 

The mechanism of AhR translocation by loss of cell-cell contact is not known but there 

are several hypotheses. Ikuta et al hypothesise that increased cell density accelerates 

nuclear export of the AhR via the p38 MAPK signaling pathway that is involved in 

nuclear accumulation of p53 and oestrogen receptor α. Increased cell confluency 

caused rapid phosphorylation of p38 MAPK in HaCaTs, increasing phosphorylation of 

the NES and therefore inhibiting nuclear export, via differential activation of 

phosphatase caused by cell confluency as shown in Figure 3.5 (Ikuta et al., 2004). 
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Figure 3.5. Proposed hypothesis for nuclear localization of AhR caused by loss of 
cell-cell contact. Nuclear accumulation of the AhR occurs in response to lack of cell-
cell contact. Ikuta et al. hypothesise that this is via sparse confluency causing 
decreased phosphatase activity which results in phosphorylated NES, blocking nuclear 
export. Figure modified from (Ikuta et al., 2004). 
 

Sadek et al hypothesise that changes of cell shape and adhesion when primary 

keratinocytes are in suspension, may disrupt AhR/hsp90 binding, causing AhR nuclear 

translocation through lack of chaperone molecules as discussed earlier (Sadek and 

Allen-Hoffmann, 1994b). 

 

To confirm the basic observation from Ikuta et al. that confluency affects AhR 

localisation in primary keratinocytes, primary keratinocytes were seeded at differing 

densities on coverslips and IHC was performed with an anti-AhR antibody, fluorescently 

tagged secondary antibody and nuclear stain Topro-3, as described in materials and 

methods. Confocal images of immunostained keratinocytes are shown in Figure 3.6. 

Green staining shows AhR, blue shows nuclei. Similar to HaCaT cells, in sparse 

cultures AhR was mainly nuclear and in confluent cells the AhR became predominantly 

cytoplasmic. These findings are consistent with the literature and show that cell contact 

mediated AhR relocalisation is a conserved mechanism from HaCaTs to primary 
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keratinocytes (Ikuta et al., 2004) and also suggests that CYP1A1 induction by lack of 

cell-cell contact in primary keratinocytes may be caused by this effect in our culture 

model (Sadek and Allen-Hoffmann, 1994a). We did not study effects of confluency on 

activation of AhR by luciferase or Western blot, but it would be interesting to explore this 

in studies where activation of AhR in sparse populations is relevant, for example wound 

healing. In our project, we have taken this into consideration and all experiments were 

carried out in confluent cells (>80%). Not only does keep background AhR activation 

low and variation to a minimum, but it also provides a more physiologically relevant 

model to un-wounded, normal human skin. 

 

Figure 3.6. Sparse cell confluency can induce AhR translocation to the nucleus. 
Primary keratinocytes were grown seeded at different densities on glass coverslips for 
24h and fixed (in parallel) maintaining different confluencies. Cells were fixed with 4% 
PF and IHC was performed using an anti-AhR antibody (green) and topro-3 nuclear 
stain (blue). Confocal images were captured on a Leica SP2 confocal microscope at 
mid Z stack and are representative of 3 donors. Scale bar = 50µm. 
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3.2.1.6 Western blotting and antibody optimisation 

Antibodies used for Western blots were optimised and chosen based on antibody 

specificity and reproducibility. Two anti-CYP1A1 antibodies were tested for specificity on 

Western blots. The antibody that was excluded for use in the project (clone H-70, 

SantaCruz) showed more non-specific bands around the correct molecular weight, 

making distinguishing the specific CYP1A1 band difficult. The CYP1A1 antibody that 

was chosen (clone B-4, SantaCruz) was optimised for the time of incubation and protein 

block used resulting in the clearest specific bands and lowest non-specific binding. The 

AhR antibodies originally tested for Western blot were both discarded due to high 

background and non-specific binding after optimising dilutions and incubation 

conditions. A third AhR antibody was chosen and took little optimisation apart from the 

dilution used and time of incubation. 

 

The antibodies chosen finally were anti-CYP1A1 (clone B-4, Santacruz), anti- AhR 

(MA1-415, Biomol) as describe in section 2.5 of materials and methods. The anti-β-actin 

was already optimised and used in our group. Appendix X shows the optimised 

antibodies in complete blots with protein standard ladder as run on each blot. Both 

images in Appendix X show the same membrane, probed first with anti-CYP1A1 (A) and 

secondly with AhR (B), so CYP1A1 bands are visible on the lower blot too – they are 

both anti-mouse antibodies.  As shown, the primary antibodies produced clean blots, 

with one non-specific band for anti-CYP1A1 (although a feint thicker band was 

sometimes present ~10kDa above the CYP1A1 band as shown in the lower blot for anti-

AhR) and no non-specific bands for anti-AhR or anti-β-actin. The results from different 

experiments did vary sometimes in that the background binding could be variable with 

CYP1A1 and AhR antibodies but all Western blots were run in duplicate to discount this 

type of variation. The AhR and CYP1A1 blots in Appendix X have been shown in 

Appendix G and Figure 3.16 D.i to demonstrate the effect of α-NF on ITE-induced AhR 

activation. 
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3.3 Main Studies 

 

After the preliminary studies it was clear that all 3 agonists showed induction of AhR 

activity. In chronological order, the next phase of the study focussed on α-NF, but for 

clarity this is presented later (section 3.3.2). Moreover, in the next series of 

experiments, α-NF was included in parallel as a potential AhR inhibitor but for clarity, 

these data are also presented later (section 3.3.2). 

 

The full time courses presented for the activation of the AhR by the 3 agonists and the 

inhibition of agonist induced AhR activation by α-NF (sections 3.3.3.1, 0, 3.3.3.2) are 

quite complex, so the complete time courses have been presented in the appendix with 

detailed description of the data and summary figures showing data at days 2 and 8 in 

the main text.  

3.3.1 AhR activation by TCDD, β-NF and ITE 

3.3.1.1 AhR transcriptional activation by agonists 

To compare AhR activation potential of each ligand in primary keratinocytes, luciferase 

assays were performed following transfection of primary keratinocytes with pXRE4-

SV40-Luciferase as described in materials and methods, and treatment of keratinocytes 

with ranges of doses of TCDD, β-NF or ITE as indicated for 48h. The doses chosen 

were based on preliminary studies of ligand solubility, quenching of luciferase, 

pharmacological AhR activity and toxicity as described earlier in the chapter. Figure 3.7 

shows that all ligands induced AhR activation significantly in a dose dependent manner 

(one-way ANOVA vehicle compared to each ligand P <0.0001, analysis of linear trend 

compared vehicle to increasing doses each ligand, TCDD and ITE: P <0.0001. β-NF: P 

= 0.0003). 

 

The dose ranges tested in the luciferase assay varied over a 1000 fold range and did 

not necessarily overlap. Therefore, to compare the AhR agonist activity of the ligands in 

keratinocytes, we plotted the normalised luciferase activity versus log concentration. 

When we normalised to a dose of 50nM assuming a linear response the relative 

luciferase values were TCDD = 5, α-NF = 2, β-NF = 1.5, ITE = 1. Alternatively, 

normalising to an equivalent increase in relative luciferase, TCDD was at the lowest 

dose compared to β-NF and then ITE. This correlated with the literature which ranked 
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TCDD as the highest affinity, followed by β-NF and ITE at similar affinities (but ITE 

slightly less) (Song 2002, Henry 2006), activation by α-NF remained at levels lower than 

TCDD, β-NF and ITE up to 24µM, the maximum dose tested. 

 

As described in the introduction (section 1.1.4.2) and the paper by Henry et al., ITE 

exhibits a similar potency for the AhR as TCDD. Maximal induction of AhR activity was 

to a similar level by ITE (at concentrations 1000 fold higher than TCDD), but whereas 

TCDD induced AhR activation (by AhR degradation and CYP1B1 induction) that 

persisted for 24h, ITE induced activation in parallel had decreased by 24h (Henry et al., 

2006; Henry et al., 2010). The authors suggested that this was due to clearance of ITE 

by metabolism compared to persistent TCDD levels. The comparison of TCDD to ITE 

corresponds to the normalised ranking of luciferase induction shown in Figure 3.7. Song 

et al. describe that ITE has a similar binding affinity for the AhR, which would also 

correlate with the ranking of AhR-activation by agonists described here. 

 

To try and achieve higher AhR activation than 20nM β-NF without quenching, 

keratinocytes were treated with 50nM β-NF as shown in Figure 3.7, however no 

increased activity was shown and the response plateau had been reached. Maximal 

stimulation of XRE-luciferase by β-NF was achieved at 20nM β-NF (Figure 3.3 and 

Figure 3.7), at higher doses reduced levels of XRE luciferase was observed, as 

described earlier (Figure 3.3 A).  
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Figure 3.7. AhR transcriptional activity in keratinocytes is induced by treatment 
with TCDD, β-NF and ITE. Primary keratinocytes were treated with concentrations of 
ligand as indicated for 48h and XRE luciferase activity was then measured. Values 
represent mean firefly luciferase/renilla ratios (± sem) normalized to vehicle. n≥9, 
triplicate wells from ≥3 independent donors. One-way ANOVA was performed 
comparing vehicle to ligand (P <0.0001) with analysis of trend compared to vehicle as 
post hoc test. TCDD and ITE *** P<0.0001. β-NF *** P = 0.0003. 
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Figure 3.8. Log dose response curve for AhR-agonists. Data from luciferase assays 
were plotted on a log scale to allow normalisation of results to 50nM for all agonists. 
Non linear regression curves were fitted between points using Graphpad Prism 5. 
 

3.3.1.2 Induction of AhR activation measured by AhR degradation and 

CYP1A1induction 

One of the aims of the project was to identify differential downstream effects of AhR 

activation by physiological and non-physiological agonists, including assessment of AhR 

transcriptional activities and differential induction of CYP1A1 protein and degradation of 

AhR protein. Previous literature on AhR activation in primary cultured keratinocytes 

reported that treatment of keratinocytes with 10nM TCDD or 30µM β-NF induced AhR 
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activation by Western blot (induced CYP1A1 and AhR degradation) after 6 and 8 days. 

Differentiation markers were also up regulated in time and TCDD treatment dependent 

manners (loricrin and TGM-1 expression and activation) (Du et al., 2006a). Ray and 

Swanson showed an increase in basal pro-filaggrin in primary keratinocytes over time 

(days 2, 6 and 8) which was increased further by treatment with 1nM TCDD. This 

correlates with AhR protein degradation induced by 1nM TCDD treatment at days 2, 6 

and 8 (Ray and Swanson, 2003). Sutter et al. showed up-regulation of CYP1A1 mRNA 

in primary keratinocytes by a range of 0.1 - 10nM TCDD treatment at 24h (Sutter et al., 

2009). Ray and Swanson showed immortalisation of primary human keratinocytes by 

treatment with 0.01-10nM TCDD. This paper also showed AhR down-regulation by 

TCDD treatment at 2, 6 and 8 days (Ray and Swanson, 2004) . These papers all show 

AhR activation in primary keratinocytes by 1 or 10nM TCDD. Based on these results in 

the literature, SRB assays (Figure 3.1) and preliminary dose response studies (Figure 

3.2 and Figure 3.7), primary keratinocytes were treated with ligands as indicated for up 

to 8 days with time points every 48h. Samples were lysed and Western blotting 

performed. Antibodies against AhR, CYP1A1 and β-actin (see Table 3 for details) were 

used to probe membranes and bands were quantified by densitometry and presented 

as ODU normalised to β-actin, as described in materials and methods 

 

3.3.1.3 TCDD 

Figure 3.10 and Figure 3.11 show dose dependent degradation of AhR by TCDD 

treatment that was present at days 2 and 8 and a dose dependent increase in CYP1A1 

at day 8. For complete timecourses see Appendix B and Appendix C. Two-way ANOVA 

was performed to compare vehicle with TCDD treated cells at each time point. At all 

time points, the effects of TCDD on AhR degradation were significant (P<0.007). The 

effects of TCDD and duration of incubation on CYP1A1 were not significant and there 

was no significant interaction between TCDD and duration of incubation (time). 

 

AhR is known to be more inducible in differentiated cells and that is shown by the 

increased induction of CYP1A1 at day 8 (Figure 3.11) compared to day 2 (Figure 3.10). 

Du et al show an increase in CYP1A1 induction in differentiated human primary 

keratinocytes in monolayer, as do Jones and Reiners in murine keratinocytes (Du et al., 

2006b; Jones and Reiners, 1997). Ray and Swanson showed that CYP1A1 expression 

in 1nM TCDD treated primary keratinocytes increased with passage number from p2 to 
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p16; CYP1A1 mRNA increased 3 fold, but AhR mRNA remained unaffected. 

Interestingly, TCDD dependent AhR degradation occurred from day 2, whereas 

CYP1A1 induction only occurred at days 6 and 8 (Appendix C). As TCDD resulted in 

maximal induction of CYP1A1 and maximal degradation of AhR at days 6 and 8, further 

studies focussed on these time points.  

 

Figure 3.2 A shows that 0.5nM TCDD induced high levels of AhR transcriptional 

activation that was higher than 1 and 5nM TCDD but not 10nM TCDD at 24 and 48 h. 

This could have been caused by a decrease in solubility of TCDD at higher 

concentrations. To investigate the effect of 0.5nM TCDD on AhR degradation and 

CYP1A1 induction, primary keratinocytes were treated for up to 8 days with 0.5, 1, 2 or 

5nM TCDD. Figure 3.9 shows that 0.5nM TCDD induced AhR degradation and low 

levels of CYP1A1 induction at 6 and 8 days. The levels of AhR degradation were similar 

to those induced by 1, 2 or 5nM TCDD. Comparing the results from the luciferase assay 

(Figure 3.2) to Western blot (Figure 3.9), levels of AhR activation were not as high as 

expected. Levels of activation shown by Western blot were consistent with the TCDD 

dose dependent increase in AhR activation shown in Figure 3.10 and Figure 3.11. The 

time points used (day 6 and 8) were based on the observations from Appendix B and 

Appendix C that AhR dependent effects on protein occur at the later time points studied, 

day 8.  

 

Figure 3.9. Dose dependent induction of AhR degradation and CYP1A1 by TCDD 
in primary keratinocytes. Primary keratinocytes were treated with vehicle or 
concentrations of TCDD as indicated for up to 8 days. Western blots were performed 
and probed with anti-AhR, anti-CYP1A1 and anti-β-actin antibodies.  
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3.3.1.4 β-NF 

Time course studies of AhR degradation and CYP1A1 induction were also carried out 

following treatment of keratinocytes with β-NF. Figure 3.11 shows that AhR was 

degraded by β-NF treatment at day 8, Appendix D and Appendix E show AhR 

degradation occurred from days 4 to 8. CYP1A1 was induced by β-NF treatment at all 

time points, but did not correlate well with AhR levels. Figure 3.10 and Figure 3.11 

showed that the classical AhR agonist TCDD induced AhR degradation from days 2 to 8 

but only induced CYP1A1 at days 6 and 8 (Appendix C). CYP1A1 levels induced by β-

NF did appear from day 2, but the increase was low (note the scale on the y axis). 

Despite this, CYP1A1 appeared to be induced at all time points by 15µM β-NF. Two-

way ANOVA was performed to compare vehicle with β-NF treated cells at each time 

point. At all time points, the effects of β-NF on AhR degradation were significant (P = 

0.02). The effects of β-NF and time on CYP1A1 were not significant and there was no 

significant interaction between β-NF and duration of incubation (time).  

3.3.1.5  ITE 

To test the effects of the relatively new physiological ligand ITE on induction of CYP1A1 

and degradation of AhR, primary keratinocytes were treated with vehicle or 

concentrations of ITE for up to 8 days. Figure 3.10 and Figure 3.11 show dose 

dependent AhR degradation induced by ITE from day 2 to day 8, most markedly at day 

2. Despite robust AhR degradation at days 2, 4, 6 and 8, ITE-induced CYP1A1 was very 

low at all time points (Appendix F and Appendix G). Low levels of ITE-dependent 

induction of CYP1A1 were observed on Western blots from some donors but levels 

were low and inconsistent.  

 

Two-way ANOVA was performed to compare vehicle with ITE treated cells at each time 

point. At all time points, the effects of ITE on AhR degradation were significant (P = 

0.0002). The effects of ITE and time on CYP1A1 were not significant and there was no 

significant interaction between ITE and duration of incubation (time). 

 

AhR degradation occurred at both early time points and later time points, with little 

induction of CYP1A1. This indicated that ITE may be distinct in its mechanism of 

activation of AhR or the conformational changes that ITE binding induced on the AhR. 

One potential mechanism is that some genes have distinct XRE domains that require 

specific traits in the induced conformation of ligand-activated AhR. For example, CTSD 
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has an imperfect XRE domain which when bound by TCDD-activated AhR can induce 

inhibition of CTSD (Wang et al., 1998; Wang et al., 1999). Even though this elicits 

inhibitory responses, there is no reason why this mechanism may not be applied to 

ligand specific induction of proteins too. ITE may not provide these required activation 

characteristics. 

3.3.1.6 Summary and comparison of AhR ligands on AhR and CYP1A1 protein 

levels  

Treatment of primary keratinocytes with TCDD, β-NF and ITE showed significant 

degradation of AhR from days 2 to 8. CYP1A1 induction was most clearly induced by 

TCDD. There was some clear but variable induction of CYP1A1 in some experiments by 

β-NF, with only slight amounts of CYP1A1 induction by ITE. This data convincingly 

shows that all ligands induced AhR activation, although ITE differentially activated the 

AhR, not inducing CYP1A1 protein. 

 

Figure 3.10 and Figure 3.11 shows a summary of ligand induced AhR activation 

measured by AhR degradation and CYP1A1 activation at day 2 (Figure 3.10) and day 8 

(Figure 3.11) to demonstrate the significant effects of duration of incubation of ligand on 

CYP1A1 and AhR levels. At day 2 there was degradation of AhR induced by TCDD and 

ITE, while there was slight induction of CYP1A1 by β-NF. AhR activation (AhR 

degradation and CYP1A1 induction) by TCDD, β-NF and ITE occurred maximally and 

more reproducibly at the later time points studied, day 8.  
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Figure 3.10. Comparison of AhR activation by TCDD, β-NF and ITE at day 2. 
Primary keratinocytes were treated with vehicle or concentrations of AhR ligands 
(TCDD, β-NF and ITE) as indicated. After 2 days keratinocytes were lysed and Western 
blotting performed (A). Membranes were probed with anti-AhR (black bars) or anti-
CYP1A1 (orange bars) antibodies and β-actin as a loading control. B) Western blots 
were analysed by densitometry. Optical density units of AhR (B.i) and CYP1A1 (B.ii) 
bands were normalized to β-actin. Western blot is representative of duplicate blots in 3 
donors. Densitometry represents mean ± sem. Statistical analysis is described in Figure 
3.11. 
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Figure 3.11. Comparison of AhR activation by TCDD, β-NF and ITE at day 8. 
Primary keratinocytes were treated with vehicle or concentrations of AhR ligands 
(TCDD, β-NF and ITE) as indicated. After 8 days keratinocytes were lysed and Western 
blotting performed (A). Membranes were probed with anti-AhR (black bars) or anti-
CYP1A1 (orange bars) antibodies and β-actin as a loading control. B) Western blots 
were analysed by densitometry. Optical density units of AhR (B.i) and CYP1A1 (B.ii) 
bands were normalized to β-actin. B) Two-way ANOVA was performed comparing 
vehicle to the effects of time and ligand. Effects of ligand on AhR degradation were 
significant for all ligands, TCDD:** P <0.007, β-NF: *P = 0.02, ITE: ***P = 0.0002. The 
effects of time and ligand did not induce significant changes in CYP1A1 levels. Western 
blot is representative of duplicate blots in 3 donors. Densitometry represents mean ± 
sem. 
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3.3.1.7 Effects of low β-NF (nM) on AhR degradation and CYP1A1 induction 

To allow direct comparisons between the effect of β-NF on AhR activation by protein 

levels (CYP1A1 induction and AhR degradation) and transcriptional activation, primary 

keratinocytes were treated with nM concentrations of β-NF for up to 8 days (days 2 and 

8: Figure 3.12, complete timecourse: Appendix H). Western blots were performed on 

keratinocyte lysates and probed with anti-AhR, anti-CYP1A1 and anti-β-actin as 

described in materials and methods.  

 

AhR degradation was consistent with our previous data (Figure 3.10 and Figure 3.11). 

Rather surprisingly, levels of CYP1A1 were decreased by 200 and 2000nM β-NF 

treated samples from day 4-8 as opposed to the normal increase of CYP1A1 induced by 

agonist treatment. Consistent with data shown in previous Western blotting data AhR 

degradation consistently occurred from day 2 but CYP1A1 degradation occurred at days 

4 and 8 (Appendix H). There are no reports in the literature of down-regulation of 

CYP1A1 by AhR activation, however it occurred transiently in the dose responses 

summarised in Appendix H. The CYP1A1 data is not robust – it is representative of only 

two donors, but mainly the levels of CYP1A1 are very low on the blots and may well 

represent not much more than noise (Figure 3.12 A). Concentrations of nM β-NF 

induced AhR activation (luciferase assays Figure 3.7) and AhR degradation by Western 

blot (Figure 3.12) but activation was apparently too low to induce CYP1A1. This 

suggests that a certain level of AhR activation may be required before CYP1A1 can be 

induced, nM β-NF and ITE induced AhR activation (Figure 3.1) may not reach this 

CYP1A1 inducing threshold. 

 

It is clear from the blot in Figure 3.12 that β-NF induced AhR degradation at days 2 and 

8 in a dose dependent manner. There is an increase in AhR compared to vehicle at 

days 2 and 6 (Appendix H). This has been reported in rat hepatocytes; recovery of AhR 

mRNA and protein after TCDD-induced activation can result in a ~2 fold increase from 

basal levels (Franc et al., 2001; Sloop and Lucier, 1987).
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Figure 3.12. β-NF (nM) induced AhR and CYP1A1 degradation in a time and 
dose dependent manner. Primary keratinocytes were treated with vehicle or 
concentrations of β-NF as indicated from 2 to 8 days. A) Western blotting was 
performed and membranes were probed with anti-AhR and anti-CYP1A1 antibodies 
and β-actin as a loading control. B) Western blots were analysed by densitometry. 
Optical density units of AhR (B.i) and CYP1A1 (B.ii) bands were normalized to β-
actin. Western blot is representative of duplicate blots in 2 donors. Densitometry 
represents mean. No statistical analysis was performed due to low sample number. 
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3.3.2 Inhibition of agonist induced AhR-activation by α-NF 

 

To further validate that the chosen AhR agonists (TCDD, β-NF, ITE) were 

exerting their effects in keratinocytes through AhR, we utilised α-

naphthoflavone, a partial AhR agonist that inhibits AhR activation at low 

concentrations and induces AhR activation at high concentrations (Ferraris et 

al., 2005; Merchant et al., 1990). A dose response curve was performed to test 

its potential agonistic activity in primary keratinocytes; doses were based on 

those used in a study by Ferraris et al. in the HepG2 cell line (Ferraris et al., 

2005). Figure 3.13 shows primary keratinocytes transfected with pXRE4-SV40-

luciferase and treated with varying concentrations of α-NF for 48h. α-NF did not 

reproducibly induce significant AhR dependent transcriptional activation in 

keratinocytes (one-way ANOVA; P<0.3).  
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Figure 3.13. Partial agonist α-Naphthoflavone induces AhR transcriptional 
activity at high concentrations. Primary keratinocytes were transfected with 
XRE-luciferase and treated with vehicle or concentrations of α-NF as indicated 
for 48h. XRE-luciferase activity was measured and mean firefly:renilla luciferase 
ratio was normalised to vehicle ± sem. n=9, triplicate wells from 3 donors. 
Values showed no significant changes by one-way ANOVA (vehicle compared 
to treated samples P = <0.3) but did show a significant increase in linear trend 
(P = <0.02).  
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To correlate the effect of α-NF on transcriptional activation to protein levels, 

primary keratinocytes were grown and treated for up to 8 days with α-NF. Figure 

3.15 and Figure 3.16 a shows the effect of α-NF alone on AhR degradation and 

CYP1A1 induction at days 2 and 8 (Complete time courses shown in (Appendix 

I). As described in the Western blot time courses previously, effects of AhR 

activation were seen maximally and most reproducibly at late time points, 

however certain agonists showed effects at earlier time points (β-NF induced 

CYP1A1 induction at day 2, see Figure 3.10). Therefore, I studied the effects of 

α-NF on AhR and CYP1A1 protein expression. At day 2 some minor AhR 

degradation was apparent, but was more marked at days 4 and 6, minor 

CYP1A1 induction occurred at all time points. There was a lack of high CYP1A1 

induction at day 8 suggesting that α-NF only exerted weak agonistic effects at 

these concentrations. In contrast to ITE which also did not induce high CYP1A1, 

α-NF did not induce robust AhR degradation.  

 

This data was consistent with the literature; Merchant et al. showed a low 

increase of CYP1A1 by 1µM α-NF by Northern blot in mouse hepatoma cell line 

(Merchant et al., 1990), while Gasiewicz et al. showed that 1 and 5µM α-NF 

induced low levels of AhR/XRE binding in mouse hepatoma cells (Gasiewicz, 

1991). These concentrations were both shown to inhibit AhR activation induced 

by 1000 fold lower concentrations of TCDD. Ferraris et al. showed that inhibition 

of CYP1A1 inducer iprodione - induced XRE-luciferase assay by 120nM, 1.2µM 

or 2.4µM α-NF. The dose range used in Figure 3.13 was based on the Ferraris 

paper because it was one of the few papers found treating human cells with 

high doses of α-NF to show inhibition of an XRE-luciferase (Ferraris et al., 

2005). 

 

Taken together, these data indicate that at early time points (2 days), α-NF 

demonstrated minimal agonist activity in keratinocytes, however at later time 

points (8 days) clear evidence of agonist activity by α-NF was observed at 5 and 

10µM. Two-way ANOVA was performed to compare vehicle with α-NF treated 

cells at each time point. At all time points, the effects of α-NF on AhR 

degradation were significant (P < 0.05). There was no significant interaction 

between α-NF and duration of incubation (time). Therefore use of α-NF as a 

potential antagonist at later time points should be interpreted with caution but 
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Gaseiwicz et al. and Merchant et al. both showed that the most efficient AhR-

inhibition was induced by levels of α-NF that alone acted as an AhR-agonist 

(Gasiewicz, 1991; Merchant et al., 1990). 

 

To determine whether α-NF may act as an AhR antagonist in keratinocytes, 

luciferase assays were carried out following treatment of primary keratinocytes 

concurrently with vehicle or specified ligand ± α-NF for 48h (Figure 3.14). Figure 

3.14 A shows that 5 and 10µM α-NF significantly inhibited TCDD induced AhR 

transcriptional activation at 1, 5 and 10nM TCDD. Not surprisingly the inhibitory 

effects of α-NF were more marked at higher concentrations of TCDD. Results 

and statistics for vehicle compared to ligand are presented in Figure 3.7, but 

data and statistics are duplicated in Figure 3.14 for clarity. Statistical analysis 

was carried out on keratinocytes treated with ligand alone compared to ligand 

plus 5 or 10µM α-NF (one-way ANOVA 1nM TCDD: P <0.007, 5nM TCDD: P 

<0.02, 10nM TCDD: P <0.0001. Dunnets post hoc test 1nM TCDD plus 5µM α-

NF: ** and 5nM TCDD plus 5 or 10µM α-NF: *. Linear trend 10nM TCDD: P 

<0.0001). 5µM α-NF inhibited TCDD-induced AhR activation more efficiently 

than 10µM α-NF (at 1 and 5nM TCDD). This could be caused by 10µM α-NF 

beginning to show agonist activity in presence of low levels of TCDD, while AhR 

dependent transcriptional activation induced by 10nM TCDD was strong enough 

to block α-NF agonist activity and ensure its performance as an inhibitor, as 

discussed in the last section, the most efficient inhibition by α-NF was at 

concentrations where it induced AhR-activity when alone (Gasiewicz, 1991; 

Merchant et al., 1990). 

 

β-NF induced AhR transcriptional activation was inhibited at 20 and 50nM β-NF 

significantly by both 5 and 10µM α-NF (one-way ANOVA, ligand alone 

compared to ligand plus α-NF, 20nM β-NF: P = 0.0006, 50nM β-NF: P = 0.0006. 

Linear trend, 20nM β-NF: P < 0.003, 50nM β-NF: P = 0.0002). ITE induced AhR 

activation was also significantly inhibited by α-NF at 0.5 and 1µM ITE, but was 

not significant at 5µM ITE (P <0.09) although reached significance by analysis 

of linear trend (P <0.03) (one-way ANOVA, 0.5 µM ITE: P = 0.0001 and 1 µM 

ITE: P <0.0003. Linear trend, 0.5µM ITE: P <0.0001, 1µM ITE: P = 0.0007, 5µM 

ITE: P <0.004).   
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Thus at concentrations that resulted in minimal AhR activation (Figure 3.13), α-

NF significantly inhibited XRE-luciferase activity induced by all 3 agonists. 

However 5µM α-NF showed greater inhibition of TCDD-induced transcriptional 

activation. These data confirm that TCDD, β-NF and ITE effects on XRE-

luciferase are induced mechanistically by AhR activation. 
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Figure 3.14. α-Napthoflavone inhibits ligand induced AhR transcriptional activity. 
Primary keratinocytes were co-transfected with XRE-luciferase and Renilla internal 
control. After 24h, keratinocytes were treated with vehicle or A) TCDD, B) β-NF or C) 
ITE at concentrations shown plus 0, 5 or 10 µM α-NF for 48h. Values shown as 
firefly:renilla ratio normalised to vehicle. n ≥ 9, from ≥3 donors carried out in triplicate ± 
sem. One-way ANOVA was performed, with analysis of trend compared to ligand 
treated alone as post hoc test. A) One-way ANOVA; 1nM TCDD: ** P <0.001, 5nM 
TCDD: * P <0.02, 10nM TCDD: *** P <0.0001. Linear trend; 10nM TCDD: *** P 
<0.0001. Stars with no bars indicate significance with Dunnets post hoc test, 
comparing ligand to each concentration of α-NF. B) One-way ANOVA; 20nM β-NF: *** 
P = 0.0006, 50nM β-NF: *** P = 0.0002. Linear trend 20nM β-NF: *** P < 0.003, 50nM 
β-NF: ***P = 0.0002. C)  One-way ANOVA, 0.5 µM ITE: *** P < 0.0001, 1 µM ITE: *** P 
<0.0003. Analysis of trend; 0.5µM ITE: ***P <0.0001, 1µM ITE: ***P = 0.0001, 5µM 
ITE: * P <0.03. Statistics bars from vehicle to ligand treated bars represent significance 
of AhR activation by ligand alone as in Figure 3.7. 
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3.3.3 The effects of α-NF on ligand induced AhR activation 

 

To investigate whether α-NF also blocked AhR agonist-induced AhR 

degradation and CYP1A1 induction, primary keratinocytes were co-treated with 

AhR ligand plus α-NF (in parallel) for 2, 4, 6 and 8 days and Western blotting 

performed. As described earlier, these experiments were carried out in parallel 

with the AhR activation studies earlier in the chapter (section 3.3.1) but are 

being presented here for clarity. The data for agonists with no co-treatment with 

α-NF is duplicated from the data shown in section 3.3.1. To briefly recap, by 

Western blot α-NF treatment alone induced AhR degradation at days 4, 6 and 8 

with only slight CYP1A1 induction at days 2 and 4. α-NF induced slight 

transcriptional activation by luciferase assay at the highest dose tested, 24µM. 

At similar doses to those used for inhibition studies, low activation was induced 

at higher concentrations (Figure 3.13). In summary, α-NF induced low AhR 

activation at days 6 and 8. 

3.3.3.1 TCDD 

As previously shown (Figure 3.10 and Figure 3.11) treatment with 5 or 10nM 

TCDD induced AhR degradation at all time points and induced CYP1A1 at day 

8. TCDD-induced AhR-transcriptional activation was blocked dose dependently 

by 5 and 10µM α-NF (Figure 3.14 A).  

 

Appendix B and Appendix C shows complete time courses of co-treatment of 

primary keratinocytes with TCDD plus α-NF. TCDD-induced AhR degradation 

was blocked consistently at each time point with 5 and 10µM α-NF in dose 

dependent manner. In contrast to the α-NF inhibition of TCDD-induced XRE-

luciferase activity shown in Figure 3.14, TCDD induced CYP1A1 was further 

increased by α-NF co-treatment at days 2, 4 and 6 by 5nM TCDD plus 5/10µM 

α-NF. CYP1A1 induction by 10nM TCDD was also up regulated by addition of 

5/10µM α-NF at day 2. Apart from these time points and dose combinations, α-

NF robustly inhibited TCDD-induced CYP1A1 induction at days 4, 6 and 8 with 

10nM TCDD plus 5/10µM α-NF and day 8 only with 5nM TCDD plus 5/10µM α-

NF.  
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AhR degradation induced by TCDD treatment at day 8 was partially blocked by 

5 µM α-NF and maximally blocked by 10 µM α-NF. CYP1A1 induction was 

blocked by co-treatment induced by 10nM TCDD at 8 days with 5 or 10µM α-

NF. Two-way ANOVA was performed to compare TCDD treated cells with cells 

co-treated with TCDD and α-NF at each time point. In cells treated with 5nM 

TCDD, α-NF induced significant recovery of AhR (P <0.002), and in cells 

treated with 10nM TCDD alone or in combination with α-NF the duration of 

incubation (time) showed a significant effect on CYP1A1 response to treatment 

(P = 0.0001).  The interaction between time and α-NF was not significant. 

 

Considering the α-NF activation data, the time points that induced the most AhR 

activation (AhR degradation at day 8, Figure 3.16 A) also showed the most 

efficient inhibition (AhR degradation and CYP1A1 activation, day 8, Figure 3.16 

B), returning AhR and CYP1A1 to similar levels as those in vehicle treated 

samples at day 8.  

 

These data suggest that combined with TCDD, α-NF‟s antagonist activity was 

predominant, especially at late time points. 10nM TCDD induced degradation of 

AhR and induction of CYP1A1 was consistently blocked in each donor, at each 

time point (except day 2) and dose dependently by α-NF, showing robust 

inhibition of TCDD-induced AhR activation by α-NF. Figure 3.10 and Figure 3.11 

shows AhR activation induced by µM β-NF; AhR degradation occurred at days 

2-8, while low CYP1A1 activation was induced at days 6 and 8. Appendix D and 

Appendix E show complete time courses of the effects of α-NF on β-NF-induced 

AhR activation. At days 2 and 6, co-treatment of β-NF plus α-NF had no effect 

on AhR degradation. At days 4 and 8, β-NF induced AhR degradation alone, 

and AhR was degraded further with co-treatment of α-NF. The effects of α-NF 

on β-NF induced CYP1A1 were more variable; CYP1A1 levels in samples 

treated with 3µM β-NF were increased by α-NF treatment at days 2, 4, 6 and 8. 

CYP1A1 levels in 15µM β-NF treated samples were increased by α-NF 

treatment at day 4 and partially at day 8. Inhibition of β-NF-induced activation by 

α-NF co-treatment occurred at day 2 (15µM β-NF), partially at day 4 (3µM β-NF 

plus 10µM α-NF) and day 8 (3/15µM β-NF plus 10µM α-NF). 

 



88 

 

Two-way ANOVA was performed to compare β-NF treated cells with cells co-

treated with β-NF and α-NF at each time point. In cells treated with 3µM β-NF 

alone or in combination with α-NF the duration of incubation (time) showed a 

significant effect on CYP1A1 response to treatment (P < 0.03). The effects of α-

NF and the interaction between time and α-NF were not significant. 

 

Day 8 showed robust induction of CYP1A1 with co-treatment of β-NF and α-NF, 

as expected for AhR-dependent effects. Gelardi et al. show the inhibition of 

15µM β-NF-induced CYP1A1 activity dose dependently by 1, 5, 10 and 150µM 

α-NF in a human keratinocyte cell line. 1µM inhibited CYP1A1 induction by 

~50%, while 5µM inhibited CYP1A1 induction to ~25% and 10µM inhibited 

CYP1A1 induction to ~20% after 48h treatment (Gelardi et al., 2001). This 

percentage of knock down is similar to that shown by luciferase activity induced 

by 20/50nM β-NF by 5/10µM α-NF at 48h (Figure 3.14). 

 

As previously shown (Figure 3.10, Figure 3.11 and Figure 3.12), β-NF alone did 

not reproducibly induce CYP1A1 apart from at day 2. However in this 

experiment we saw clear induction of CYP1A1 by the combination of β-NF and 

α-NF. These data indicate that in the presence of β-NF, α-NF showed partial 

agonist activity and together acted synergistically to activate AhR, resulting in 

AhR degradation and CYP1A1 induction at increased levels than achieved by 

either β-NF or α-NF alone. 

 

To conclude, co-treatment of primary keratinocytes with α-NF plus β-NF mainly 

resulted in increased AhR activation. Some β-NF-induced AhR activation was 

blocked by α-NF, but this was sporadic and showed no consistent time or dose 

dependence. This conclusion was consistent in 3 donors. 

3.3.3.2 ITE 

To summarise ITE induced AhR activation, Figure 3.10 and Figure 3.11 showed 

robust AhR degradation from day 2 to 8 by 1 and 5 µM ITE. Despite strong AhR 

knock down there was little or no CYP1A1 induction at any time point.  

Appendix F and Appendix G show complete time course data of α-NF induced 

inhibition of ITE induced AhR activation. At days 2 and 4 (Appendix F), α-NF 

had little effect on ITE-induced AhR degradation. At days 6 and 8 (Appendix G 
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and Figure 3.16), co-treatment of ITE plus α-NF consistently knocked down 

AhR further than ITE alone. Notably, co-treatment with ITE plus α-NF 

consistently induced CYP1A1 over dose and time.  ITE alone did not induce 

CYP1A1 at any time point or concentration and data presented in Figure 3.15 

and Figure 3.16 show that α-NF alone did not significantly induce CYP1A1.  

 

Two-way ANOVA was performed to compare ITE treated cells with cells co-

treated with ITE and α-NF at each time point. In cells treated with 1µM ITE, α-

NF induced significant decrease in CYP1A1 (P <0.02), and in cells treated with 

5µM ITE alone or in combination with α-NF the duration of incubation (time) 

showed a significant effect on AhR response to treatment (P < 0.0001).  The 

interaction between time and α-NF was not significant. 

 

ITE has not previously been used in inhibition studies with α-NF, so the data 

here in Figure 3.14, Figure 3.15 and Figure 3.16 are novel. From this data, we 

can conclude that co-treatment of primary keratinocytes with ITE plus α-NF 

induced further AhR activation than treatment with ITE alone. This occurred 

consistently in 3 donors, with all dose combinations and at all time points. 

3.3.3.3 Summary of data showing effect of α-NF on agonist induced AhR 

activity 

Summary figures comparing the effects of TCDD, β-NF and ITE on AhR 

activation at days 2 and 8 have been shown in Figure 3.15 and Figure 3.16. The 

effects of α-NF on CYP1A1 induction and AhR degradation is also shown to 

enable direct comparison of α-NF-induced AhR activation with the effect that it 

has on the agonists. Complete time courses have been shown from Appendix B 

to I. 

 

α-NF consistently blocked TCDD-dependent AhR degradation and CYP1A1 

induction, showing that TCDD-induced effects on the AhR and CYP1A1 were 

AhR dependent. The effects of α-NF on β-NF-induced CYP1A1 and AhR 

degradation were varied, but α-NF often induced AhR activation to higher levels 

than β-NF alone. Co-treatment with ITE and α-NF consistently resulted in AhR 

activation (CYP1A1 induction) to a higher level than ITE alone.  
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These data have revealed two differential effects between TCDD and ITE (the 

effects of β-NF lie in between). The first is that ITE alone did not induce 

CYP1A1, the second was that further AhR activation was induced by co-

treatment of ITE plus α-NF. This suggests a differential mechanism of AhR 

activation between TCDD and ITE. Reports of differential levels of activation 

have been well documented with α-NF. The mechanism of activation of α-NF is 

based on the form of AhR that α-NF induces upon binding. TCDD binding to the 

AhR induced conformational changes of the AhR that increased its affinity for 

the ARNT and DNA, inducing strong dimerisation to ARNT and binding to the 

XRE to induce transcriptional activation of the AhR-dependent battery. α-NF 

however induced a form of the AhR that has low-affinity for DNA and high-

affinity for the ligand, reducing its induction of transcriptional activation (Henry et 

al., 1989; Merchant et al., 1990). ITE could potentially induce a low DNA affinity 

form of AhR that does not have the capacity to bind the XRE either strongly 

enough to induce CYP1A1, or provide all of the required elements to induce 

CYP1A1. Differential activation has been shown with TGM-1 between TCDD 

and β-NF (Du et al., 2006a), and although this has yet to be explained, shows 

that differential activation between AhR ligands does occur.  AhR translocation 

and degradation has been shown to be induced by even non-AhR agonists, for 

example geldanamycin dimerises with hsp90 (Grenert et al., 1997), inducing 

translocation of the AhR and degradation without XRE binding (Pollenz and 

Buggy, 2006; Song and Pollenz, 2002). This suggests that AhR degradation 

does not necessarily correlate with levels of AhR-activation and that the robust 

ITE-dependent AhR degradation may be caused by the ITE-induced changes 

inferring efficient removal of chaperone molecules or modifying nuclear 

localisation or export signals increasing nuclear translocation and the efficiency 

of AhR degradation (Ikuta et al., 2004). 
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Figure 3.15. The effects of α-Naphthoflavone on ligand induced AhR activation. Primary keratinocytes were treated with vehicle or 
A) α-NF, B) TCDD, C) β-NF or D) ITE as indicated. After 2 days cells were lysed and Western blotting performed. Blots were probed with 
Anti-AhR (black bars), anti-CYP1A1 (orange) and anti-β-actin antibodies and bands were quantified using densitometry, presented as 
optical density units (ODU) normalised to β-actin. Western blot is representative of duplicate blots in 3 donors. Values for densitometry 
represent means ± sem for 3 blots taken from 3 donors. Two-way ANOVA compared ligand treatment to co-treatment of ligand and α-NF 
treatment at each time point, results are explained in the previous paragraph. 
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Figure 3.16. The effects of α-Naphthoflavone on ligand induced AhR activation. Primary keratinocytes were treated with vehicle or 
A) α-NF, B) TCDD, C) β-NF or D) ITE as indicated. After 8 days cells were lysed and Western blotting performed. Blots were probed with 
Anti-AhR (black bars), anti-CYP1A1 (orange) and anti-β-actin antibodies and bands were quantified using densitometry, presented as 
optical density units (ODU) normalised to β-actin. Western blot is representative of duplicate blots in 3 donors. Values for densitometry 
represent means ± sem for 3 blots taken from 3 donors. Two-way ANOVA compared ligand treatment to co-treatment of ligand and α-NF 
treatment at each time point, results are explained in the previous paragraph.
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3.4 Discussion 

3.4.1 Summary of AhR activation and inhibition  

During this project I compared the classic AhR agonist TCDD, the low-affinity AhR 

agonist β-NF and a highly potent physiological AhR agonist ITE. Our hypothesis was 

that ligand affinity for the AhR would cause differential effects on transcription of genes 

and downstream effects on primary keratinocyte proliferation, differentiation and cell 

death. Utilising assays measuring transcriptional activation of AhR (dual luciferase 

assays) and downstream regulation of proteins (Western blot and IHC) we aimed to test 

this hypothesis. 

 

In this chapter I have aimed to define levels of AhR activation by 3 agonists with 

different characteristics: chloracnegenic high-affinity TCDD, endogenous high-potency 

ITE and low-affinity β-NF. I have used 3 readouts of AhR activation: AhR degradation, 

CYP1A1 activation and AhR transcriptional activation. Dose and time responses have 

been initially defined and showed that 1, 5 and 10nM TCDD; 2, 20 and 50nM or 3 and 

15µM β-NF; or 0.5, 1 and 5µM ITE all activated AhR-dependent transcription, which 

was inhibited by the addition of partial AhR agonist α-NF. All 3 ligands induced AhR 

degradation and TCDD and β-NF induced CYP1A1 protein, but ITE did not. As 

expected, α-NF blocked TCDD-dependent AhR degradation and CYP1A1 induction, but 

induced further activation in ITE treated samples and induced mixed results in β-NF 

treated keratinocytes. These results showed that although all agonists elicited their 

effects by AhR, co-treatment with a partial agonist could induce higher AhR activation 

than either agonist (or partial agonist) alone. 
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 TCDD                       
5/10nM 

β-NF                        
3/15µM 

ITE                  
1/5µM 

α-NF alone                 
5/10µM 

AhR 
luciferase 
D2 

+ + +  + +  +  + 

AhR 
degradation 

- - -                             
D2-8 

- - -                                   
D4-8 

- - -                  
D2-8 

-                             
D4-8 

CYP1A1 
induction 

+ + +                                  
D6/8 

+                                      
D2/6/8 

0 0 

AhR 
luciferase 
Plus α-NF 
D2 

- - - - - - - - -  

AhR 
degradation 
Plus α-NF 

+ + +                             
D2-8 

- -                                     
D4/8 

- - -                                    
D6/8 

 

CYP1A1 
induction   
Plus α-NF 

- -                                      
D4-8 

+                                     
D2-8 

+ + +                         
D2-8 

 

 
Table 5. A summary of AhR activation by ligands and inhibition by co-treatment 
with agonist plus α-NF. +/- indicates effect of treatment on level of AhR activation 
readout. Green figures represents AhR activation, red figures represents AhR inhibition. 
 

3.4.2 AhR activation by TCDD, β-NF and ITE 

I have shown that TCDD was a strong ligand for AhR, inducing transcriptional activation 

(Figure 3.2 A and Figure 3.7) AhR degradation and CYP1A1 induction (Figure 3.10 and 

Figure 3.11) all in a dose dependent manner. β-NF induced transcriptional activation 

(Figure 3.2 B and Figure 3.7) to a lower degree than TCDD but induced AhR 

degradation to a similar degree as TCDD (Figure 3.10 and Figure 3.11). The β-NF 

results were not directly comparable between luciferase and Western blot due to the 

quenching affect that β-NF had on firefly luciferase (Figure 3.3). Western blotting was 

also carried out using lower doses of β-NF and like TCDD, ITE and µM β-NF, nM β-NF 

induced degradation of AhR from days 2 to 8. Like ITE, nM β-NF failed to induce 

CYP1A1, so Western blots were performed for the rest of the project using µM β-NF to 

show levels of AhR activation (AhR degradation and CYP1A1 induction) comparable to 

levels of AhR activation induced by TCDD. The firefly luciferase quenching assay was 

not carried out at nM doses, so we cannot be certain of levels of onset of the quenching 

effect. As discussed in the results text, Wang 2002 showed an EC50 of 0.1µM β-NF 

(Wang, 2002). This would suggest that the maximal response of 20nM β-NF (Figure 3.7 

B) could be due to β-NF inducing quenching at concentrations above this. I showed that 
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AhR activation increased with concentrations higher than this by Western blot (Figure 

3.12). Doses used in the quenching assay (Figure 3.3 B, C and D) were 15 and 30µM 

β-NF. To compare the quenching induced by β-NF treated cells (Figure 3.3 A) and 

directly adding β-NF to the lysate, the levels of β-NF in keratinocyte lysates from treated 

cells should be considered. As reported by Williams et al., the cells should contain the 

same concentration of ligand as the medium did (or slightly more depending on 

solubility of the compound) (Williams et al., 1991), so the final concentrations of β-NF in 

assayed samples by both methods should be similar. 

3.4.2.1 AhR degradation and CYP1A1 induction 

As described in the last section, AhR degradation did not correlate well with the potency 

of the ligand and was easily induced (even after short time periods of treatment) as 

demonstrated by non-AhR ligands inducing AhR degradation (Pollenz and Buggy, 2006; 

Song and Pollenz, 2002). CYP1A1 induction proved more difficult to induce, requiring 

longer periods of treatment (6 or 8 days) with higher potency ligands (TCDD or β-NF). 

To compare α-NF to the full AhR-agonists, its activation of XRE-luciferase was less than 

TCDD, β-NF and ITE, and CYP1A1 was not induced by Western blot, although as 

expected, AhR was degraded. 

 

CYP1A1 induction correlated with the ranking of AhR-activation potential of AhR-

agonists in Figure 3.7 and Figure 3.8, with TCDD inducing highest AhR-activation, β-NF 

inducing less AhR activation than TCDD (as shown by induction of CYP1A1 levels)  and 

ITE inducing the lowest levels of AhR activation (no CYP1A1 induction). This was 

reported by Pushparajah et al., by comparing the levels of CYP1A1 induced by different 

PAHs with different binding affinities in liver and lung from humans and rats 

(Pushparajah et al., 2008). ITE has been shown to up-regulate CYP1A1 in a human 

hepatic cell line at 0.1, 1 and 5 µM after 24h treatment (Henry et al., 2006). This may be 

a cell-type dependent observation, or that the hepatoma cell line was more sensitive to 

AhR activation than keratinocytes. ITE was originally isolated from the lung which 

contains large amounts of epithelium and therefore is more similar to skin, than a 

murine liver cell line is, suggesting that studying ITE in an epidermal system (primary 

keratinocytes) may represent a more physiologically relevant model than liver, to 

elucidate the role of ITE in lung. 
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Induction of CYP1A1 is often used as a primary readout of AhR activation (although 

developments are being made to create more thorough high throughput screening 

assays (Garside et al., 2008)). Industrial screening of novel compounds in drug 

development utilises CYP1A1 as an indicator of AhR activation and AhR-mediated 

toxicity. As our principle concern is that CYP1A1 induction may reflect chloracnegenic 

potential, we have studied the effect of AhR agonists on keratinocytes. Consistent with 

earlier literature I have shown TCDD to induce CYP1A1. However, robust induction was 

variable and time and dose dependent. Moreover, I have also shown that non-

chloracnegen β-NF induces CYP1A1although again this was variable. The aim of this 

project was to correlate CYP1A1 induction with the other readouts of AhR activation: 

AhR degradation and transcriptional activation, to look for differential effects, indicating 

toxicity in a compound. The experimental data in this chapter clearly shows differential 

effects of TCDD, β-NF and ITE. However they are not as we would have expected; β-

NF (a non-chloracnegen) induced CYP1A1, while ITE strongly induced AhR 

degradation and AhR transcriptional activation without CYP1A1 induction. ITE has been 

shown to induce CYP1A1 in other systems for example mouse hepatoma cell lines 

(Henry et al., 2006; Henry et al., 2010), so this may be a species specific effect. In the 

papers reporting ITE use (in cell lines more sensitive to AhR activation than human 

keratinocytes), maximum concentrations used in vitro were 2.5µM ITE. It is possible that 

higher doses of ITE would elicit CYP1A1 induction, but higher concentrations caused 

high levels of toxicity in keratinocytes (Figure 3.1 C), resulting in concentrations of ITE 

not being viable in vitro or presumably in vivo. If ITE was compared to β-NF, which also 

induced robust AhR degradation but low CYP1A1 activation, concentrations of ≥15µM 

induced toxicity in primary keratinocytes. CYP1A1 induction was induced with 3µM β-

NF at 8 days. As ITE is thought to have a similar affinity for the AhR as β-NF but is 5 

times more potent, it would have been presumed that ITE would elicit its responses at 

lower concentrations than β-NF but we did not observe this. In conclusion, higher 

concentrations of ITE should have been tested for CYP1A1 activation despite high 

toxicity but these results would have not been relevant to the physiological role of the 

AhR.  

 

In interpreting these results, I have utilised TCDD, a chloracnegenic AhR agonist. There 

are reports of chloracne being caused by other PAH/HAHs (Gawkrodger et al., 2009; 

Smith et al., 2008), and it is constantly under discussion as to which characteristics of 

an AhR agonist may cause chloracne, as discussed in the introduction. One hypothesis 
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is that high-residency is a required characteristic of a chloracnegen and that if residency 

were increased in other agonists that they too would become chloracnegenic. I have not 

tested this hypothesis in this study, however considering that our results were in an in 

vitro cell culture model alone, one possible interpretation is that because of low ligand 

metabolism (eg. CYP1A1 metabolism of β-NF), the residency of β-NF would be 

increased resulting in effects similar to TCDD.  

This is possible, but Berghard et al. showed that transient activation of AhR by β-NF in 

human keratinocytes was prolonged by the co-treatment CYP1A1 inhibitor 1-

ethynylpyrene. This suggests that in regards to β-NF metabolism, CYP1A1 activity may 

be lower in cell culture than in vivo, and β-NF clearance not as fast (which is likely, 

considering the lack of systemic clearance in vitro) but it is still high enough in cultured 

keratinocytes to metabolise β-NF quickly. A second consideration is the ligand-

dependent induction of their own metabolism. This introduces the possibility that by later 

time points that showed CYP1A1 induction, this would also increase ligand clearance. It 

would be interesting to test the effects of inhibited CYP1A1 activity on induced CYP1A1 

expression, if β-NF efficiently induced its own metabolism then this assay would result 

in a big increase in induced CYP1A1. 

3.4.2.2 AhR activation 

Overall, classical protein biomarkers of AhR activation occurred at the later time points 

(days 6 and 8) in protein assays. AhR degradation was induced from day 2 by all 

agonists, but CYP1A1 induction did not occur until days 6 and 8 (Figure 3.10 and Figure 

3.11). Late induction of biomarkers of AhR activation in cultured keratinocytes and 

epidermal equivalent models has been reported previously in the literature (Du et al., 

2006a; Geusau et al., 2005; Loertscher et al., 2002; Loertscher et al., 2001b) and is 

different to the time course seen in liver; where effects of AhR activation occur at earlier 

time points (Henry et al., 2006; Henry et al., 2010), suggesting higher AhR activity in 

liver based systems.  

 

To use a more quantifiable method of transcriptional up-regulation of specific genes, 

PCR or microarrays could help to define which genes are being regulated by AhR 

activation.  Interestingly, preliminary studies on 0.5nM TCDD showed similar results – 

high transcriptional activation by luciferase assay but low activation by AhR degradation 

and CYP1A1 induction, due to its nature, the luciferase assay is more sensitive than 

Western blot. This supports the possibility that higher concentrations of ITE may induce 
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CYP1A1. Alternatively, a differential mechanism may be involved; the XRE domains in 

some genes are distinct, which may lead to specific criteria being required for induction 

of certain proteins, for example Cathepsin D. CTSD is shown to have an imperfect XRE 

domain that upon TCDD-induced AhR binding inhibits CTSD expression (Wang et al., 

1998; Wang et al., 1999). It is not certain, but these domains may require characteristic 

conformational changes of AhR that are only induced by certain AhR-agonists (and may 

not necessarily be only inhibitory), providing a mechanism for ligand-specific effects of 

AhR activation. The genes regulated by XRE domains are not fully defined and at the 

present time, work is being carried out to elucidate more proteins directly regulated by 

AhR (Sutter et al., 2011). Therefore, alternative XRE regulatory mechanisms may be 

shown to regulate many more genes. There are examples in the literature where 2 

promoter regions are required for maximal induction of a certain protein, for example the 

Sp1 binding domain in CTSD and the oestrogen receptor (Wang et al., 1999). Maximal 

basal levels of CTSD are only induced when both the Sp1 binding domain and the XRE 

are present. The AhR/ARNT dimer can interact with the Sp1 protein, resulting in higher 

induction of CTSD. The Sp1 protein can also bind the XRE. The conclusions from this 

are that proteins such as CTSD are regulated by the “housekeeping” promoter 

(including Sp1) and also the “inducible” promoter (including XRE), resulting in maximal 

induction when both are present/activated. Sp1 is known to interact with the AhR in 

other cases too (Mulero-Navarro et al., 2006; Santiago-Josefat and Fernandez-

Salguero, 2003). This could be a possible hypothesis for differential CYP1A1 activation 

that low-affinity AhR agonists do not provide high enough affinity AhR/ARNT dimers to 

interact with other required proteins or promoters to induce CYP1A1.   

 

Keratinocyte differentiation has been shown to increase AhR response to agonists (Ray 

and Swanson, 2004), but CYP1A1 is not thought to be induced by differentiation alone. 

The CYP1A1 induction time courses shown in Appendices B to H showed increased 

CYP1A1 expression over time basally and AhR-induced, consistent with the literature 

(Ray and Swanson, 2004). Interestingly, time-dependent increase in CYP1A1 in vehicle 

treated cells only occurred in the vehicle treated samples on the TCDD treated Western 

blots (Appendix B and Appendix C) and from days 2 to 4 on vehicle treated samples on 

β-NF Western blots (Appendix D). This result was not significant and may represent a 

variable that we have not controlled for, or it could demonstrate the variation seen by 

Western blot, indicating the need to perform each blot in duplicate.  
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3.4.2.3 Inhibition of ligand induced AhR activation by α-NF 

I went on to modulate the AhR pathway using partial AhR agonist α-NF. The aim was to 

inhibit readouts of AhR activation (transcriptional activation and AhR 

degradation/CYP1A1 induction) with co-treatment of α-NF plus TCDD, β-NF or ITE, to 

show AhR dependence of the effects of each ligand. As α-NF is known to have agonist 

activity at high concentrations (Ferraris et al., 2005; Swanson and Perdew, 1993), we 

measured its AhR-activation potential and corresponding to the literature, α-NF induced 

low levels of AhR activation. α-NF is known to inhibit TCDD (Gasiewicz, 1991; Merchant 

et al., 1990) and β-NF (Gelardi et al., 2001; Swanson and Perdew, 1993) but studies 

with ITE had not been carried out. The literature shows that the most effective 

concentrations of α-NF to inhibit AhR activation were also those that induced AhR 

activation alone. This suggests that the low levels of α-NF-dependent AhR activation 

shown in Figure 3.13, Figure 3.15 and Figure 3.16 should not be a concern (Gasiewicz, 

1991). Inhibition of TCDD-induced AhR activation by α-NF occurred as expected 

(Figure 3.14 A) whereas inhibition of ITE and β-NF-induced AhR activation was more 

complex; β-NF- and ITE- induced transcriptional activation was inhibited by α-NF 

(Figure 3.14 B and C) in a dose dependent manner, however Western blotting showed 

an increase in AhR activation by co-treatment of β-NF plus α-NF, higher than that 

induced by β-NF alone (Figure 3.15 and Figure 3.16) and also increased further AhR 

activation with co-treatment of ITE plus α-NF (Figure 3.15 and Figure 3.16). The 

consistent increase in AhR activation by co-treatment with β-NF or ITE and α-NF 

suggests an alternative mechanism of action with co-treatment of the AhR, which 

corresponds with the alternative mechanisms suggested for differential CYP1A1 

induction in the previous paragraph. Additionally, it has recently been shown that human 

AhR has 4 ligand binding domains which contain different binding sequences, allowing 

the possibility of different binding dynamics for different ligands. It is not know but 

hypothesised that this may also provide the capacity for more than one ligand to bind 

concurrently, which would provide a mechanism for the wide ranging variability in 

responses to ligands, and suggest possible differential effects by interaction of ligands 

(Salzano et al., 2011).  

 

In retrospect, it would have been useful to include transcriptional activation assays at 

longer time points with 5 and 10µM α-NF to allow more directly comparable results to 

the Western blot time courses. However, as we have shown in Figure 3.15 and Figure 

3.16, the time points at which α-NF exerted low AhR agonist activity (day 8, Figure 3.13) 
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induced the most efficient inhibition of TCDD-induced AhR degradation and CYP1A1 

inhibition. It would also be useful to include a full antagonist in inhibition studies with 

TCDD, β-NF and ITE, to conclusively show the blocked effects of β-NF- and ITE- 

induced activation. 

 

Ligand binding to the AhR causes conformational changes of the AhR which can affect 

its interactions with chaperone proteins and DNA (Gasiewicz and Bauman, 1987; Henry 

et al., 1989). AhR agonists induce conformational changes that increase AhR affinity for 

DNA, aiding binding to the promoter XRE and AhR affinity for ARNT. In the case of the 

AhR antagonist, α-NF, binding is thought to lower AhR affinity for DNA and increase 

affinity for any endogenous or exogenous AhR ligand, in the case of low concentrations 

of α-NF, forming a low activity complex. This change can be reversed by TCDD 

treatment, but once TCDD has induced the high DNA affinity AhR, α-NF cannot reverse 

that (Gasiewicz, 1991). This is thought to occur during TCDD inhibition (Gasiewicz and 

Bauman, 1987) but other mechanisms have been reported. Henry et al. showed that α-

NF competitively binds AhR at the ligand binding site, stopping TCDD binding. They 

showed that α-NF not only blocked TCDD-dependent AhR activation but also blocked 

TCDD-induced translocation to the nucleus and consequent AhR degradation (Henry et 

al., 1999). As I show that co-treatment of β-NF/ ITE plus α-NF induced further AhR 

degradation and CYP1A1 activation (Figure 3.16), it would suggest that the Henry 

theory does not apply to co-treatment of β-NF/ ITE plus α-NF, as AhR degradation is 

not blocked by α-NF co-treatment. Another mechanism must therefore be involved. A 

simple possibility is that low concentrations of ligand (for example nM β-NF) do not 

saturate the AhR ligand binding sites available and co-treatment with α-NF allows α-NF 

to bind the free AhR, inducing further AhR activation, independent of ITE, but inducing 

synergistic effects. However, the recent paper by Salzano et al. presents a convincing 

hypothesis that AhR may have the potential to concurrently bind more than one agonist. 

 

Increased AhR activation by co-treatment of β-NF/ITE plus α-NF suggests that the low-

affinity agonist alone does not have the capacity to fully activate the AhR. Co-treatment 

of keratinocytes by ITE/β-NF plus α-NF inhibited luciferase induction, but induced 

CYP1A1 induction. Co-activation of AhR by ITE plus α-NF also induced high AhR 

degradation.  
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The role of the AhR physiologically should also be considered. It is known to mediate 

many toxicities when activated by exogenous compounds, but its role in the absence of 

exogenous ligands is not well known. It is obviously highly involved in development, but 

its activation in its physiological roles is not by high concentrations of exogenous 

compounds, but physiologically relevant concentrations of endogenous ligands (not 

concentrations that would cause toxicity in vitro) and ligand-independent mechanisms 

(eg. cell-cell contact). CYP1A1 has been studied as a marker of exogenous ligand 

induced AhR activation, which physiologically, has only been shown to cause toxicity.  

 

From this, we can hypothesise that endogenous ligands should not cause toxicity (ie. 

CYP1A1) unless used at concentrations in vitro that would not be physiologically 

relevant (because of high toxicity), but elicit milder effects on cellular processes such as 

differentiation through AhR activation, as represented by AhR degradation. Experiments 

on the AhR should be characterised into studies into effects of AhR activation in a 

physiological role, or AhR as a mediator of toxic responses from exogenous 

compounds. 
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4 AhR activation in epidermal equivalents  

4.1. Introduction 

The physiological roles of the AhR in skin are poorly understood and the endogenous 

ligand(s) and environmental-derived ligands that activate AhR in skin have not been 

characterised. One important aim of this project was to increase understanding of the 

pathobiology of chloracne. The AhR is susceptible to activation by ligand-independent 

mechanisms such as confluency (Ikuta et al., 2004) and differentiation status of the cell 

causing increased AhR activation potential (Coomes et al., 1983; Du et al., 2006a; 

Jones and Reiners, 1997; Pohl et al., 1984), so monolayer studies are not an ideal 

model for AhR activation. Epidermal equivalents allow primary keratinocytes to 

differentiate, providing more physiological conditions for AhR activation to be studied. 

 

4.1.1 Models exerting chloracne-like effects 

Although TCDD causes chloracne (Geusau et al., 2001; May, 1973; Sorg, 2009) and 

AhR deficient mice develop localised hyperplasia and hyperkeratosis (Fernandez-

Salguero et al., 1997), the relationship between agonist-induced AhR activation and the 

pathophysiology and dermatological changes associated with chloracne remain 

incompletely understood. There is no suitable in vivo model for chloracne (as listed in 

the following paragraph) but an AhR knock out model is too crude; the exact 

involvement of AhR degradation in chloracne has not been elucidated and may still be 

partially dependent on AhR expression. Moreover, as mouse skin differs significantly 

from human skin by being considerably thinner and bearing hair, studies in mouse skin 

cannot be readily applied to human skin. Moreover, it is noted in chloracne case studies 

that follicles involved in chloracne are vellus follicles only, not involving follicles on the 

scalp (Hambrick, 1957). Interestingly, AhR null mice exhibiting chloracne-like lesions 

show early alopecia (Fernandez-Salguero et al., 1997). This highlights the importance 

of the type of the follicle involved in chloracne, indicating that many models reported to 

show a chloracne-like phenotype (primates, the rabbit ear model and hairless mice, 

reviewed in (Panteleyev and Bickers, 2006)) should be regarded with caution. AhR also 

shows high levels of interspecies variability in regards to affinity, making it harder again 

to extrapolate non human data to a human disease (Henry et al., 1989; Koyano et al., 

2005).  
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A similar phenotype was also produced in ARNT knock out mice. As described in 

section 1.1.1.5, they exhibited defects in desquamation and barrier function caused by 

defective lipid metabolism, and a thickened stratum corneum. Overall, the effects 

appeared similar to the group of epidermal diseases named retention hyperkeratosis, 

which is explained in detail in Chapter 7. 

 

4.1.2 The epidermal equivalent model 

We therefore conducted studies using human epidermal equivalents which have been 

shown to closely follow differentiation patterns of human skin in vivo (Auxenfans et al., 

2009; Eckhart et al., 2000; Stark et al., 1999) and exhibit inducible metabolic activity by 

AhR agonists (Harris et al., 2002a; Harris et al., 2002b). We tested the hypothesis that 

the changes in epidermal equivalent differentiation and stratum corneum compaction 

observed in response to TCDD are associated with the potency and/or residency of the 

AhR ligand. We also aimed to test whether these changes could be blocked by AhR 

knock down and whether we could develop a system to test how these changes relate 

to AhR degradation.  

 

Previously human epidermal equivalents have been used in studies of AhR activation 

by 1 or 10nM TCDD (Geusau et al., 2005; Loertscher et al., 2001b). Loertscher et al 

show early induction of terminal differentiation in epidermal equivalents formed with a 

spontaneously immortalized human keratinocyte cell line NIKS, which were shown to 

have the same differentiation and apoptosis pathways as normal primary keratinocytes 

(Allen-Hoffmann et al., 2000). They show histological changes resulting from treatment 

with 10nM TCDD for 7 days by showing early development of the cornified layer and by 

IHC, early and aberrant expression of filaggrin, involucrin and TGM-1. They also 

observed an increase in thickness in the ratio of keratinized layers to non-keratinized 

layers, which they attribute to increased and early onset of terminal differentiation 

resulting from TCDD treatment. To rule out the effects of cell death on culture thickness, 

the authors used IHC staining for active caspase-3 and TUNEL assays, which showed 

no evidence of TCDD-dependent increase in apoptosis. They concluded that early 

onset of terminal differentiation was the main mechanism for phenotypic effects in their 

epidermal equivalent model (Loertscher et al., 2001b). However, this paper is based on 

an epidermal equivalent model consisting of immortalised keratinocytes as opposed to 

primary keratinocytes. The author claims to have carried out the phenotypic 
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experiments on epidermal equivalents from primary keratinocytes showing the same 

results, but these data are not shown. Conclusions on terminal differentiation and cell 

death cannot be reliably extrapolated from a model consisting of immortalized 

keratinocytes, as they may not undergo normal cell death, they have been 

characterised for differentiation and apoptosis, but not necrosis or autophagy. This must 

be kept in mind while considering the conclusions from this paper. Geusau et al. show 

similar effects as Loertscher et al. but in epidermal equivalents produced using primary 

human keratinocytes. Again, they show that TCDD treatment resulted in increased 

thickness of the stratum corneum and parakeratosis, decreased VCL thickness (basal, 

spinous and granular layer as indicated in Figure 4.1) and loss of granular layer. 

However, differentiation markers did not consistently indicate increased/early 

differentiation; Western blots were used to show increased involucrin, but also an 

accumulation of profilaggrin, resulting from a block in processing to filaggrin, and 

decreased caspase 14 (and processing to its mature form), a protease involved in 

terminal differentiation. This paper concludes that TCDD induced aberrant differentiation 

and blocked final stages of terminal differentiation. The model described in this paper 

was more relevant to chloracne because it consisted of primary cells, but some of the 

results are not consistent with other literature. These inconsistencies may be because 

of cell and species variability in extrapolating results in the literature to this primary 

human keratinocyte model. Loertscher et al. suggest that TCDD induced non-apoptotic 

cell death may contribute to the phenotype, but did not define the mechanism of cell 

death. We go on to confirm that apoptosis was not induced by TCDD in epidermal 

equivalents and show novel data that autophagy, a mechanism of both cell survival and 

cell death, is induced by TCDD. 

 

The metabolic capacity of human epidermal equivalents has been studied, but has not 

been correlated to phenotype, differentiation or homeostasis in the cells (Harris et al., 

2002ab; Harris et al., 2002b). Harris et al showed that treatment of epidermal 

equivalents, primary human keratinocytes in monolayer culture and ex vivo follicles and 

epidermis with β-NF or 3-MC induced CYP1A1 and glutathione-s-transferase (GST) 

activity. GST activity was higher in epidermal equivalents compared to ex vivo samples, 

and CYP1A1 activity in epidermal equivalents was batch dependent but CYP1A1 could 

be induced in ex vivo samples and keratinocyte cultures (but was not present in non-

induced samples). CYP1A1 and  GST activity increased with keratinocyte monolayer 
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confluence, in agreement with the literature (Harris et al., 2002a). These papers confirm 

metabolic function in epidermal equivalents and that it is inducible by AhR activation. 

 

One of the primary benefits for using the epidermal equivalent model in this project is to 

allow treatment of ex vivo human keratinocytes in a model relevant to human skin, with 

AhR ligands. The characteristics of this model allow cell differentiation and homeostasis 

to be observed by development and phenotype (H&E)(Ponec et al., 2000). Formation of 

the epidermal equivalent is dependent upon normal homeostasis in cell culture, with a 

normal balance of proliferation, differentiation and cell death. Any changes in this 

homeostasis can be seen in changes to the epidermal equivalent phenotype by H&E 

(thinner VCL, parakeratosis, holes in cell layers) and these can be further defined by 

IHC to provide specific measurement and localisation of proteins. 

 

4.3 Results 

In this chapter, we show novel data on the phenotypic changes and effects on 

keratinocyte differentiation in human epidermal equivalents treated with β-NF or ITE 

and show direct comparisons between effects of AhR activation by different ligands on 

the epidermal equivalent phenotype. We also show effects of AhR activation on 

induction of well defined differentiation markers filaggrin, involucrin and TGM-1 by AhR 

ligands and preliminary data showing effects of AhR knock down on epidermal 

equivalent phenotype. 

4.3.1 Effects of AhR ligands on epidermal equivalent phenotype 

The epidermal equivalent model used here as defined in materials and methods (Jans 

and Reynolds, 2012)(unpublished data) was based on the protocol from Poumay et al. 

with modifications (Poumay, 2004). The time point chosen for treatment of epidermal 

equivalents was 7 days, based on the Geusau paper (Geusau et al., 2005). H&E 

staining was performed to visualise the phenotypic effects of agonist treatment (Figure 

4.1). The discrete layers of the viable cell layer (VCL: basal, spinous and granular) were 

present, with a cornified layer showing the open basket weave phenotype characteristic 

of healthy epidermis (Figure 4.1 A). The black lines on A and B indicate the VCL and 

stratum corneum (SC) as labelled (Figure 4.1). Figure 4.1 B and Figure 4.2 showed that 

as expected, TCDD treatment significantly decreased viable cell layer thickness (one-

way ANOVA comparing vehicle to TCDD treated P = <0.0001) and as previously shown 
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in epidermal equivalents using human keratinocyte cell line or primary keratinocytes 

(Geusau et al., 2005; Loertscher et al., 2001b). In contrast however, β-NF or ITE 

treatment did not cause a significant change in VCL thickness (Figure 4.1). The effects 

of TCDD on the VCL could be caused by increased cell death or early onset of terminal 

differentiation; TCDD is known to cause a decrease in keratinocyte number, 

independent of apoptosis in primary human keratinocyte monolayers and human 

keratinocyte cell line epidermal equivalents (Loertscher et al., 2001a; Loertscher et al., 

2001b) although we observed no decrease in ODU in SRB assay; TCDD is also known 

to induce early onset of terminal differentiation in primary keratinocyte monolayers 

(Osborne and Greenlee, 1985; Ray and Swanson, 2003) and epidermal equivalents 

(Geusau et al., 2005; Loertscher et al., 2001b). This suggests that at doses that induce 

AhR activation in keratinocyte monolayers, neither β-NF nor ITE induce the mechanism 

causing the decrease in VCL thickness in epidermal equivalents, that it is a TCDD 

specific effect. The novel data shown here are the effects of β-NF and ITE on 

keratinocyte differentiation in the epidermal equivalent model and the direct 

comparisons between TCDD, β-NF and ITE.  

 

Another observation in the TCDD treated epidermal equivalent model was that the 

stratum corneum became compact and thicker (SC, upper right black line). This 

occurred to a lesser extent in β-NF and ITE treated epidermal equivalents, suggesting 

that β-NF and ITE induced the mechanisms leading to stratum corneum compaction but 

to a lesser extent than TCDD. Parakeratosis was also present in TCDD, β-NF and ITE 

treated samples. This often occurred because of disrupted differentiation, causing nuclei 

to persist in cells instead of being degraded in the normal course of differentiation. 

Notably, these two main changes (VCL decrease and stratum corneum compaction) in 

epidermal equivalent phenotype are characteristic of chloracne within vellus follicles and 

comedones, as is parakeratosis. The VCL within the follicle becomes thinner and 

stratum corneum becomes compacted and thicker causing a follicular plug which leads 

to comedone formation, as shown in (Hambrick, 1957; Pastor et al., 2002). 
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Figure 4.1. TCDD caused decreased thickness of the viable cell layer and 
compaction of the stratum corneum in the epidermal equivalent model. Epidermal 
equivalents were grown as described in materials and methods and treated with vehicle, 
TCDD, β-NF or ITE every 48h for 7 days. After 7 days, equivalents were fixed, 
embedded in paraffin and stained with H&E. The VCL consists of discrete layers – 
basal, spinous and granular, all of which are present. VCL and SC (stratum corneum) 
are marked by labelled black lines in A and B. Images A, C and D are representative of 
effects in 3 donors, B shows maximal decrease in VCL thickness seen in epidermal 
equivalents in 3 donors. Scale bar = 50µm. 
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Figure 4.2. TCDD caused a significant decrease in viable cell layer thickness. 
Epidermal equivalents were grown and treated with vehicle, TCDD, β-NF or ITE every 
48h for 7 days. H&E staining was performed and images captured by light microscopy. 
Using Image J, 6 measurements of the viable cell layer were taken from 2 images per 
treatment for each donor. Individual values and means (± sem) are shown for 3 
independent donors (Vehicle/TCDD) and 2 donors (β-NF/ITE). One way-ANOVA was 
performed comparing vehicle to ligand, *** P = <0.0001. 
 

From this data we can conclude that neither β-NF nor ITE treatment induced the 

mechanism by which TCDD induced the effects on VCL thickness. We next went on to 

investigate the possible mechanisms for these effects and whether TCDD, β-NF and 

ITE did induce differential effects. 

 

4.3.2 The effects of AhR ligands on differentiation 

 

The proposed mechanisms of TCDD-induced decreased VCL thickness were increases 

in cell death or differentiation (Loertscher et al., 2001b). We used immunohistochemistry 

to investigate any differential effects of TCDD, β-NF or ITE on differentiation, using 

markers filaggrin, involucrin and TGM-1 (Figure 4.3) and apoptosis (active caspase-3 

Figure 4.4, cleaved lamin A Figure 4.5). Apoptosis was studied to confirm that it was not 

occurring in our epidermal equivalent model; Loertscher et al. defined this in a 

keratinocyte cell line epidermal equivalent model and primary keratinocyte monolayers, 

while Geusau et al. did not study cell death in their primary keratinocyte epidermal 

equivalent model (Geusau et al., 2005; Loertscher et al., 2001b).  
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To assess the effect of AhR activation on keratinocyte differentiation, 

immunohistochemical analysis of filaggrin, involucrin and TGM-1 was carried out. 

Involucrin and profilaggrin are both precursors of the cornified envelope, and TGM-1 is 

one of the main enzymes that forms cross links with precursors of the cornified 

envelope to the cell membrane. Involucrin is a direct substrate for TGM-1, while 

profilaggrin is not (reviewed in (Eckert et al., 2005; Sandilands et al., 2009).  Profilaggrin 

is one of the main components of keratohyalin granules seen as puncta in the granular 

cell layer. It is broken down by proteolysis and phosphorylation to filaggrin during 

terminal differentiation. Loertscher et al. reported that TCDD caused filaggrin staining to 

become patchy, and present in cells in closer proximity to the basal layer (Loertscher et 

al., 2001b). Figure 4.3 (left column) shows that punctate staining was even throughout 

the granular layer in vehicle treated samples. β-NF treatment caused staining to 

become uneven throughout the granular layer, and expressed in cells in closer proximity 

to the basal layer, while TCDD and ITE caused an overall decrease and irregularity (as 

with β-NF) in filaggrin staining. Loertscher et al. reported that TCDD caused 

dysregulation (similar effects to filaggrin) and increased involucrin staining. In vehicle 

treated samples, involucrin was expressed in the spinous and granular layers (Figure 

4.3 middle column). In TCDD-, β-NF- and ITE-treated samples, levels of involucrin 

expression were increased and aberrantly expressed in cells in closer proximity to the 

basal layer, often including the basal layer. Loertscher et al. showed that TCDD caused 

TGM-1 staining to become irregular around the inner edge of the cell membrane. In 

vehicle treated samples, TGM-1 was expressed evenly and continuously around the 

inner edge of the cell membrane. In TCDD treated samples this staining became 

increased and irregular around the cell membrane. β-NF and ITE treated epidermal 

equivalents showed slight increased staining but expression did not appear aberrant. 

This TCDD-specific effect on TGM-1 is consistent with the literature; Du et al. showed 

that in primary human keratinocytes, TCDD up regulated expression and activation of 

TGM-1, but β-NF did not (Du et al., 2006a). Egberts et al. showed that TGM-1 

expression correlated well with activation, so we can presume that the dysregulation of 

staining for TGM-1 correlated with dysregulated TGM-1 expression and activation, 

causing the downstream effects associated with increased TGM-1 activation, which are 

increased involucrin and loricrin, and crosslinking forming the cornified cell layer 

(Egberts et al., 2004).   
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To summarise, filaggrin expression in human epidermal equivalents was dysregulated 

by TCDD, β-NF and ITE. TCDD and ITE also induced decreased overall staining of 

filaggrin. Involucrin expression was increased and also expressed in cells in closer 

proximity to the basal layer, by TCDD, β-NF and ITE treatment, but the increase in 

staining was higher in TCDD treated samples than the other ligands. TGM-1 expression 

was increased and dysregulated by TCDD treatment, but staining in β-NF and ITE 

treated samples only appeared slightly upregulated with no signs of dysregulation. From 

this we can conclude that AhR activation by all 3 ligands induced early onset of terminal 

differentiation, but the effects were most prominent with TCDD, and that TCDD was the 

only agonist to induce dysregulation of TGM-1 expression.  
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Figure 4.3. AhR activation caused dysregulated expression of differentiation 
markers. Human epidermal equivalents were grown and treated with vehicle, 10nM 
TCDD, 15µM β-NF or 1µM ITE every 48h for 7 days. Immunohistochemistry was carried 
out using anti-filaggrin (left column), anti-involucrin (middle column) or anti-TGM-1 (right 
column)(all green) antibodies with Oregon green (488) tagged secondary antibody and 
topro-3 (blue) nuclear stain. Mid z section images were captured by confocal 
microscopy and are representative of epidermal equivalents from 3 donors. Dotted 
white lines represent junction between basal layer and polycarbonate membrane. Scale 
bars = 50µm.  
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4.3.3 The effects of AhR ligands on apoptotic cell death 

 

Apoptosis is a complex process of regulated programmed cell death that can be 

activated by many intra- and extracellular pathways, including DNA damage, lysosomal 

stress and activation of death receptors. Upon activation of any caspase-dependent 

pathways, a cascade of proteolytic reactions is initiated, activating a combination of cell 

specific caspases. The common effector  is Caspase-3; it is widely expressed in most 

cells and tissues (including skin and keratinocytes (Eckhart et al., 2000; McGill et al., 

2005; Weatherhead et al., 2011)) and its activation is involved in many apoptotic 

pathways, making it a good biomarker for apoptosis (reviewed in (Ulukaya et al., 2011)). 

Although caspase-3 activation is common in apoptosis, it is not involved in every 

apoptotic pathway, so other markers (further downstream in the apoptotic pathway than 

caspases) should also be studied, for example cleaved lamin A or cleaved PARP. 

Lamin A is a substrate for caspase 6 and cleavage must occur for chromatin 

condensation to occur during apoptosis (Ruchaud et al., 2002). This makes cleaved 

Lamin A a good candidate for use as a complementary biomarker to active caspase-3 

and this is why it has been studied here (reviewed in (Arnault et al., 2010)). 

 

Loertscher et al. showed that in primary keratinocytes in monolayer and in human 

keratinocyte cell line epidermal equivalents, TCDD treatment did not induce apoptosis 

(Loertscher et al., 2001a; Loertscher et al., 2001b). This suggests that epidermal 

equivalents containing primary keratinocytes would also show no increase in apoptosis. 

To rule apoptotic cell death out of the possible mechanisms for decreasing VCL 

thickness and to confirm that TCDD did not induce apoptotic cell death in our primary 

keratinocyte epidermal equivalent model, we used IHC against anti-active capsase-3 

(Figure 4.4) and anti-cleaved lamin A (Figure 4.5) on TCDD, β-NF and ITE treated 

epidermal equivalent sections.  

 

Firstly, IHC was performed on epidermal equivalents treated with vehicle, TCDD, β-NF 

or ITE, using anti-active caspase-3 (green) and topro-3 (blue) as described in materials 

and methods. UV treated skin was used as a positive control and showed active 

caspase-3 positive cells in the epidermis, whereas low numbers of positive cells were 

seen in vehicle, with no increase in active caspase-3 staining in TCDD, β-NF or ITE 

treated epidermal equivalents. These data were consistent in epidermal equivalents 

from 3 donors. There was slight variation in basal levels of active caspase-3 between 
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donor, but no induction of active caspase-3 by AhR agonists was present in any 

samples. This suggests that apoptosis was not induced by AhR in primary human 

keratinocyte epidermal equivalents at the time points studied. 
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Figure 4.4. AhR activation does not induce Caspase-3 activation. Epidermal 
equivalents were treated with vehicle, 10nM TCDD, 15µM β-NF or 1µM ITE every 48h 
for 7 days. IHC was carried out using anti-active caspase 3 (green) and Oregon green 
fluorescently tagged secondary antibody, topro-3 (blue) was used to stain nuclei. UV 
treated human skin was used as positive control. Mid z section images were captured 
by confocal microscopy. Images are representative of 3 donors. Dotted white line 
represents junction between epidermis and dermis (E) or basal layer and polycarbonate 
membrane (A-D). Scale bars = 50µm. 
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To test whether apoptosis may be occurring through a caspase-3 independent pathway, 

we performed IHC using anti-cleaved lamin A primary antibody (brown staining) with a 

Dako Envision plus HRP labelled secondary and DAB staining, with haematoxylin co-

stain (blue) as describe in materials and methods (Figure 4.5). DAB staining was used 

in this experiment instead of fluorescence because of logistical considerations: the 

assay had been set up in a lab with this method, no confocal microscope was available. 

The positive control was normal human skin of a sample from a donor known from 

previous staining for apoptotic markers to have high cleaved Lamin A positivity. The 

origin of the sample was not clear so may have undergone treatment previously, as 

normal human epidermis does not normally contain high levels of cleaved Lamin A. No 

positive staining was seen in vehicle and it was not induced by TCDD, β-NF or ITE 

treatment. As with staining for active-caspase 3, minor variation was present in basal 

levels between donors, but no induction of cleaved lamin A by any agonist treatment 

was present in any donor. 

 

Considering that neither active caspase-3 nor cleaved lamin A were induced in any 

donor sample by the 3 agonists, this suggests that apoptotic cell death was not induced 

by TCDD, and we show novel data that neither β-NF nor ITE induced apoptosis in 

human epidermal equivalents. 

 

This is consistent with the literature and provides evidence that decreased VCL is not 

caused by apoptosis (Loertscher et al., 2001b). However, the literature shows a 

decrease in numbers of primary human keratinocytes treated with TCDD (Loertscher et 

al., 2001a), and non-apoptotic cell death could still be a mechanism contributing to 

decreased VCL. This is not defined here, but is investigated in the following chapter. 
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Figure 4.5. AhR activation does not increase cleaved Lamin A staining in 
epidermal equivalents. Epidermal equivalents were treated with vehicle, 10nM TCDD, 
15µM β-NF or 1µM ITE every 48h for 7 days. Equivalents were fixed, embedded in 
paraffin and immunostained with anti-active caspase 3 antibody (brown) and Dako 
envision conjugated secondary antibody with DAB staining. Sections were 
counterstained with haematoxylin (blue). Human skin was used as the positive control. 
Images were captured by light microscopy and are representative of 3 donors (vehicle 
and TCDD) or 2 donors (β-NF and ITE). Scale bars = 20µm (A-D), 40µm (E). 
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4.3.4 AhR induction in epidermal equivalents 

 

AhR activity has been characterised in human epidermal equivalents (Harris et al., 

2002a; Harris et al., 2002b) and keratinocyte monolayers at different stages of 

differentiation (Du et al., 2006a; Greenlee et al., 1985; Ray and Swanson, 2003) and 

confluency (Ikuta et al., 2004; Sadek and Allen-Hoffmann, 1994b) but AhR levels and 

localisation have not been studied in epidermal equivalents. 

Ligand residency has been shown to affect duration of AhR activation and therefore 

down-regulation of AhR in primary keratinocytes. Berghard et al showed that in primary 

human keratinocytes, maximal levels of AhR activation (CYP1A1 mRNA induction) by 

TCDF (2,3,7,8-tetrachlorodibenzofuran, a similar halogenated aromatic hydrocarbon to 

TCDD) and β-NF were similar after 8h treatment, persisting for at least 5 days (TCDF) 

or 4 days (β-NF) in human keratinocytes, showing that β-NF induction was transient 

compared to sustained activation by TCDF. This paper concluded that transient 

activation was caused by the fast metabolism of β-NF by CYP1A1, because blocking 

CYP1A1 activation resulting in sustained β-NF-induced AhR activation (Berghard et al., 

1992). Similar effects of transient AhR activation were seen by ITE treatment in a 

mouse hepatoma cell line. ITE induced AhR to a similar degree as TCDD at 6h but by 

24h in ITE treated samples AhR levels had recovered and CYP1B1 levels had started to 

decrease (Henry et al., 2010). It would be interesting to study a time course of AhR 

levels in keratinocytes or epidermal equivalents (practically, this would be more difficult) 

to follow the patterns of degradation and recovery of AhR caused by the ligands. This 

may also help to decipher the results from the varied time course effects I have shown 

in Chapters 3, 5 and 6. 

The amount of time for ligand-induced AhR degradation to occur depends on cell type 

and ligand (Pollenz and Buggy, 2006; Swanson and Perdew, 1993). To study AhR 

levels and localisation in epidermal equivalents, IHC was performed using a primary 

anti-AhR antibody on epidermal equivalents treated with vehicle, 10nM TCDD (high-

residency) or 15µM β-NF (low-residency) to see the effects of AhR activation on AhR 

levels and localisation in epidermal equivalents. ITE has not been included here 

because its metabolism has not been defined, but literature shows that in regard to 

transient activation, both β-NF and ITE induced AhR degradation had recovered by 24h, 

suggesting similar speed of clearance by metabolism. Figure 4.6 (top row) shows that in 

vehicle treated epidermal equivalents, AhR was present in both the cytoplasm and 
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nucleus, but was mainly nuclear. Overall expression did not appear to change 

throughout the course of keratinocyte differentiation. Figure 4.6 (middle row) showed 

epidermal equivalents treated with 10nM TCDD for 7 days. There was a decrease in 

nuclear AhR expression and localisation appeared at the nuclear membrane. AhR 

expression also appeared at slightly higher levels in the granular cell layer too. Figure 

4.6 (lower row) shows epidermal equivalents treated with β-NF. AhR levels appeared 

slightly higher than those seen in vehicle treated cells, and we presume that the levels 

were decreased by β-NF treatment but have recovered since the last agonist treatment 

of the culture. There are reports of increased levels of AhR after ligand-dependent 

degradation in the literature. Franc et al. show that in rat hepatocytes, a single dose of 

TCDD induced AhR degradation at day 1, but AhR protein and mRNA recovered by 

days 4 and 10 to above basal levels. This was independent of strain sensitivity and the 

authors suggested that pre-translation mechanisms of regulation may have been 

responsible (Franc et al., 2001). Similar results were seen in rat liver after chronic 

dosing over 22 weeks, with an increase in TCDD binding to cytosolic AhR (Sloop and 

Lucier, 1987). Both papers reported increases of ~2 fold compared to basal AhR levels. 

Interestingly, samples of involved chloracne epidermis were tested for CYP1A1 and 

AhR mRNA levels ~6 years after a group of men had been chronically exposed to 

dioxins for an unknown length of time, in an industrial setting. Unexpectedly, both AhR 

and CYP1A1 levels were shown to be increased (Tang et al., 2008), corresponding 

potentially with the reported increased AhR from recovery both acute and chronic doses 

of TCDD (Franc et al., 2001; Sloop and Lucier, 1987). These three studies were carried 

out in vivo over chronic dosing or 1 acute dose and without detailed time course studies 

(in animals) and with little exposure history (in humans). Localisation of AhR in vehicle 

and β-NF epidermal equivalent samples appeared patchy (Figure 4.6), this could 

represent clustering or localisation specific to nuclear structures, but to draw any 

conclusions from this, more studies would be required to confirm any colocalisation or 

sequestering. 

In summary, AhR localisation in epidermal equivalents was predominantly nuclear, with 

slightly lower levels in the cytoplasm. TCDD treatment appeared to induce down-

regulation of the AhR after 7 days of treatment (consistent with Western blot data in 

monolayer studies (section 3.3.1.3)) and induced localisation to the nuclear membrane. 

β-NF samples showed high levels of AhR (again, predominantly nuclear) which when 

the literature is taken into account, we hypothesise has recovered from transient β-NF 
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dependent down-regulation, or is an effect of chronic treatment over 7 days. Because 

this assay has been performed on fixed epidermal equivalents it only shows a snapshot 

in time and therefore the time and activation dependent degradation and recovery of 

AhR needs to be studied with a complementary assay to confirm the data – Western 

blots have been performed in monolayer keratinocyte cultures but to truly confirm this 

result, protein lysates from epidermal equivalents should be run by Western blot.  

Considering AhR localisation in monolayer cultured keratinocytes and its strong 

localisation to the cytoplasm at high keratinocyte confluency (Figure 3.6), we might have 

expected to see cytoplasmic AhR localisation in epidermal equivalents. In the literature 

there is little information on the localisation of AhR in normal skin; because AhR 

localisation is affected by so many factors, endogenous and exogenous, any papers 

reporting AhR localisation showed conditions where the AhR might be activated. For 

example, Zhou et al. showed cytoplasmic AhR in rat liver 20h post sham operation but 

the AhR is thought to play a role in wound healing  (Zhou et al., 2008), by increased 

CTSD inducing proliferation and migration as shown in HaCaTs (Vashishta et al., 2007) 

and Abbot et al showed nuclear AhR in embryonic mouse tissue, where the AhR is 

thought to be activated during its role in development (Abbott et al., 1995). Because of 

the variability between tissue and conditions reported in these papers and our work, the 

literature does not help to clarify whether nuclear AhR in untreated epidermal 

equivalents is a normal state or induced state. The cause of nuclear AhR in the 

epidermal equivalent model can only be speculated on; however it suggests that ligand-

independent AhR activation may be occurring in the epidermal equivalent model. 

Unpublished data from the Reynolds group has shown AhR to be mainly cytoplasmic in 

normal human skin, suggesting that epidermal equivalent culture may induce AhR 

activation by a ligand-independent mechanism. 
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Figure 4.6. TCDD treatment causes a decrease in nuclear AhR expression in 
epidermal equivalents. Human epidermal equivalents were grown and treated with 
vehicle, 10nM TCDD, 15µM β-NF or 1µM ITE every 48h for 7 days, so at time of 
harvesting had not been treated for 24h. IHC was carried out using anti-AhR (green) 
with Oregon green tagged secondary antibody and topro-3 nuclear stain (blue). Images 
are mid sections captured by confocal microscopy, representative of epidermal 
equivalents from 3 donors. Dotted white lines represent junction between basal layer 
and polycarbonate membrane. Scale bars = 50µm.  



121 

 

4.3.4.1 AhR Knock down 

It is unclear whether the effects of AhR activation on epidermal differentiation are 

caused by downstream regulation of certain proteins, the sequestering of ARNT from 

other PAS pathways or the lack of AhR caused by activation-dependent degradation. 

The last hypothesis possibly would contribute to the hypothesis of increased residency 

of ligands causing a compound to be chloracnegenic. With a view to utilising AhR knock 

down as proof of concept for the down stream effects of AhR activation (eg. CYP1A1 

up-regulation and dysregulated differentiation), 2 methods for AhR knockdown were 

developed in primary keratinocytes; transient transfection with siRNA targeting AhR and 

lentiviral transduction of shRNA targeting AhR. 

 

Protocols for transfection of primary human keratinocytes with siRNA targeting AhR 

were optimised. Two protocols were tested: lipofectamine and plus or nucleofection 

(both protocols had been developed previously in the lab for siRNAs targeting different 

proteins). Nucleofection with siRNA to AhR resulted in very low keratinocyte viability, so 

was not suitable for use. The lipofectamine and plus protocol resulted in little visible 

decrease in cell viability (by light microscopy) so was chosen for use in future studies. 

 

Primary keratinocyte monolayers were transfected in parallel with each of 4 siRNAs 

targeting AhR separately, the 4 siRNAs combined, or a scrambled siRNA control using 

lipofectamine and plus. Non-transfected keratinocytes were cultured in parallel. 24h or 

48h post transfection, keratinocytes were either lysed for Western blotting or seeded at 

high confluency for epidermal equivalents. See materials and methods for details.  

 

Figure 4.7 A shows a Western blot of primary keratinocytes transfected with siRNA 

constructs targeting AhR (labelled 5-8, see materials and methods for details), 

combined AhR constructs (5,6,7 and 8) or scrambled control siRNA for 24h (upper blot) 

or 48h (lower blot). After transfection cells were lysed and Western blotting performed. 

At 24h, AhR appeared to be partially knocked down by constructs 5-8, with construct 6 

showing most efficient knockdown. By 48h AhR levels had recovered partially in all 

siRNA transfected samples. These data show the maximal knock down seen out of 2 

donors.  

 

Figure 4.7 B shows epidermal equivalents made using primary keratinocytes 

transfected with siRNA constructs; scrambled (Figure 4.7 a and c) or construct 6 (Figure 
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4.7 b and d). The 4 epidermal equivalents were cultured for 5 days and then treated for 

7 days with vehicle (a and b) or 10nM TCDD (c and d). Cultures were harvested, fixed 

in 4% PF overnight, paraffin embedded and H&E staining performed. 

 

Interestingly, instead of blocking the TCDD phenotype in epidermal equivalents, AhR 

knockdown itself caused a TCDD-like phenotype. Epidermal equivalents transfected 

with scrambled siRNA and treated with vehicle (Figure 4.7 a) resembled the normal 

phenotype: thick VCL and basket weave stratum corneum. Figure 4.7 c shows 

scrambled siRNA epidermal equivalents treated with 10nM TCDD and as expected, the 

normal TCDD induced phenotype was present: thinner VCL and compacted stratum 

corneum. Epidermal equivalents transfected with siRNA 6 targeting AhR and treated 

with vehicle (Figure 4.7 b) showed slight stratum corneum compaction and thinner VCL, 

compared to vehicle treated scrambled samples, but when treated with 10nM TCDD 

(Figure 4.7 d) exacerbated the phenotype further, resulting in a more compacted 

stratum corneum and thin VCL.  

 

It is difficult to predict levels of AhR knock down that can be expected in cells 12 days 

post transfection. siRNA remains in the cell for a short time period (see partial recovery 

of AhR levels at 48h in Figure 4.7 A and (McManus and Sharp, 2002)) however 

because cell proliferation decreases in epidermal equivalents and differentiation occurs, 

siRNA is thought to be conserved for longer (Mildner et al., 2006). 

 

This assay shows that siRNA-induced AhR knock down resulted in a TCDD-like 

phenotype in vehicle treated samples. TCDD treatment of AhR knock down epidermal 

equivalents increased this effect, this may have been caused by TCDD activating any 

remaining AhR and causing its degradation, resulting in minimal levels of AhR in the 

culture. This assay alone suggests that the TCDD phenotype described in this chapter 

may be caused by the lack of AhR resulting from TCDD-induced AhR degradation. 

Because this is only preliminary information, the experiment should be repeated in 2 

more donors to confirm these results and AhR knock down in epidermal equivalents 

confirmed by Western blot and IHC. To investigate the affect of AhR knock down on 

epidermal equivalents further, IHC could be performed using antibodies against 

filaggrin, involucrin and TGM-1 to show the effects of AhR knock down on 

differentiation, and by Western blot to show blocked induction of CYP1A1. 
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Figure 4.7. AhR knock down induces TCDD-like phenotype in epidermal 
equivalents. Primary keratinocytes were transfected with siRNAs against AhR, 
combined siRNAs (5, 6, 7 and 8) or scrambled control sequence. A) 24h or 48h after 
transfection cells were lysed for Western blot and probed with anti-AhR and anti-β-actin 
antibodies. B) Immediately after transfection with siRNA construct 6 cells were seeded 
onto polycarbonate membranes to form epidermal equivalents. Epidermal equivalents 
were treated with vehicle (a, b) or 10nM TCDD (c,d) for 7 days and medium changed 
with fresh TCDD every 48h, fixed in 4% PF, sectioned and stained with H&E.  Western 
blot shows maximal knock down from 2 donors, epidermal equivalents show results 
from 1 donor. Scale bar = 20µm. 
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SiRNA constructs only last over short time points in dividing cells and also only dividing 

cells are successfully transfected with the constructs due to the replication dependent 

production of the short interfering RNA. This means that stem cells are not efficiently 

transduced with siRNA and therefore contribute to the rapid loss of siRNA knockdown in 

a monolayer. As AhR levels from siRNA knock down in primary keratinocytes had 

recovered by 48h, this does not result in enough time to perform many types of assay, 

therefore we utilised lentiviral shRNA vectors against AhR to induce stable AhR knock 

down in primary keratinocytes, which also efficiently transduces stem cells, producing a 

wider range of assays and time points in which to study AhR knock down. 

 

The lentiviral vectors against AhR and control sequences (non-silencing and EGFP) 

were purchased from Open Biosystems, based on pGIPZ constructs that conferred 

resistance to puromycin and GFP positivity (through an IRES). shRNA lentiviral 

constructs were packaged and produced by transfecting 293T packaging cells with 

control or AhR shRNA and packaging vectors. 3 days post transfection, lentiviral 

particles were harvested from the 293T cells. Primary keratinocytes were then 

transduced with the shRNA lentivirus using polybrene and spin transduction as 

described in materials and methods. After 48h incubation, GFP expression had reached 

its maximum (as shown in Figure 4.8) and keratinocytes were put into selection media 

(complete epilife containing 1µg/ml puromycin) for 5 days. After 5 days selection, cells 

were either lysed for Western blotting or seeded to form epidermal equivalents.  

 

Figure 4.8 shows images taken by fluorescence microscopy of primary keratinocytes 

48h after transduction. Images show GFP and bright field images overlaid to show the 

number of cells present and the transfection efficiency for each construct. Levels of 

GFP expression varied greatly between transduced cells within construct, but even cells 

with feint GFP positivity appeared to express the construct to high enough levels to 

confer puromycin resistance. 48h post transfection, keratinocytes were put into 

selection media for 5 days and over this time were passaged once to ensure dead 

(untransduced) cells were removed from the culture. After 5 days in selection media, 

fluorescence was checked again and ~90% of cells were GFP positive. Once 

keratinocytes had reached this stage they were then seeded to form epidermal 

equivalents or lysed for Western blotting. 
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Figure 4.8. GFP expression 48h after transduction of primary keratinocytes with 
lentiviral shRNA. Primary keratinocyte monolayers were transduced with control (non-
silencing or EGFP) or AhR shRNA (1380, 1382, 2320 or 3803) or left untransduced and 
cultured for 48h. Fluorescent and bright field images were taken and overlayed to show 
efficiency of transduction. Images are representative of 2 donors. Scale bars = 100µm 
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Figure 4.9 shows a Western blot of lysates from primary keratinocytes transduced with 

control or shRNA constructs against AhR. Partial knock down of AhR was achieved by 

constructs 2320 and 3803 compared to controls sequences, empty GFP (EGFP) and 

non-silencing. Construct 2320 induced the most efficient knockdown compared to 

control sequences. This Western blot shows the most robust knock down out of 3 

donors.  

 

Figure 4.10 shows H&E stained sections of epidermal equivalents grown from primary 

keratinocytes transduced with EGFP or AhR shRNA constructs 1382, 2320 or 3803. 

These epidermal equivalents were from the same transduction experiment and donor as 

those lysed for Western blotting in Figure 4.9, grown and selected in parallel. The 

epidermal equivalent containing EGFP (A) showed a normal phenotype with the stratum 

corneum showing a thick and open basket weave pattern VCL. Epidermal equivalents 

grown from primary keratinocytes transduced with EGFP or AhR shRNA constructs 

1382 (B), 2320 (C) or 3803 showed a TCDD like phenotype of compacted stratum 

corneum and thinner VCL. This is consistent with the phenotype present in AhR knock 

out mice (Fernandez-Salguero et al., 1997). Epidermal equivalent 3803 (D) appeared to 

show a different phenotype, with a thinner VCL but open stratum corneum phenotype. 

There were visible gaps in the VCL of EGFP (A) and 3803 (D) epidermal equivalents. 

This suggests that long term (~3 weeks overall) culture of lentivirally transduced cells 

may affect homeostasis in epidermal equivalents. This could be a result of many 

different factors, both donor-dependent and independent but before this was studied in 

detail, the experiment should be repeated in cells from at least one more donor. TCDD-

like phenotypes were maximally expressed by construct 1382 and 2320, to a similar 

extent. As 2320 induced the most AhR knock down by Western blot (Figure 4.9) the 

maximal effect would be expected here. Although 1382 showed little, if any knock down 

by Western blot the epidermal equivalent generated from AhR shRNA (1382) 

keratinocytes showed a more compact stratum corneum than 2320. The increase in 

presumed knock down (that must have been present to cause the phenotypic changes) 

could have been caused by the increased amount of time that epidermal equivalents 

were cultured for, as shown in the protocol flow diagram (Figure 2.2) in materials and 

methods. Keratinocytes were lysed for Western blotting on the day that other cells were 

seeded for epidermal equivalent culture, giving epidermal equivalents an extra 12 days 

to express shRNA and induce AhR knock down. This could exacerbate the knock down 

seen from the Western blot. The increased compaction in 1382 epidermal equivalents 
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as opposed to 2320 could be the result of differing construct sequence, but as these 

epidermal equivalents are only an example of one donor and experiment, they need to 

be repeated before conclusions are drawn. The 1380 construct epidermal equivalent 

became infected during epidermal equivalent culture and is therefore not included in 

Figure 4.10. Fortunately, no AhR knock down was achieved by this construct in Western 

blot, so we were not expecting to see any knock down in the epidermal equivalent. 

 

Epidermal equivalents expressing siRNA or shRNA knock down of AhR both show 

compacted stratum corneum and thinner VCL (the TCDD-like phenotype, Figure 4.1). 

Even though both sets of epidermal equivalents only represent one donor each, this 

would suggest that the TCDD-like phenotype and therefore chloracne, could be linked 

to the lack of AhR caused by activation dependent degradation.  

 

              

Figure 4.9. AhR is knocked down by shRNA in monolayer primary keratinocytes. 
Primary keratinocytes were transduced with lentiviral shRNA control sequences (EGFP 
or non silencing), or targeting AhR (4 constructs: 1380, 1382, 2320 or 3803).Cells were 
selected for 5 days with puromycin and lysed. Western blotting was performed and 
probed with anti-AhR and anti-β-actin antibodies. Western blot shows clearest blot out 
of 3 donors  
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Figure 4.10. AhR knock down by shRNA induces a TCDD-like phenotype.  Primary 
keratinocytes were transduced with lentiviral shRNA with no targeting sequence (A. 
EGFP) or targeting AhR (B 1382, C 2320, D 3803). Transduced keratinocytes were 
seeded into epidermal equivalents and cultured 12 days. Samples were harvested, fixed 
and paraffin embedded and H&E staining performed. Scale bar = 20µm. Images show 1 
set of epidermal equivalents from 1 donor. 
 

Throughout the development of these protocols, we observed that if cells that had 

expressed a high percentage of GFP positivity after 5 days selection were then grown in 

normal medium, the percentage of GFP positive cells would not propagate itself and 

would decrease. This is a well known but little reported phenomenon and is thought to 

be caused by epigenetic modification by the cell itself to “turn off” the shRNA construct 

and therefore the GFP. To avoid this and keep the GFP population high, cells must be 

put under constant (or regular) selection pressure to keep the shRNA expressed as a 

method of survival. The epidermal equivalents were carried out before this problem was 

observed and solved, so epidermal equivalents were not cultured in selection media. 

This may be responsible for the lack of GFP positivity present in cells of the VCL in 

shRNA epidermal equivalents.  

 



129 

 

Figure 4.11 shows sections from paraffin embedded shRNA epidermal equivalents that 

were stained with topro-3 as a nuclear marker and imaged at mid z section by confocal 

microscopy. GFP positive cells were only present in the stratum corneum. This could 

have been caused by the loss of shRNA expression when cultured out of selection 

medium and suggests that shRNA is not longer being transcribed by the cell. This would 

not account for the visible TCDD-like effects of AhR knock down in the epidermal 

equivalents (Figure 4.10), although due to time constraints, AhR staining was not 

carried out on shRNA epidermal equivalents, so we cannot make any conclusions about 

the efficiency or persistance of knock down in the model.  In subsequent experiments 

using lentiviral mediated shRNA transduction and production of epidermal equivalents 

our group has gone on to use selection media for the complete culture time, and in 

future work, shRNA epidermal equivalents would be stained for AhR by IHC to measure 

the levels of AhR knock down and any effects of lentiviral shRNA transduction on AhR 

localisation in the cell or in the epidermal equivalent.   
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Figure 4.11. GFP expression in epidermal equivalents cultured with shRNA 
transduced keratinocytes. Primary keratinocytes were transduced with shRNA as 
indicated and cultures in puromycin selection medium for 5 days. Keratinocytes were 
seeded into epidermal equivalents and cultured for 12 days. Samples were fixed in 4% 
PF and paraffin embedded. GFP was expressed in the cells and nuclei were stained 
with topro-3 (blue). Images were captured by confocal microscopy, at mid z section. 
Images are representative of 1 donor, dotted white line represents junction between 
basal layer and polycarbonate membrane. Scale bars = 50µm. 
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4.4 Discussion 

4.4.1 Summary 

During this project we aimed to investigate the effects of AhR activation in a 

physiologically relevant human skin model. In this chapter epidermal equivalents were 

produced using normal human keratinocytes to investigate the effects of AhR activation 

on phenotype, cell differentiation and death, by using AhR ligands with distinct binding 

affinities and AhR characteristics (chapter 3). Our aim was to investigate differential 

effects of AhR ligands with distinct AhR binding affinities and potencies and with a view 

to identify potential biomarkers for AhR induced human toxicity. 

 

The results reported in this chapter showed that TCDD induced degradation of AhR in 

an epidermal equivalent model treated for 7 days, whereas β-NF treatment induced 

higher levels of AhR (compared to vehicle), presumably after recovery from β-NF-

dependent AhR degradation (Figure 4.6).TCDD treatment induced chloracneform 

effects in epidermal equivalents (Figure 4.1); thinner VCL and thickened and compacted 

stratum corneum as previously reported in human chloracne samples (Hambrick, 1957; 

Pastor et al., 2002). Neither β-NF nor ITE induced a thinner VCL (Figure 4.2), although 

both β-NF and ITE treatment appeared to cause slight compaction of the stratum 

corneum. TCDD, β-NF and ITE all induced parakeratosis in the stratum corneum, which 

is also characteristic of chloracne. Parakeratosis is a commonly observed effect of 

dysregulated homeostasis in epidermal models and disease (Geusau et al., 2005; 

Hambrick, 1957) and although consistent with TCDD-induced pathology in chloracne, is 

not a specific biomarker of TCDD-induced toxicity. Early differentiation was induced in 

our model by TCDD, confirming reports of this in the literature (Du et al., 2006a; 

Loertscher et al., 2002; Osborne and Greenlee, 1985). β-NF and ITE induced similar 

effects on filaggrin and involucrin but to a lesser extent (Figure 4.3). TGM-1 was 

dysregulated by TCDD treatment but not β-NF or ITE, which may be a potential 

biomarker relevant to chloracne,  which would be expected to result in downstream 

effects on protein cross linking during terminal differentiation, which includes direct 

regulation of involucrin activity (Eckert et al., 2005; Yaffe et al., 1993). This suggested 

that TCDD-induced early onset of terminal differentiation may be a contributing factor to 

the decreased VCL and may account at least in part for the pathological features 

observed in chloracne -  specifically within vellus follicles and comedone epithelial 

linings. We showed that the thinner VCL was not caused by caspase-3 dependent cell 
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death induced by TCDD treatment (Figure 4.4)(Loertscher et al., 2001a), but another 

form of cell death still may contribute to this phenotype and is investigated in the 

following chapter. We also showed 2 sets of preliminary data showing that knock down 

by 2 different methods (siRNA and shRNA) induced a TCDD-like phenotype. This 

supports the hypothesis that the effects of AhR activation are AhR degradation 

dependent, and corresponds with AhR knock out mice exhibiting chloracne like lesions 

of the skin (Fernandez-Salguero et al., 1997). 

 

4.4.1.1 AhR activation  

AhR activation is reported to increase as cells differentiate in the VCL (Du et al., 2006a; 

Harris et al., 2002a; Ray and Swanson, 2003). Ray and Swanson reported that AhR 

protein levels increased (by Western blot) as cells differentiated (Ray and Swanson, 

2003), but Du et al. showed no increase at days 6 and 8 of AhR in vehicle treated cells 

(Du et al., 2006a). AhR localisation was also reported to be affected by cell confluency 

(Figure 3.6 and (Ikuta et al., 2004; Sadek and Allen-Hoffmann, 1994a)). We looked at 

AhR levels and localisation in the epidermal equivalent model by IHC (Figure 4.6). AhR 

expression did not appear to vary through the layers of the VCL. As described in 

section1.1.2, the AhR activation can be modulated by a number of factors including 

expression of AhRR, so the increased activity of AhR reported in differentiating 

keratinocytes may be caused by increased levels of potential activity of the AhR, not 

necessarily increased AhR expression. As described in section 1.1.2, AhR activity can 

be affected by factors other than AhR expression, such as expression of the AhR 

repressor protein. When we looked at AhR localisation in the epidermal equivalent, AhR 

was predominantly nuclear. This opposes our observations in monolayer culture, that 

confluent cells show a predominant cytoplasmic localisation of the AhR (Figure 

3.6Figure 3.7) suggesting that extrapolation from monolayer to epidermal equivalent 

culture is not as straight forward as previously thought; there may be another 

mechanism of ligand-independent AhR activation that we are not aware of that has 

been activated during epidermal equivalent culture. Rather surprisingly, there is little 

reported IHC staining for AhR in normal tissue samples in the literature and because of 

the variability of tissues studied (eg the liver has far higher exposure to xenobiotics) and 

culture or treatment conditions used, it is difficult to compare the data directly to ours. 

The antibody used was optimised by testing fixation techniques and concentrations and 

the same fixation method and conditions were used for both monolayer and epidermal 
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equivalent studies, and even though nuclear AhR localisation may not have been 

expected, it is possible that the AhR is nuclear in this model, as described throughout 

this thesis, nuclear translocation of AhR can occur ligand-independently. The staining 

also decreased in response to TCDD treatment as expected. After TCDD induced AhR 

activation, nuclear AhR levels decreased, leaving AhR staining around the nuclear 

membrane and in the cytoplasm (cytoplasmic levels did not appear to change between 

vehicle and TCDD treated samples)(Figure 4.6). Thus, as expected TCDD induced AhR 

degradation. Directly contradicting the effects of TCDD, β-NF appeared to induce 

nuclear and cytoplasmic expression of the AhR. Reports in the literature on primary rat 

hepatocytes have shown that β-NF induced down-regulation of AhR at day 1 but by day 

4 AhR levels had recovered to levels ~2 fold higher than basal levels, and the same 

observation was made in chronically TCDD treated rats (Franc et al., 2001; Sloop and 

Lucier, 1987).  

 

Considering these papers, we can hypothesise that β-NF caused decreased levels of 

AhR at shorter time points, but because of the fast metabolism of β-NF by CYP1A1 

(Berghard et al., 1992), AhR had recovered by ~48h to a higher level. Increased AhR 

was reported after both acute (Franc et al., 2001) and chronic (Sloop and Lucier, 1987; 

Tang et al., 2008)  dioxin treatment of rats in vivo, but it would be interesting to define 

the time responses of AhR degradation and recovery in epidermal equivalents by all 

TCDD, β-NF and ITE AhR-agonists; Previously this phenomenon has only been 

reported in vivo and with dioxins. As these data are only representative of one donor, 

they should be repeated to enable robust conclusions to be drawn. 

 

 In this chapter, we have considered that the effects of β-NF in epidermal equivalents 

may be exacerbated because of the possibility that metabolism was impaired in this 

model. However the recovery of AhR levels shown here suggests that CYP1A1 

metabolism is active. As high-residency is one of the main characteristics hypothesised 

to be required for a chloracnegen, it would also be interesting to see the correlation of 

prolonged β-NF and ITE AhR-activation on the epidermal equivalent phenotype. 

Berghard et al. showed that transient AhR activation by β-NF in primary human 

keratinocytes was increased by the addition of CYP1A1 inhibitor 1-ethynylpyrene. To 

increase residency of ligands, activity of the cytochrome P450s must be inhibited 

because of the ligand-independent induction of their own metabolism through the AhR.  
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4.4.1.2 TCDD-induced phenotype in the epidermal equivalent model 

Some of the defining characteristics of the chloracne phenotype are the decrease in 

viable cell layer thickness and compaction of the stratum corneum within the follicle. 

(Figure 1.8) (Hambrick, 1957; Pastor et al., 2002). This causes development of the 

follicular plug and leads to comedone formation. The TCDD phenotype observed in 

epidermal equivalents, thinner viable cell layer (specific to TCDD treatment, Figure 4.2 

and (Geusau et al., 2005; Loertscher et al., 2001b)) and thickened and compacted 

stratum corneum, showed significant similarities to chloracne (Figure 4.1) and was 

TCDD-specific; neither β-NF nor ITE induced a thinner VCL. Cell death and 

differentiation are likely causes of this phenotype, so were investigated by IHC. No up-

regulation of active caspase-3 or cleaved lamin A was present in TCDD, β-NF or ITE 

treated samples, suggesting AhR activation does not increase apoptosis.  

 

TCDD induced AhR activation is known to induce early onset of aberrant terminal 

differentiation as shown in Figure 4.3 and the literature (Du et al., 2006a; Geusau et al., 

2005; Loertscher et al., 2002; Loertscher et al., 2001b). An interesting link between AhR 

activation and increased differentiation was the TCDD-dependent induction of TGM-1 

(Du et al., 2006a), which crosslinks involucrin and loricrin during terminal differentiation. 

Increased TGM-1 has also recently been shown to be increased in lesional chloracne 

skin samples (Liu et al., 2011). This direct link, as well as the recently identified 

presence of an XRE domain upstream of filaggrin, provide a robust link between AhR 

activation and decreased VCL thickness in chloracne, but it does not explain the link to 

the compacted stratum corneum. 

 

Stratum corneum compaction characteristic in ichthyoses and Sjogren-Larsson 

syndrome. It is known to be caused a lack of lamellar lipid contents or malformation of 

lamellar bodies (Rizzo et al., 2010), causing a deficiency in lipids and proteases to form 

lipid rafts and a normal stratum corneum (Sando et al., 2003). This is investigated 

further in the following chapter.  

 

4.4.2 Is the TCDD/chloracne phenotype caused by AhR knock down? 

 

One of the main hypotheses is that ligand-dependent AhR down-regulation is a main 

contributing factor of the chloracne phenotype (section 1.6). Considering this, there may 
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be two potential outcomes of AhR knockdown; 1) blocking the phenotypic effects of 

TCDD (thinner VCL/compacted stratum corneum) or 2) resembling TCDD like effects. 

The first possibility would suggest that TCDD/chloracne like effects were caused by 

transcriptional up-regulation of AhR regulated proteins, the second would suggest that 

TCDD like effects were caused by lack of AhR due to activation-dependent down-

regulation of AhR. As shown in Figure 4.7and Figure 4.10, AhR knock down in 

epidermal equivalents resulted in a phenotype that resembled TCDD treated epidermal 

equivalents, and AhR null mice (Fernandez-Salguero et al., 1997) suggesting that the 

effects were caused by lack of AhR, resulting from persistent TCDD treatment, or 

intervention by siRNA or shRNA.  

 

The AhR pathway was modulated with siRNA or shRNA targeting the AhR. Using 

siRNA transfected keratinocytes (Figure 4.7), Western blots showed efficient 

knockdown of AhR with construct 6 at 24h but levels of AhR had recovered well at 48h. 

Epidermal equivalents formed with siRNA (construct 6) transfected keratinocytes 

showed a partial TCDD-like phenotype in vehicle treated samples which when treated 

with TCDD, was exacerbated further. This suggests that AhR knock down alone 

contributes to the TCDD-like phenotype, but as shown by Western blot (Figure 4.7 A), 

siRNA does not persist in dividing keratinocytes. In epidermal equivalents, proliferation 

is tightly regulated (as in human skin). Thus keratinocytes generally proliferate only in 

the basal layer, becoming transit amplifying cells in suprabasal levels, which are post 

mitotic keratinocytes that enter a program of differentiation. This is thought to increase 

the amount of time that siRNA persists in the cells (Mildner et al., 2006). The 

exacerbated effects of TCDD treatment of AhR knock down epidermal equivalents could 

be a result of AhR knock down not being 100% efficient. TCDD would activate and 

degrade the remaining AhR, causing an epidermal equivalent with a hypothetical 100% 

knock down.  To support these preliminary results, AhR knock down by shRNA also 

induced a TCDD/chloracne phenotype. Even though both sets of data are preliminary, 

taken together it strongly suggests that AhR down-regulation is responsible for TCDD 

like effects.  
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5 Differential effects of AhR activation on autophagy 

5.1 Introduction 

Autophagy represents the major „lysosomal‟ mediated process for targeting, 

sequestering and degrading cellular material (including whole organelles) that are 

damaged or no longer required by the cell.  

 

As a catabolic process autophagy principally provides energy and recycled cellular 

material for cells to continue with their normal cellular processes (Settembre and 

Ballabio, 2011). It is primarily a cell survival process but can also cause cell death and 

is basally active in all cells. Because of its function in degradation of damaged proteins 

and organelles, autophagy stops persistence of any mutated or damaged cells and is 

therefore an important mechanism in inhibiting disease. This means that aberrant 

autophagy has recently been implemented in many disease pathways, including 

neurodegenerative diseases, cystic fibrosis and melanoma (Armstrong et al., 2011; 

Luciani et al., 2010; Nixon et al., 2008). The autophagic process is described in more 

detail in section 1.5. 

 

Autophagy involves the formation of double membraned autophagasomes which 

sequester proteins or organelles for degradation by the lysosomes (Eskelinen, 2005; 

Longatti and Tooze, 2009). Proteins are first targeted for degradation by ubiquitination. 

p62 (the “cargo receptor”) then binds to the ubinquinated motif on the protein/organelle 

and by also binding to LC3 II (with which it colocalises) brings the proteins/organelle 

together with the autophagasome for encapsulation (Itakura and Mizushima, 2011; Kraft 

et al., 2010). The autophagasome fuses with the lysosome, which contains a cocktail of 

proteases to degrade the cellular material (Settembre et al., 2011). 

 

This is not a static process; autophagic flux is the term given to the dynamic increase 

and degradation of autophagasome formation causing changes in the rate of LC3 I to II 

conversion and p62 degradation (Huang et al., 2010; Shvets and Elazar, 2009). As 

described in section 5.2.5 autophagy can become blocked. This can cause an 

accumulation of LC3 that may incorrectly suggest increased autophagy. Because of 

this, active autophagy cannot be confirmed using a single assay at a single time point.  

Many methods of following “active” autophagy have now been characterised, these 

include: measuring LC3 I and II expression by Western blot or IHC (Mizushima and 
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Yoshimori, 2007), measuring degradation of p62 by Western blot or IHC, following 

conversion of LC3 I to II during recruitment to the autophagasome by using an RFP-

GFP-LC3 construct, and transmission EM which is the gold standard measure of active 

autophagy, showing characteristic structures of autophagy (primarily the double 

membrane of the autophagasome) in the cytoplasm. Methods of confirming active 

autophagy are reviewed here (Klionsky et al., 2008; Tasdemir et al., 2008). 

 

 

Figure 5.1. Formation of the autolysosome and recruitment of LC3 II to the 
membrane of the autophagasome. Formation of the degradative autolysosome 
involves 2 steps to note: 1) the conversion of LC3 I to II and recruitment to the 
autophagasome membrane; 2) fusion of the lysosome to the autophagasome forming 
the degradative autolysosome. Image modified from (Kroemer and Jaattela). 
 

The main methods used in this chapter are measuring levels of LC3 I and II induction, 

p62 degradation, and accumulation of LC3 and p62 after autophagic block by 

bafilomycin A1 (by Western blot). Transmission EM is also used to show characteristic 

signs of active autophagy and novel observations in epidermal equivalents treated with 

AhR agonists. 

 

Microtubule-associated protein light chain 3 (LC3) is a protein involved in 

autophagasome formation. During active autophagy, cytoplasmic LC3 I is recruited to 

the autophagasome membrane and converted to LC3 II through post translational 

modification by conjugation with phosphatidylethanolamine, a ubiquitin mediated event  

(Kabeya et al., 2000; Kabeya et al., 2004). This can be used as a marker for autophagy 

by Western blot and immunochemistry. Because LC3 II is highly hydrophobic, it 

migrates faster on Western blots (despite its slightly larger molecular weight), 
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distinguishing the 2 forms at 16kDa (LC3 I) and 14kDa (LC3 II). Increased levels of LC3 

II are taken to indicate increased autophagy. An induction in both can demonstrate 

either transcriptional up-regulation or a block in autophagy, causing an accumulation of 

LC3 I and II (Mizushima and Yoshimori, 2007). To distinguish between these very 

different outcomes, LC3 II up-regulation can be correlated with p62, the “cargo 

receptor”, which is also degraded by autophagy (sections 5.2.3 and 5.2.5). During active 

autophagy p62 expression is low, however should LC3 up-regulation be caused by 

autophagic block, p62 is no longer degraded and hence accumulation is indicated by 

increased expression (Yoon et al., 2010).  

 

5.2 Results 

5.2.1 The effects of AhR activation on LC3 II induction 

This sections introduces the novel concept of AhR activation inducing autophagy (by 

LC3 induction and p62 degradation), which has not previously been reported. The 

antibodies used in this chapter for Western blotting were previously optimised by Jane 

Armstrong based on the manufacturers recommendations and complete blots are 

presented in Appendix Z to show the justification of selected bands for p62 and LC3 

antibodies.  

 

To test whether AhR activation increased autophagy in primary keratinocytes, we 

treated cells grown in monolayer with vehicle, TCDD, β-NF or ITE for up to 8 days as 

described in materials and methods. As shown in chapter 3, doses of 1-10nM TCDD 

were used in AhR activation assays. This was decided based on levels of AhR 

activation potential, solubility and comparisons in the literature. 0.5nM TCDD was not 

utilised because although it showed strong transcriptional activation by luciferase assay 

(Figure 3.2) it showed no increased AhR activation by Western blot (Figure 3.9). To see 

any correlation between this high transcriptional activation (that only induces low AhR 

activation by AhR degradation and CYP1A1 induction) and LC3 induction, the blot used 

in Figure 3.9 was re-probed for LC3. Figure 5.2 shows that interestingly, 0.5nM TCDD 

induced the highest levels of LC3 II activation, compared with treatment up to 5nM 

TCDD. This occurred at days 6 and 8, the later time points. At day 2 only very low levels 

of LC3 II induction were evident (Figure 5.2).The pattern of transcriptional induction in 

Figure 3.2 showed a high activation at 0.5nM TCDD that was roughly equal to 5nM 

TCDD but less than with 10nM TCDD, the lowest activation was at 1nM TCDD. This 
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transcriptional activation did not correlate with LC3 II induction, because 5nM TCDD did 

not induce high levels of LC3 II or equal 0.5nM TCDD. This pattern was observed in 

only one donor, although results from other donors followed similar patterns.  

 
 

 
Figure 5.2. LC3 II is induced by TCDD treatment in primary human keratinocytes. 
Primary keratinocytes were treated with vehicle or concentrations of TCDD as indicated. 
Samples were lysed and Western blotting performed. The Western blot is 
representative of data from one donor with these specific doses, but LC3 levels were 
observed in 3 separate doors at different concentrations. 
 

5.2.2 The effects of AhR activation on p62 degradation 

The effect of TCDD- or ITE-induced AhR activation on p62 (combined with the effects 

observed on LC3 II) provides evidence that AhR activation results in autophagy ( 

Figure 5.3 left and right columns). However, the effect of β-NF-induced AhR activation 

on p62 (Figure 5.3 middle column) indicates the blocking of autophagy. These data 

demonstrate the importance of using multiple readouts of autophagy in one system. 

Taking into consideration both the LC3 II induction results and p62 degradation results, 
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it shows that TCDD and ITE induced levels of LC3 II and induced degradation of p62, 

suggesting that TCDD and ITE induced autophagy in keratinocytes. β-NF induced 

levels of LC3 II but also induced higher levels of p62, suggesting these results indicate 

that the proteins are accumulating due to blocked autophagy and autophagic 

degradation. 

 

5.2.3 The correlation of p62 and LC3 II  

As stated above, autophagy is a complex process to measure by static assays. 

Induction of LC3 II may not relate to increased active autophagy, but could indicate 

autophagic block. p62, a protein involved in and degraded by autophagy, can be used 

as a secondary marker to LC3 II to indicate active autophagic degradation. As explained 

at the start of the chapter, I ran Western blots with lysates from primary keratinocytes 

treated with TCDD, β-NF or ITE. Blots were probed for both LC3 II and p62 and bands 

were measured by densitometry; densitometry for LC3 II represents 3 donors, while p62 

only represents 1-3 donors because of time constraints, statistical analysis was 

therefore not carried out. Images of bands from Western blots presented together for 

each treatment are from the same blot.  

5.2.3.1 TCDD 

As shown in Figure 5.3 and Figure 5.4, TCDD induced dose dependent p62 degradation 

from day 2 to day 8 (Appendix J and Appendix K show TCDD-induced degradation 

occurred at all time points assayed). Figure 5.4 shows that TCDD induced LC3 II levels 

maximally at day 8 (Appendix J shows that LC3 II was not induced by TCDD at day 4 

but LC3 II levels were induced by TCDD at day 6 - Appendix K). 

 

The complete time course data in Appendix K shows rough correlation of LC3 II 

induction and p62 degradation. This is consistent with the hypothesis that TCDD 

activates autophagy, increasing LC3 II levels as numbers of autophagasomes increase, 

leading to an autophagy-dependent degradation of p62. 

 

p62 and AhR degradation correlated well with each other as well as with increased 

TCDD concentration. This is an interesting observation because as discussed by Kraft 

et al., degradation of material by the 26s proteasome (like AhR (Song and Pollenz, 

2002)) is closely linked to autophagic degradation, the mechanism of p62 degradation 

(Jaakkola and Pursiheimo, 2009; Kraft et al., 2010).   
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In densitometry from pooled donors, TCDD reliably caused degradation of p62, 

although sample size was small. LC3 II was increased at days 6 and 8 most effectively 

by 0.5nM TCDD (Figure 5.4 and Appendix K). Two-way ANOVA was performed to 

compare vehicle to TCDD and duration of incubation on LC3 II expression. The data 

were not significant, but the overall results (decreased p62 and increased LC3 II) were 

consistent between donors but time and dose responses varied, causing pooled data to 

mask the individual effects and patterns of flux that was caused by autophagy (Huang et 

al., 2010).   

 

This would suggest that there is another variable affecting the time responses and 

autophagic flux seen at each time point, for example the time that the cells have spent 

in cell culture, the age of the donor (effecting levels of proliferation), or the cell cycle 

(TCDD increased the number of cells in G1/G0 phase (Loertscher et al., 2001a; Ray 

and Swanson, 2003)). 

 

Despite only showing preliminary p62 data, taken together with LC3 II this suggests 

convincingly that TCDD induces active autophagy.  

5.2.3.2 β-NF 

 

Figure 5.3 and Figure 5.4 shows the effect of β-NF treatment on p62 and LC3 II 

expression in primary keratinocytes at 2 and 8 days. As with TCDD, the number of 

donor replicates for p62 is between 1 and 3 donors and therefore no statistical analysis 

was carried out. 15µM β-NF induced LC3 II at days 2 and 4 ( 

Figure 5.3 and Appendix L), but p62 levels were also increased at these time points. 

Increased LC3 II and p62 levels did not correlate with AhR degradation. 

 

Densitometry pooled from 3 donors (Figure 5.3, Figure 5.4, Appendix L and Appendix M 

B.ii.) showed a dose dependent increase in LC3 II at days 2, 4 and 6 and an increase at 

day 8, suggesting that β-NF induced active autophagy. However when compared to the 

increase in p62 at days 2, 4 and slightly at days 6, this suggests accumulation of both 

LC3 II and p62 resulting from blocked autophagy. This represents data from only 1-3 

donors, therefore further experiments are required to confirm this. 
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LC3 II induction didn‟t correlate well with AhR degradation; at day 6, AhR appeared 

degraded maximally but only slight LC3 II was induced by 15µM β-NF. At days 2 and 8, 

high levels of LC3 II were induced by one dose of β-NF and not the other (15µM βNF 

induced LC3 at day 2, 3µM β-NF induced LC3 at day 8) and AhR degradation did not 

correlate with up regulated LC3 II. 

 

Two-way ANOVA was performed to compare vehicle to β-NF treated cells at each time 

point. β-NF induced a significant increase in LC3 II across time points (P <0.004) and 

duration of incubation also had a significant effect on LC3 II expression in β-NF treated 

samples (P <0.04). The interaction between β-NF and duration of incubation were not 

significant. 

5.2.3.3 ITE 

 
Figure 5.3 and Figure 5.4 shows keratinocytes treated with vehicle or concentrations of 

ITE as indicated for 2 and 8 days (full time course is shown in Appendix N and 

Appendix O). As shown in β-NF treated samples, levels of increased LC3 II did not 

correlate completely with AhR degradation; days 4 and 6 show equal AhR degradation 

to day 2 but little LC3 I or II was induced.  

Levels of p62 did not show much variation, although in vehicle treated samples (where 

levels of p62 should be relatively high), especially at days 2 and 4 (Appendix N), the 

basal levels of p62 were not high.  Despite this, p62 degradation occurred at day 8. AhR 

and p62 levels did not correlate well, AhR degradation occurred at days 2, 4 and 6 with 

no or little effect on p62. 

  
Figure 5.3 and Figure 5.4 shows increased LC3 II levels by ITE treatment at days 2 and 

8. Appendix O shows that increased LC3 II levels occurred at day 8 only, but as 

previously stated, even though ITE induced LC3 II levels were consistent between 

donors, time and dose dependency varied. Interestingly, Appendix N and Appendix O 

shows ITE-independent variation in LC3 II levels in vehicle treated samples, suggesting 

basal autophagic flux between days (as described in (Shvets and Elazar, 2009)). 

Densitometry for p62 staining at days 2 and 4 is only representative of one donor, but 

days 6 and 8 are representative of 2 donors. Results demonstrate p62 expression was 

slightly decreased at days 6 and 8 with 5µM ITE, but the increase shown at day 4 is not 

convincing, this data only represents one donor and the actual increase of p62 on the 

blot is not high (Appendix N and Appendix O). 
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Two-way ANOVA was performed to compare vehicle to ITE treated cells at each time 

point. Duration of incubation also had a significant effect on LC3 II expression in ITE 

treated samples (P <0.04). The interaction between β-NF and duration of incubation 

were not significant. Overall, the increase in LC3 II at day 8 and decrease in p62 at days 

6 and 8 were convincing, suggesting that ITE induced active autophagy. 

 

To summarise these results, all AhR agonists (TCDD, β-NF and ITE) induced LC3 II to 

a high level, while p62 was degraded by TCDD and ITE (day 8 only) and increased by 

β-NF treatment. Patterns of LC3 II induction and p62 degradation in regards to dose 

and time point varied across agonist and donor, but all donors showed an increase in 

LC3 II. Some LC3 I induction occurred too, but LC3 II measurements alone are not 

enough to conclude the cause, for example an increase in autophagy overall, 

transcriptional up-regulation or autophagic block. This will be discussed later in the 

chapter.  
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Figure 5.3. Comparison of the effects of TCDD, β-NF and ITE on p62 and LC3 II at 
day 2. Primary keratinocytes were treated for 2 days with vehicle or concentrations of 
TCDD, β-NF or ITE as indicated. Samples were lysed and Western blotting performed 
(A). Densitometry was carried out on Western blots probed for B.i.) anti-p62 and B.ii.) 
anti-LC3 antibodies normalised to β-actin. Statistical analysis was performed as 
described in Figure 5.4. 
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Figure 5.4. Comparison of the effects of TCDD, β-NF and ITE on p62 and LC3 II at 
day 8. Primary keratinocytes were treated for up to 8 days with TCDD, β-NF or ITE as 
indicated. Samples were lysed and Western blotting performed (A). Densitometry was 
carried out on blots probed with B.i.) anti-p62 and B.ii.) anti-LC3 antibodies normalised 
to β-actin. B.i) No STATS have been carried out on p62 due to small sample size (n = 
2/3 donors days 2 and 4, n = 1/2 donors days 6 and 8). B.ii.) 2-way ANOVA was 
performed comparing vehicle to ligand at each time point, results were not significant for 
TCDD treated samples. β-NF and time induced significant effects (P < 0.004 and P 
<0.04 respectively). ITE: Time had a significant effect, increasing LC3 II response to ITE 
treatment (P <0.04). LC3 II densitometry is representative of mean ± sem from 3 
donors. 
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5.2.4 Effects of α-NF on AhR induced autophagy  

5.2.4.1 α-NF 

α-NF is a partial AhR agonist and can therefore activate AhR at low concentrations and 

inhibit AhR activation at high concentrations, as demonstrated in the previous chapter 

by transcriptional activation (Figure 3.14) and CYP1A1 induction or AhR degradation 

(Figure 3.15 and Figure 3.16). As TCDD and ITE induced active autophagy in 

keratinocytes (shown in this chapter) we looked at the potential of partial agonist α-NF 

to induce autophagy by induction of LC3 II and degradation of p62 (Figure 5.5 and 

Figure 5.6). α-NF decreased levels of p62 at days 6 and 8 (Appendix P), the later time 

points that agonist-induced AhR effects on protein levels have been shown previously 

(Figure 3.15 and Figure 3.16). At days 6 and 8 α-NF also exhibited mild AhR agonistic 

effects on AhR degradation and CYP1A1 induction α-NF treatment resulted in slight 

degradation of LC3 II at days 4, 6 and 8, and day 2 was the only time point to show 

increased LC3 II (Appendix P). p62 was increased at days 2 and 4, but decreased at 

days 6 and 8. These results suggest that 10µM α-NF at day 2 could induce autophagic 

block (accumulated LC3 II and p62 caused by blocked autophagic degradation) but p62 

was more consistently decreased at days 4, 6 and 8 which seems a more convincing 

result. Densitometry is only representative of 1 donor in Figure 5.5 and Figure 5.6, so 

more replicates are required to draw a solid conclusion from this.  

 

The effects of α-NF and time on LC3 II levels were analysed by 2-way ANOVA, 

comparing vehicle to α-NF concentration at each time point. These results were not 

significant, suggesting that 5 and 10 µM α-NF had little direct agonistic effect on the 

AhR compared to full AhR agonists inducing LC3 II and degrading p62 in a correlated 

and time dependent manner (section 5.2.4). Considering the previously shown low 

levels of α-NF-dependent AhR activation (Figure 3.13, Figure 3.15 and Figure 3.16) it 

seems reasonable to conclude that α-NF induced low levels of autophagy at days 6 and 

8. 

 

We therefore proceeded to utilise α-NF as a potential AhR antagonist to examine the 

AhR dependence of the TCDD, β-NF and ITE induced effects on autophagy, 

considering the low levels of AhR and autophagic activation induced by α-NF. 
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5.2.4.2 TCDD 

 

Figure 5.5 and Figure 5.6 show primary keratinocytes treated with vehicle or 

concentrations of TCDD ± α-NF for 2 and 8 days. As shown in Appendix J and 

Appendix K, TCDD induced levels of LC3 II at days 6 and 8 and degraded p62 at all 

time points. Chapter 3 showed that TCDD-induced AhR activation was inhibited 

consistently over time and dose (in all donors) by α-NF (Figure 3.15 and Figure 3.16). 

To test whether TCDD- induced LC3 II and degraded p62 were AhR dependent, the 

inhibitory effects of partial AhR agonist α-NF on TCDD-dependent AhR activation were 

thus evaluated. 

 

At early time points (day 2), TCDD did not induce LC3 II and only induced low levels of 

p62 degradation (Figure 5.5). α-NF co-treatment appeared to either have no effect on or 

increase p62 levels. Most marked increase of p62 occurred with 10nM TCDD plus 5 or 

10µM α-NF, but α-NF did not block TCDD-induced degradation of p62. Co-treatment 

with α-NF appeared to cause a decrease in LC3 II expression except at day 4 where 

LC3 II was increased by 10nM TCDD plus 10µM α-NF, equating to inhibited AhR 

activation (Appendix J), although these effects were small. Taking this into 

consideration, α-NF in combination with TCDD appeared to block autophagy at days 2 

and 4.  

 

At days 6 and 8 p62 levels appeared to be increased by co-treatment with α-NF and 

TCDD compared to either agent alone (Appendix K). Interestingly, co-treatment with α-

NF and TCDD resulted in higher p62 levels than basal levels in vehicle treated samples. 

This could suggest that α-NF blocks autophagy. On the other hand, addition of α-NF 

appeared to block TCDD-induced increase in LC3 II protein levels. This data is 

confusing and as there were some signs that α-NF blocked autophagy, further studies 

are needed to clarify the effects of co-treatment with α-NF and TCDD on autophagy. 

 

Two-way ANOVA was performed to compare TCDD treated cells with cells co-treated 

with TCDD and α-NF at each time point. In cells treated with 5nM TCDD, α-NF induced 

significant down-regulation of LC3 II (P < 0.02). The interaction between time and α-NF 

were not significant. Analysis was not carried out on p62 due to small sample size. 
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5.2.4.3 β-NF 

Surprisingly, β-NF was shown to increase levels of both LC3 II and p62, indicating 

inhibition of autophagy. Figure 5.3 and Figure 5.4 showed that β-NF treatment induced 

higher levels of p62 at both early and late time points, along with an increase in LC3 II 

at each time point that correlated well with increased p62 (for the complete time course 

see Appendix L and Appendix M). In the previous chapter, I showed that α-NF inhibited 

β-NF-induced transcriptional activation (Figure 3.14), but α-NF exacerbated β-NF-

induced AhR activation by AhR degradation and CYP1A1 induction (Figure 3.15 and 

Figure 3.16). 

 

Figure 5.5 and Figure 5.6 shows that the effects of α-NF on β-NF-blocked autophagy 

were transient; p62 levels were variably effected at days 2 and 4, with an increase 

induced by α-NF at day 2 by 15µM β-NF. 15µM β-NF plus α-NF at days 2 and 4 showed 

down-regulation of p62, suggesting an inhibition of blocked autophagy by α-NF co-

treatment, p62 levels were not decreased to basal levels (vehicle), so activation of 

autophagy was not the case. This did not correlate with α-NF-dependent increase in 

LC3 II though, at days 2 and 4 treatment with 15µM β-NF plus α-NF induced down-

regulation of LC3 II.  

 

These results are difficult to interpret; p62 down-regulation with α-NF/β-NF co-treatment 

suggests that additional treatment with α-NF caused activated autophagy as opposed to 

the autophagic block induced by β-NF alone. But at the time points and dose 

combinations that induced p62 degradation, LC3 II levels were also decreased, which 

suggested inhibition of β-NF induced autophagic block, but no induced active 

autophagy. This raises the possibility that even though β-NF differentially blocked 

autophagy (as opposed to TCDD and ITE‟s induced autophagy), it was AhR-dependent 

and could be inhibited by α-NF. 

 

At day 8 (Figure 5.6), the effects of α-NF on p62 again were varied. α-NF either 

increased or did not affect LC3 II, exacerbating the β-NF-dependent autophagic block. 

The effects of time and co-treatment with β-NF and α-NF on LC3 II levels were 

analysed by 2-way ANOVA, comparing ligand treated samples to α-NF co-treatment 

and time. Time had a significant effect on the effects of co-treatment by β-NF and α-NF 

(* P <0.02) (Appendix L and Appendix M), consistent with the expected time points for 

AhR-dependent effects. These effects were varied in donors, with each donor showing 
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mixed effects of increased/decreased LC3 II and p62 over time. α-NF could either be 

inhibiting β-NF-dependent autophagic block or inducing further autophagic block, but it 

did not induce autophagy, which was its effect (although low) alone. 

 

Two-way ANOVA was performed to compare β-NF treated cells with cells co-treated 

with β-NF and α-NF at each time point. In cells treated with 15µM β-NF, duration of 

incubation induced significant effects on LC3 II (P < 0.02). The interaction between time 

and α-NF were not significant. Analysis was not carried out on p62 due to small sample 

size. 

5.2.4.4 ITE 

Results from this chapter demonstrate that ITE induced autophagy at day 8 by 

increased LC3 II and decreased p62 (Figure 5.4). In the previous chapters I showed 

that α-NF did not block ITE-induced AhR activation, but exacerbated it, inducing further 

AhR degradation and CYP1A1 activation than ITE alone (Figure 3.15 and Figure 3.16).  

 

Figure 5.5 shows that p62 was increased at day 2 (and day 4 - Appendix N) by co-

treatment with ITE plus α-NF. ITE appeared to induce up-regulation of p62 alone, but 

the changes were on a very small scale. This suggests that the combination of ITE plus 

α-NF may result in a block of autophagy.  LC3 II was slightly up regulated by ITE plus α-

NF treatment at day 2, which would suggest blocked autophagy. Considering the 

increased AhR activation in chapter 3 with combined treatment of ITE and α-NF, this 

would suggest that induced AhR activation by combined ITE and α-NF may induce 

autophagy. 

 

Figure 5.5 and Figure 5.6 shows that p62 levels were increased by combined treatment 

of α-NF plus ITE. This suggests decreased autophagy (and correlates with LC3 II 

levels), which would in turn suggest AhR inhibition, presuming AhR activation resulted 

in induction of autophagy. However, this would not correlate with the AhR bands, both 

AhR and LC3 I and II were decreased in α-NF treated samples, suggesting active AhR 

and decreased autophagy. p62 correlated well with LC3 II, indicating that autophagy 

was activated in this case. The pattern of response in the donor shown in the Western 

blot is strong, and exerted a definite pattern of decreased LC3 II by α-NF treatment 

which correlates with p62 and AhR, suggesting that this was a true pattern of response 

in this donor. This response varied between donors and therefore as suggested 
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previously, pooled densitometry does not represent the pattern of effects of treatment 

well. p62 and LC3 II did not correlate well, demonstrating the variability of α-NF 

treatment. Because of this, the pooled effects of combined α-NF and ITE on LC3 II were 

varied, day 8 showed induction of higher levels of LC3 II by 1µM ITE plus 5µM α-NF, 

but lower levels were induced by 1µM ITE plus 10µM α-NF and 5µM ITE plus 5/10µM α-

NF. 

 

Again this data is difficult to interpret, showing a combination of possible blocked 

autophagy and inhibited activation of autophagy. p62 levels were increased and 

correlated with down-regulation of LC3 II, suggesting that combined ITE and α-NF 

resulted in inhibition of autophagic activation during AhR activation. But p62 levels in α-

NF treated samples were far higher than vehicle suggesting blocked autophagy, which 

as LC3 II levels were not consistently down regulated by α-NF, cannot be ruled out. 

 

These data were analysed by 2 way ANOVA, but were not significant. As explained 

above, robust patterns of effects in each donor could be masked by pooling data from 

donors. 

5.2.4.5 Summary 

 
 Figure 5.5 and Figure 5.6 show that co-treatment with TCDD and α-NF induced 

variable effects on autophagy, and because of increased p62, possibly induced 

autophagic block.  β-NF induced autophagic block and that in combination with α-NF 

induced further AhR activity (shown by CYP1A1 induction and AhR degradation in 

chapter 3) exacerbating the AhR-dependent effects of β-NF and blocking autophagy 

further. Like β-NF, ITE-induced AhR activation was shown to be exacerbated by α-NF in 

chapter 3, but like TCDD, ITE-dependent AhR activation was shown in this chapter to 

induce active autophagy. The effect of co-treatment with ITE plus α-NF resulted in 

exacerbated AhR activation that possibly caused autophagic block. As indicated by β-

NF compared to TCDD, AhR activation can possibly either induce or block active 

autophagy. 

 

Figure 5.5 and Figure 5.6 A showed that α-NF alone induced low levels of autophagy at 

days 4, 6 and 8 by p62 degradation but only induced LC3 II at day 2. This increase in 

LC3 II correlated with induction of higher levels of p62. This suggests α-NF dependent 

autophagic block. If α-NF could induce autophagic block, then this may be a causative 
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factor of the effects of co-treatment with ligands and α-NF also inducing a possible 

autophagic block. It would be interesting to test the potential of α-NF on activation of 

autophagy further. If the autophagic block shown at day 2 in Figure 5.5 was a to be a 

true result, we could hypothesise that flavone-dependent AhR activation blocked 

autophagy directly opposing TCDD- and ITE- dependent induction of active autophagy. 

Autophagic flux assays (described later in the chapter) could be used for α-NF ± TCDD, 

β-NF or ITE to show resulting increased or blocked autophagy and another AhR 

antagonist could be utilised in LC3 induction/p62 degradation assays to confirm whether 

AhR-dependently blocked autophagy was flavone specific or a result of inhibition of 

AhR-dependent TCDD-induced autophagy.  

 

As described at the start of the chapter, autophagy is a dynamic process that is difficult 

to measure by static biomarkers. These data provide a good indication of the effect that 

AhR agonists TCDD, β-NF and ITE have on autophagy (more so in clearly defined cut 

cases such as TCDD), but to define the effects of β-NF and ITE on autophagy and the 

mechanisms behind this, more experiments are required. I hypothesise that AhR 

activation by TCDD and ITE may activate autophagy and that this contributes to the 

phenotype observed in epidermal equivalents. 
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Figure 5.5. The effects of co-treatment with TCDD, β-NF or ITE plus α-NF on autophagy in primary keratinocytes. Primary 
keratinocytes were treated with vehicle or ligand ± α-NF as indicated. After 2 days cells were lysed and Western blotting performed (A). 
Densitometry was performed on Western blots probed with B.i) p62 and B.ii) LC3 II. Black bars represent vehicle treated keratinocytes, plain 
bars indicating ligand alone and hatching on bars indicates co-treatment of keratinocytes with α-NF. Densitometry from LC3 II and p62 was 
normalised to β-actin. B.i.) Values are represented as mean ODU from 1-3 donors. No analysis was performed on p62 due to low sample size. 
Statistical analysis is included in Figure 5.6. 
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Figure 5.6 The effects of co-treatment with TCDD, β-NF or ITE plus α-NF on autophagy in primary keratinocytes. Primary keratinocytes 
were treated with vehicle or ligand ± α-NF as indicated. After 8 days cells were lysed and Western blotting performed (A). Densitometry was 
performed on Western blots probed with B.i) p62 and B.ii) LC3 II. Black bars represent vehicle treated keratinocytes, plain bars indicating 
ligand alone and hatching on bars indicates co-treatment of keratinocytes with α-NF. Densitometry from LC3 II and p62 was normalised to β-
actin. B.i.) Values are represented as mean ODU from 1-3 donors. No analysis was performed on p62 due to low sample size. Two-way 
ANOVA was used to compare the effects of ligand treatment with α-NF and time. TCDD: α-NF had a significant effect on LC3 II (P =0.002), β-
NF: Time had a significant effect on the effects of β-NF/α-NF on LC3 II. In ITE treated cells, neither ITE, α-NF nor time had a significant effect 
on LC3 II.  
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5.2.5 The effects of autophagic block on LC3 II and p62 

 

To address the potential involvement of autophagic block induced by TCDD, β-NF or 

ITE causing up-regulation of LC3 II and p62, primary keratinocytes were treated with 

bafilomycin A1, a compound which blocks autophagy by inhibiting the fusion of 

lysosomes to the autophagasome by inhibiting ATPase which mediates acidification of 

the lysosomes upon which lysosome-autophagasome fusion is dependent (see Figure 

5.7) (Lukacs et al., 1990). As shown in Figure 5.6, LC3 II and p62 expression were 

determined by Western blots and densitometry. Treatment with Bafilomycin A1 resulted 

in blocked autophagy which allowed an accumulation of LC3 I and II. If a compound 

induced active autophagy, the combination of compound plus Bafilomycin A1 would 

result in increased levels of LC3 I and II equalling the combination of LC3 I and II 

induced by the compound and bafilomycin A1. However, if the compound blocked 

autophagy, bafilomycin A1 co-treatment would induce no further LC3 I and II because it 

has already all accumulated. 

 

As expected, bafilomycin A1 treatment alone caused up-regulation of LC3 I and II, and 

increased levels of p62 (Carew et al., 2011)(Figure 5.7). TCDD alone induced LC3 II 

protein levels (the relatively low expression levels seen here may relate to Western blot 

development to allow visualisation of high levels seen in bafilomycin A1 treated 

samples), but after co-treatment of TCDD and bafilomycin A1, an accumulative effect 

was seen (although slight), suggesting that TCDD induced active autophagy (Figure 

5.7).  

 

β-NF and ITE did not visibly induce LC3 I or II alone, so co-treatment with bafilomycin 

A1 only resulted in levels equal to that induced by bafilomycin A1 alone. Therefore the 

presence or absence of autophagic block in these samples cannot be determined. p62 

levels in all bafilomycin A1 treated samples (alone or co treated with ligand) were high 

as expected, as bafilomycin A1 induced autophagic block which inhibited degradation of 

p62 as well. p62 levels were slightly reduced by TCDD treatment (as in Figure 5.3 and 

Figure 5.4) but expression in samples treated with β-NF or ITE alone did not appear 

lower than vehicle treated samples. In Figure 5.3 and Figure 5.4, TCDD and ITE 

treatment induced p62 degradation to levels lower than those in vehicle. Inhibition of 

TCDD- or ITE-dependent p62 degradation by α-NF resulted in p62 levels being equal to 
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or higher than vehicle in many cases (Figure 5.5 and Figure 5.6). The lack of LC3 II 

induction by ligand alone could be caused by the short time point used, data shown in 

Figure 5.7 is at day 2, whereas the figures in the chapter showing AhR-dependent 

effects on autophagy are at days 6 and 8 (Figure 5.3 and Figure 5.4). No statistical 

analysis was performed because data from only 2 donors was used. 

 

Pepstatin A, an inhibitor for aspartic protease Cathepsin D, was included in Figure 5.7 

to test the effects of CTSD inhibition CTSD protein levels by Western blot. The effect of 

pepstatin A on CTSD protein levels is discussed in the next chapter. 
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Figure 5.7. Bafilomycin A1 induced levels of LC3 II and p62 in primary 
keratinocytes. Primary keratinocytes were treated with vehicle, 10nM TCDD, 15µM β-
NF or 1µM ITE ± 10nM bafilomycin A1, or Bafilomycin A1 alone. After 2 days cells were 
lysed and Western blotting performed. Blots were probed with anti-p62, anti-LC3 
antibodies and β-actin as a loading control. A) Western blot is representative of blots 
from 2 donors. B) Densitometry is shown as mean average from 2 donors, normalised 
to β-actin and presented as optical densitometry units. No statistical analysis was 
performed due to small sample size. 
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5.2.6 Active autophagy in epidermal equivalents  

 

As described at the start of this chapter and in the introduction, autophagy is a complex 

and dynamic process involving the formation of autophagasomes, before fusion with 

lysosomes. Because of the characteristic double membrane formed during maturation 

(indicated in Figure 5.1) to contain proteins and organelles for degradation during active 

autophagy, the process can be visualised by following the formation of the 

autophagosome and its degradation of cellular organelles. Transmission EM (EM) is the 

ideal tool to do this because of its clarity of images at high magnification (Eskelinen, 

2005). EM is commonly used to look for autophagy in tissues (Carew et al., 2011; 

Eskelinen, 2005; Gunzel et al., 1991)  and it has also been used to validate the 

epidermal equivalent model itself (Ponec et al., 2000). As shown throughout this chapter 

by Western blot, static measurements of autophagic biomarkers LC3 II and p62 can 

produce misleading or difficult to interpret results. For example, increases in LC3 II 

levels can indicate either an increase in active autophagy (as opposed to basal 

autophagy) or blocked autophagy but measurements of autophagic flux show the 

increased frequency of LC3 I to II conversion and their degradation, providing a real 

time measurement of the increased turnover of autophagy. One flux assay uses an 

mRFP-GFP-LC3 construct to follow autophagasome maturation. The progress of LC3 I 

to LC3 II conversion as it is recruited to the autophagasome is followed by the 

accumulation of green and red puncta before association with the acidic autolysosome 

which quenches the GFP, leaving only RFP and indicating maturation of the 

autolysosome (Kimura et al., 2007). This protocol was under development in Dr Lovat‟s 

group during this project, but due to time constraints it was not possible to develop any 

data for this project.  

 

EM indicates active autophagy mainly by the presence of vacuoles and increased 

numbers of double membraned autophagic vacuoles (the more general term 

“autophagic vacuole” is often used in regard to microscopy because of the difficulty 

associated with identifying the stage of maturation of the organelle), low levels of 

autophagic vacuoles are present in most samples because of its basal role in cells. 

Because of the “gold standard” status of autophagy identified by EM (Carew et al., 

2011; Eskelinen, 2005) and the well characterised EM in human skin and epidermal 

equivalents (Gunzel et al., 1991; Ponec et al., 2000), EM proved the ideal process to 
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understand levels of active autophagy in our TCDD, β-NF and ITE treated epidermal 

equivalents. 

 

Epidermal equivalents were cultured as described in materials and methods and treated 

with vehice,10nM TCDD, 15µM β-NF or 1µM ITE for 7 days. Epidermal equivalents 

were harvested and fixed in 2.5% glutaraldehyde in 0.1M Sodium cacodylate solution. 

EM was performed at AstraZeneca, Macclesfield with the help of Simon Brocklehurst. At 

low magnification (~x3000), images spanned the whole section from polycarbonate 

membrane (marked with a black line) to stratum corneum (σ) (Figure 5.8 and Figure 5.9, 

A and B). The vehicle treated sample (Figure 5.8 A) showed well characterised VCL, 

including the rounded columnar basal cells, then flattening out in the lower and upper 

spinous layers. A degree of spongiosis was present in the vehicle treated sample 

(Figure 5.8 A, white arrows) however this has been observed commonly in validated 

epidermal equivalents previously by Ponec et al (Ponec et al., 2000). Keratin fibres 

formed visible clusters in the spinous layer (keratins are present in all layers: K5/K14 

basal; K1/K10 suprabasal) and cells became enucleated and flattened further as they 

reached the granular layer. At higher magnification (x100,000), cellular structures were 

present, including groups of lamellar bodies at the upper spinous/granular membranes 

with their characteristic lamellar contents visible (Figure 5.10 A and B and Figure 5.11) 

and well formed keratohyalin granules were present in the granular layer (Figure 5.11). 

Terminal differentiation in the granular layer was impressively defined (Figure 5.10 C 

and Figure 5.11), with fusion of lamellar bodies to the cell membranes and their 

extrusion of lamellar structures into the extracellular areas of the stratum corneum also 

visible (Figure 5.10 C and D). These images help to validate the presence of well 

formed and complete differentiation process in the epidermal equivalent model. Ponec 

et al validated the barrier function in commercially available epidermal equivalents, 

explaining these features further and offering a comparison between commercially 

available epidermal equivalents and models grown in the lab (Ponec et al., 2000). 

 

Examining the treated epidermal equivalents was equally as interesting; an obvious 

observation was the high numbers of vacuoles present in TCDD treated epidermal 

equivalents (Figure 5.8, B). Low numbers were present in vehicle treated samples 

(Figure 5.8 A) consistent with autophagy being a survival pathway present basally in all 

cells. β-NF (Figure 5.9 A) and ITE (Figure 5.9 B) treated samples had relatively low 

numbers of vacuoles, but these were higher in number than basal levels. Vacuolation is 
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commonly a characteristic of apoptosis, but it is known to be present in autophagy. As 

described in the introduction, this is hypothesised to either represent a connection 

between autophagy and apoptosis or be a sign of autophagy induced cell death, by 

inducing such high levels of degradation that the cell dies (Gonzalez-Polo et al., 2005).  

 

Mitochondria are a common target for autophagy (mitophagy), and autophagic vacuoles 

are often in close proximity to mitochondria in the same areas in the cell (Wang et al., 

2011). Intact mitochondria were present in all samples, suggesting mitophagy was not 

activated by these AhR agonists (Figure 5.8 A.i. and Figure 5.9 A.i). High numbers of 

early (Figure 5.8 B.i.) and late degradative (Figure 5.8 B.ii.) autophagic vacuoles (*) 

were seen in TCDD treated samples, showing high levels of organisation. ITE treated 

samples contained evidence of active autophagy (early autophagic vacuoles, Figure 5.9 

B.i.) higher than basal levels but less than TCDD. 
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Figure 5.8. Characteristic signs of autophagy in TCDD treated epidermal 
equivalents. Epidermal equivalents were treated with A) vehicle or B) 10nM TCDD. 
After 7 days, equivalents were fixed in 2.5% glutaraldehyde in 0.1M Sodium cacodylate 
solution. Transmission electron microscopy was performed on a JEOL JEM-1400 
electron microscope. Top panels show low magnification (A - x3000, B – x6000) 
epidermal equivalent sections from polycarbonate membrane (black line) to stratum 
corneum (A) or spinous layer (B). Black arrow heads indicate vacuolisation; white 
arrows indicate spongiosis;  # indicate intact mitochondria; * indicate early (B.i.) and late 
degradative (B.ii.) autophagic vacuoles. 
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Figure 5.9. ITE induced low levels of active autophagy in epidermal equivalents. 
Epidermal equivalents were treated with A) 15µM β-NF or B) 1µM ITE. After 7 days, 
equivalents were fixed in 2.5% glutaraldehyde in 0.1M Sodium cacodylate solution. 
Transmission electron microscopy was performed on a JEOL JEM-1400 electron 
microscope. Top panel shows low magnification (x4000) epidermal equivalent section 
from polycarbonate membrane (black line) to stratum corneum. Black arrow heads 
indicate vacuolisation; white arrows indicate spongiosis, # indicates intact mitochondria 
(A.i.); * indicates autophagic vacuoles (B.i). 
 

Lamellar bodies are organelles found in the epidermis (and other cornified epithelia - 

similar organelles also in lung where secrete surfactant) containing lipids and their 

processing enzymes required for barrier function (described in more detail in 

section1.2.1 and (Raymond et al., 2008). Like lysosomes, they contain proteases 

(including Cathepsin D) and protease inhibitors, but instead of expressing LAMP-1 like 
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lysosomes, they express caveolin, a cholesterol scaffold protein, which facilitates 

formation of lipid rafts (Fartasch, 2004; Raymond et al., 2008). Empty, misformed or low 

numbers of lamellar bodies can contribute to diseased states such as ichthyoses, where 

barrier function is compromised and stratum corneum can become compacted causing 

scaling and inflexibility of the epidermis (Ponec et al., 2000; Rizzo et al., 2010). 

 

The only certain identification of lamellar bodies is through EM, where the membrane 

bound organelle can be identified by its characteristic lamellar contents (Figure 5.10 

B)(Rassner et al., 1999). Expression is normally in the upper spinous/granular layer of 

the epidermis and from here the organelles move to the apical membrane of the 

outermost granular cell where it fuses to the membrane (Fartasch, 2004; Raymond et 

al., 2008)(Figure 5.10 C and D) causing deep invaginations in the membrane allowing 

its contents (mainly sphingolipids, cholesterol and acid hydrolases (Raymond et al., 

2008; Sando et al., 2003)) to be secreted into the junction of the granular and cornified 

cells. Processing enzymes convert lipids to form lamellar sheets in the intercellular 

spaces (these are visible by EM, Figure 5.10 D), contributing to the open basket weave 

phenotype. Ponec et al studied barrier function and formation of the cornified envelope 

in epidermal equivalents and comparable EM images showing detailed stratum 

corneum are included in the paper (Ponec et al., 2000). 

 

The addition of vitamin C to the epidermal equivalent culture allows the formation of 

lamellar bodies which are present in high numbers in vehicle treated samples (Figure 

5.11A). After TCDD treatment, this number appeared decreased (Figure 5.11 B), ITE 

treatment also appeared to decrease numbers of lamellar bodies (Figure 5.11 D) 

however β-NF did not (Figure 5.11 C). When we first considered the compacted stratum 

corneum phenotype in our TCDD treated epidermal equivalent cultures, we drew 

parallels with ichthyosis and Sjogren Larsson syndrome, which characteristically 

produces a compact and thickened stratum corneum. This is caused by a mutation in 

the ALDH3A2 gene which encodes for fatty aldehyde dehydrogenase and results in low 

and aberrant lipid metabolism. This causes lamellar bodies to be empty and causes a 

deficiency in lipids extruded into the stratum corneum, causing compaction and a 

deficient epidermal barrier. (Rizzo et al., 2010).  Therefore, a low number of lamellar 

bodies (resulting in lipid deficiency as in Sjogren Larsson syndrome) present in the 

TCDD treated epidermal equivalents could be a main contributing factor to the 

compacted stratum corneum phenotype. There are also reports of “lipophagy” in the 
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liver; autophagy targets and degrades fat droplets to efficiently produce high levels of 

energy (Singh et al., 2009b; Weidberg et al., 2009). Interestingly, we saw evidence in 

the TCDD treated epidermal equivalent cultures of targeted degradation of lamellar 

bodies (Figure 5.12 B), suggesting that autophagy may contribute to the observed 

decrease in lamellar bodies in TCDD and ITE treated epidermal equivalents, directly 

causing compacted stratum corneum.  

 

Decreased lamellar bodies caused by TCDD treatment have not been reported in the 

literature and targeted degradation of lamellar bodies by autophagy has not been either. 

These novel observations may be preliminary, but are very exciting. During this project, 

EM of epidermal equivalents from only one donor was performed. Further studies are 

required to confirm this observation. 
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Figure 5.10. Lamellar bodies fuse with membrane structures in the stratum 
corneum. Electron micrographs of epidermal equivalents treated with A/C) vehicle or 
B/D) 10nM TCDD for 7 days. A) Normal expression of lamellar bodies in vehicle treated 
sample. B) Characteristic structure seen by EM used to define lamellar bodies. C and 
D) Lamellar body contained lipids are secreted into the stratum corneum by fusion of 
lamellar bodies to membranes of cells in transition between granular and cornified 
layers. These structures can be seen contained in the stratum corneum in D. Black 
arrow heads represent the fusion of lamellar bodies with the membrane cornified layer. 
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Figure 5.11. TCDD and ITE treatment leads to decreased numbers of lamellar 
bodies in epidermal equivalents. Electron micrographs of epidermal equivalents 
treated with A) Vehicle, B) 10nM TCDD, C) 15µM β-NF or D) 1µM ITE for 7 days. A 
shows high numbers of lamellar bodies at the upper membrane of a cell of the upper 
spinous/granular layer. B/D) TCDD/ITE treatment appears to decrease numbers of 
lamellar bodies. Clusters of lamellar bodies become uneven. C) Numbers of lamellar 
bodies appear normal in β-NF treated cells, but clusters become uneven. Shaded area 
shows area shown at higher magnification. Arrows indicate keratohyalin granules, λ 
indicates clusters of lamellar bodies, σ indicates stratum corneum.  
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After observing the decreased numbers of lamellar bodies in TCDD-treated epidermal 

equivalents, I hypothesised that autophagy may cause this down-regulation. As 

demonstrated in the liver, autophagy targets fat droplets to release ATP in cells during 

starvation. I found evidence of targeted lamellar bodies in the electronmicrographs, as 

shown in Figure 5.12. Lamellar body-like structures  were observed within vacuoles in 

the granular layer (Figure 5.12 A) but more defined images were also found, showing 

double membraned autophagasomes apparently engulfing lamellar bodies (Figure 5.12 

B). To confirm this, further studies would have to be undertaken to repeat this in other 

donors, and also use a method of fixation specific for imaging lipid structures that would 

produce more defined images of lamellar bodies (Rassner et al., 1999; Raymond et al., 

2008). The white arrows indicate the electron dense cornified envelope, which is formed 

by TGM-1 activation crosslinking proteins including involucrin and filaggrin, which is vital 

for barrier function. This is characteristic in classification of diseases exerting 

hyperkeratinisation such as psoriasis and lamellar ichthyosis and is explained further in 

chapter 6 and the general discussion.  

 

 

 

Figure 5.12. Evidence of autophagy targeting lamellar bodies. Electron micrographs 
showing sections of epidermal equivalent treated for 7 days with 10nM TCDD. A) Black 
arrows indicate a possible vacuole containing a lamellar body. White arrows represent 
the electron dense areas of the cornified envelope formation where lamellar bodies 
visibly fuse with the membrane secreting their contents into the granular/cornified 
extracellular area. B) A double membrane autophagic vacuole engulfing a lamellar body 
(marked by the black box) characteristically marked with lamellar stripes. The 
autophagic vacuole possibly contains material for degradation. 
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Further observations have been made in the electronmicrographs; desmosomes appear 

to be reorganised in TCDD and ITE treated epidermal equivalents (Figure 5.13 A and 

B). In vehicle and β-NF treated samples the desmosomes run along the cell 

membranes in the viable cell layers, however in samples where autophagy is activated 

(including dithranol treated samples) the desmosomes become spindle like. Long 

intermediate filaments appear to stretch from the desmosomes into the cytoplasm of 

neighbouring cells. This has not been previously reported in the literature and the only 

diseased states seem to be connected to loss of desmosomes causing blistering 

phenotypes (described further in the introduction section 1.2.1) 

 
Figure 5.13. AhR activation causes desmosomal re-arrangement. Electron 
micrographs of epidermal equivalents treated with 10nM TCDD for 7 days. A) A 
nucleated cell in the upper spinous layer shows rearranged desmosomes that have 
turned perpendicular to the cell membrane and extended into the cytoplasm of the 
neighbouring cells . B) Higher magnification shows desmosomes along the cell 
membrane forming spindle like structures stretching into the cytoplasm of neighbouring 
cells.  
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5.3 Discussion 

5.3.1 Summary 

In this chapter I have shown novel data linking AhR activation to autophagy in 

keratinocyte monolayers and epidermal equivalents. Using classic biomarkers LC3 II, 

p62 and EM, I have shown TCDD and ITE to induce autophagy and in contrast, β-NF to 

block autophagy. I attempted to prove AhR dependence of autophagic induction, but α-

NF, the partial agonist used to inhibit AhR, showed signs of inducing blocked autophagy 

by treatment itself and in combination with all ligands. 

 

 TCDD 

0.5-10nM 

β-NF 

3/15µM 

ITE 

1/5µM 

α-NF alone 

5/10µM 

p62 

degradation 

+ + + 

D2-8 

- - -  

D2-8 

+ + + 

D6/8 

- / +  

Varied 

LC3 II 

induction 

+ + 

D6/8 

+ + + 

D2-8 

+ + 

D8 

+ / - 

D2 D4-8 

p62 

degradation + 

α-NF 

- - - 

D2-8 

+/- 

Varied 

- - 

D2-8 

 

LC3 II 

increase +    

α-NF 

- -  

D2-8 

+/- 

Varied 

+ 

D2/8 

 

EM + + + 0 + +  

 
Table 6. A summary of autophagic activation by AhR ligands and inhibition by co-
treatment with agonist plus α-NF. +/- indicates effect of treatment on level of AhR 
activation readout. Green figures represents autophagic activation, red figures represent 
autophagic inhibition. 
 

Autophagy has not been linked to the AhR in the literature so far. The induction of 

autophagy by TCDD and ITE and the possible blocking of autophagy by β-NF (and 

possibly α-NF) is novel (section 5.2.3). Electron micrographs of TCDD treated 

epidermal equivalents have been published previously (Loertscher et al., 2001b) but no 

connection to lamellar bodies or autophagy is reported or discussed. β-NF has not 

previously been linked to autophagy or its effects on the phenotype induced in 

epidermal equivalents. There are few publications on ITE and its use in epidermal 

equivalents and its effects on autophagy are also novel. The observations of decreased 
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numbers of lamellar bodies in TCDD treated epidermal equivalents and the evidence for 

their possible targeting by autophagy is also a novel observation, allowing us to make 

new and exciting hypotheses combining the role of autophagy in stratum corneum 

compaction (section 5.2.6). 

5.3.2 TCDD and ITE induce active autophagy but β-NF blocks autophagy  

 

LC3 alone is not a good autophagic marker because of the complex mechanisms 

involved in active autophagy. Here, it is paired with expression of p62 which together 

are indicative of the induction of active autophagy (described in detail in the introduction 

section1.5.1). Although p62 expression is taken to inversely correlate with active 

autophagy, it is also regulated by other factors, and this should be considered. As 

TCDD treated keratinocytes showed an inverse correlation between increased LC3 II 

and decreased p62 in an inverse dose response; as TCDD induced active autophagy, 

p62 was degraded more, indicating the induction of active autophagy (Figure 5.3 and 

Figure 5.4). This was confirmed by co-treatment with ligands and bafilomycin A1 and 

EM of TCDD-treated epidermal equivalents; Figure 5.8 shows TCDD induced 

vacuolation of epidermal equivalents and the presence of early and late autophagic 

vacuoles. As EM is the gold standard method of identifying the presence of active 

autophagy, this shows conclusive evidence that TCDD induced active autophagy in 

keratinocytes, which showed signs of cell death by the presence of increased 

autophagic vacuoles. 

 

β-NF induced both LC3 II and p62 (Figure 5.3 and Figure 5.4), suggesting a block in 

autophagy. LC3 II induction was present at day 2, which may possibly suggest an AhR-

independent, or differential AhR-dependent mechanism for β-NF induced effects on 

autophagy as most AhR dependent effects are seen at later time points, or that β-NF is 

a potent autophagic blocker. EM showed little evidence of autophagy, only a low 

number of vacuoles were present, similar to levels present in vehicle treated epidermal 

equivalents (Figure 5.9). From this we can conclude that β-NF does not induce 

autophagy, but may block it. Unfortunately, the bafilomycin A1 autophagy blocking 

assay that would have helped to confirm this result (Figure 5.7) did not provide 

conclusive data. 
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ITE up regulated LC3 II in a time and dose dependent manner while causing a slight 

decrease in levels of p62 at day 8, the time point associated with the protein effects of 

AhR activation (Figure 5.6 and Figure 5.4). The Bafilomycin A1 assay, as with β-NF, did 

not show conclusive results due to lack of LC3 II up-regulation and p62 down-regulation 

by ITE alone. EM showed increased vacuolation in ITE samples compared to vehicle 

treated samples and evidence of double membraned autophagic vacuoles (Figure 5.9), 

strongly suggested that ITE induced active autophagy. 

 

These data do not conclusively show the effects of β-NF or ITE on autophagy (although 

evidence for TCDD induced autophagy is robust). Autophagy is a dynamic process and 

is difficult to measure conclusively with static assays. Both Western blotting and EM are 

stationary measures of autophagy, and therefore do not show changes in flux. Despite 

the high status of EM in autophagic identification, it is still a static measurement at a set 

time point and therefore may miss the induction of autophagy at certain time points. We 

therefore cannot conclude from EM performed on β-NF or ITE treated samples that 

autophagy was not induced, only that it did not occur at that specific time point. The 

autophagic flux assay described in this chapter could be utilised to define the effects of 

β-NF and ITE on the increased or decreased levels of active autophagy, and to define 

the contribution of the AhR pathway in autophagy further using TCDD and genetic or 

pharmacological inhibition and intervention. By using confocal fixed or live cell imaging, 

the mRFP-GFP-LC3 construct can be transfected into cells and conversion of LC3 I to II 

and recruitment to the autophagasome and the autophagasome maturation can be 

followed. As described in section 5.1, the maturation of autophagasomes is represented 

by the colocalisation of green and red puncta before fusion of the autophagasome and 

lysosomes, which decreases the pH quenching the GFP signal and leaving RFP puncta 

marking mature autolysosomes (Armstrong et al., 2011; Kimura et al., 2007) and would 

be a useful method for future studies.  

5.3.3 Modulation of autophagy by α-NF 

 

As in chapter 3, the partial AhR agonist α-NF was used in co-treatment with ligands to 

modulate the AhR pathway and observe effects on autophagy (Figure 5.5 and Figure 

5.6). Treatment of primary keratinocytes with α-NF alone had little effect on LC3 II 

induction (levels appeared slightly lower but this was not significant) and slightly 

decreased p62 levels (Figure 5.5 and Figure 5.6). Previous papers have reported the 
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use of α-NF at concentrations that induced its own (minor) AhR agonistic effects, to 

inhibit AhR activation by TCDD (Gasiewicz, 1991). As the agonistic effects shown here 

are very minor (no LC3 II induction apart from at day 2), its use as an AhR antagonist 

would have been thought to be its main effect. However at day 2, α-NF did exert 

blocked-autophagy like effects, p62 and LC3 II induction. The first thing to consider here 

is that the densitometry and Western blot shown in Figure 5.5 and Figure 5.6 A are only 

representative of 1 donor and therefore require repeating to indicate any conclusive 

data. The second is that the induced LC3 II and p62 was at an early time point and as 

mentioned earlier, this is not the typical time point to observe AhR-dependent effects. 

The third is the possibility of α-NF inducing blocked autophagy. It is a flavone similar to 

β-NF (although they do exert different effects, for example β-NF quenches firefly 

luciferase activity while α-NF does not, see section 3.2.1.3) and it is possible that AhR-

dependently blocked autophagy could be a flavone specific trait. Considering all of 

these points, the effects of α-NF on autophagy and AhR activation are low but should 

be taken into consideration when studying the results involving co-treatment with α-NF 

and AhR agonists. 

 

Co-treatment of TCDD plus α-NF blocked LC3 II induction and consequent p62 

degradation, often with p62 levels recovering to higher levels than basal. This 

suggested that TCDD induced autophagy was AhR dependent, but also that α-NF may 

have autophagic blocking properties in co-treatment with TCDD. This was not robust 

data, the effects were small and inconsistent over dose and donor. α-NF also blocked 

up-regulation of LC3 II and p62 by β-NF, suggesting inhibition of blocked autophagy 

and that the autophagic block induced by β-NF was also AhR dependent. α-NF 

appeared to inhibit the blocked autophagy but did not induce active autophagy. The 

results obtained with ITE co-treatment with α-NF are however more complex to 

interpret; LC3 II was induced and p62 degraded by treatment with ITE alone. Co-

treatment with all combinations of ITE plus α-NF blocked both LC3 II induction and p62 

degradation (except 1µM ITE plus 5µM α-NF which induced LC3 II further) which 

suggests inhibition of ITE-induced autophagy; however co-treatment of ITE and α-NF 

induced p62 to levels higher than vehicle. Interestingly this occurred in all cases of co-

treatment of α-NF plus TCDD, β-NF and ITE, and suggests that α-NF may cause a 

block in autophagy. The varied responses of LC3 II induction and p62 degradation 

resulting from α-NF plus agonist co-treatment may be a result of combined agonistic 

properties of α-NF when paired with an agonist at an unbalanced dose combination, 
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favouring agonistic activity and not antagonistic activity. High-affinity properties of ITE, it 

may be caused by induction of autophagic block, it could also be an aberrant result 

because only one Western blot is available, this p62 blot was carried out once due to 

time constraints. To study AhR dependence of autophagy more thoroughly and without 

complications of compound interactions, cells transfected with shRNA against AhR 

could be co-transfected with the mRFP-GFP-LC3 construct and effects of AhR knock 

down on autophagic flux studied. 

 

5.3.4 AhR activation effects lamellar bodies and desmosomes 

 

The electron micrographs taken of the epidermal equivalents provided interesting 

histology of the keratinocytes and epidermal equivalent formation. A novel observation 

was the re-organisation of desmosomes in TCDD and ITE treated samples (Figure 

5.13). Intermediate filaments appeared to elongate and form spindle like structures into 

the cytoplasm of neighbouring cells. There are no reports of this desmosomal 

reorganisation in the literature, only that a deficiency results in loss of adhesion between 

epidermal layers and the formation of blisters (Pigors et al., 2011). 

 

Not only did EM provided confirmation of active autophagy, it has also shown interesting 

effects of AhR activation on the epidermal equivalents. Lamellar bodies were present in 

the upper spinous/granular layer in all samples, however numbers were lower in TCDD 

and ITE treated samples (Figure 5.10 and Figure 5.11). There are reports indicating the 

targeting of fat droplets in the liver by autophagy (Singh et al., 2009b; Weidberg et al., 

2009) which lead us to consider the degradation of lamellar bodies, also lipid containing 

organelles, by autophagy. We consequently found evidence of autophagic targeting of 

lamellar bodies in the epidermal equivalents. As shown by Rizzo et al in their study of 

mechanisms contributing to the compacted stratum corneum in Sjogren-Larsson 

syndrome, a deficiency in the availability of lamellar lipids for extrusion into the granular 

layer/stratum corneum junction caused compacted stratum corneum and poor barrier 

function (Rizzo et al., 2010). This suggests that the cause of compacted stratum 

corneum in our epidermal equivalent model is most likely a result of lipid deficiency 

caused by low numbers of lamellar bodies. We have not tested for compromised barrier 

function in epidermal equivalents, and state of barrier function has not been commented 

on in the literature in chloracne, but as indicated in Figure 5.12, the cornified envelope 
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can be seen by EM. This could be used as an identifying factor of malformed cornified 

envelopes, and indicate whether barrier function would be compromised in an in vivo 

model. If autophagy does target lamellar bodies then this forms a novel mechanistic link 

between AhR, autophagy and disease and differentiation.  
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6 AhR activation regulates Cathepsin D 

 

6.1 Introduction 

6.1.1 CTSD Regulation 

As described in section 1.1.1.6, CTSD is known primarily to be regulated by the 

oestrogen receptor (ER) and expression is induced by the ER ligand 17β-estradiol (E2) 

inducing ER binding to the oestrogen response element (ERE), the promoter for the ER 

upstream of CTSD (Cavailles et al., 1993; Porter et al., 1997; Wang et al., 1998). TCDD 

is known to elicit anti-oestrogenic effects in breast cancer cell lines; Gierthy et al. 

showed TCDD-dependent growth suppression in MCF-7 cells, while Chen et al. showed 

inhibition of a battery of ER-induced proteins including hsp 27 and epidermal growth 

factor α by TCDD in MCF-7 cells (Chen et al., 2001; Gierthy et al., 1993). AhR can 

inhibit ER activity by inducing its degradation through the proteasome, by increasing 

ubiquitination of ERα, the tagging of proteins for recognition by proteasomal 

degradation (Wormke et al., 2003) or disrupting the ER-Sp1 complex at the Sp1 

promoter (Khan et al., 2006; Wang et al., 1998; Wang et al., 1999). Because of the anti-

oestrogenic effects of TCDD treatment on CTSD in breast cancer, CTSD has been 

studied to demonstrate the anti-oestrogenic properties of TCDD by the Safe laboratory. 

 

CTSD comprises of 3 major forms; the translated form 52 kDa pre-pro CTSD, 48 kDa 

pro CTSD in the endosome which is active and mainly involved in CTSD secretion in 

cancers (Ohri et al., 2008; Rochefort et al., 1989) and 34 kDa active CTSD which is 

lysosomal and has roles in degradation of material sequestered by autophagasomes 

(Raymond et al., 2008) and in activation of TGM-1 in terminal differentiation (Zeeuwen 

et al., 2010). 

 

6.1.1.1 CTSD in epidermis 

Section 1.4.3 describes the important role of CTSD in keratinocyte differentiation. 

Expression and activation of CTSD is increased as keratinocytes differentiate (Egberts 

et al., 2004) and active CTSD activates TGM-1, one of the main enzymes of the 

cornified envelope (Zeeuwen et al., 2010). TGM-1 forms the cross links in proteins, 

mainly involucrin and loricrin, to the cell membrane where they form the insoluble and  

hydrophobic structures of the cornified envelope (Egberts et al., 2004). Diseased states 
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that have been show to arise from dysregulation of TGM-1 are grouped into two 

categories. Retention hyperkeratosis and hyperproliferation associated hyperkeratosis. 

Retention hyperkeratosis is characterised by decreased barrier function caused by 

decreased TGM-1 not cross linking involucrin and loricrin, which Egberts et al. has show 

to be induced by CTSD knock out mice, and is recognised in lamellar ichthyosis. 

Hyperproliferation associated hyperkeratosis is the exact opposite and results from 

increased CTSD (Kawada et al., 1997) increasing TGM-1 cross link forming activity for 

involucrin and loricrin. 

 

6.1.1.2 Ingenuity pathway analysis 

The observation that stratum corneum compaction was caused by TCDD treatment in 

the epidermal equivalent model allowed parallels to be drawn between the effects in this 

model and stratum corneum compaction observed in chloracne follicles and comedones 

and the well researched disease group of ichthyosis, specifically Sjogren-Larsson 

syndrome. To explore the extensive literature efficiently, a bioinformatical approach was 

taken. Ingenuity pathway analysis was carried out to determine known direct and 

indirect interactions between the AhR pathway and genes or phrases implemented in 

the phenotypic characteristics of ichthyosis and the mechanisms behind these. This 

technique was performed on our behalf by Stephanie Roberts at Alderley Park, 

AstraZeneca. Two methods were involved in this, text mining and pathway analysis. 

Text mining was used to identify the relationship between set phrases for the AhR and 

proteins that were involved in stratum corneum compaction, for example “AhR-ARNT” 

and “CTSD promoter” were linked by the word “binds”. Pathway analysis linked “set A”, 

a set of proteins involved in the AhR pathway, to intermediate proteins and “set B”, the 

proteins identified in the linked pathway. The hits were referenced forming a 

bibliography of literature verbally linking AhR to stratum corneum compaction phrases. 

 

The main paper identified, Wang et al., located an Sp1binding site and XRE promoter 

domain upstream of CTSD (Wang et al., 1999). Regulation by the Sp1 protein and 

binding site by nuclear receptors such as the ER and AhR is quite complex, and 

described in more detail in section 1.4.1.1 of the introduction. They have shown that 

CTSD is regulated by 3 regions, the ERE, Sp1 and XRE. Figure 1.3 demonstrates the 

promoter regions and receptor interactions forming the complex regulation of CTSD 

(Wang et al., 1998). AhR-dependent regulation of CTSD is not only by the XRE, but 
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also via interactions with the Sp1 protein (Wang et al., 1998). This is not thought to be 

cell specific, but has mainly been studied in breast cancer cell lines such as MCF-7 

cells, due to their dependence in vivo on oestrogen. CTSD regulation has not been 

studied in keratinocytes in regards to TCDD inhibition of ER regulated CTSD before. In 

the presence of an ERE and E2 ligand, ER binds to the promoter, up regulating CTSD 

protein expression. However, the ER also binds to Sp1 protein, which in turn binds to 

the Sp1 binding site, inducing basal activity; the Sp1 protein often requires binding of 

another nuclear receptor to induce activity and is unable to do so alone. The AhR also 

binds to the Sp1 protein and in the presence of TCDD breaks ER-Sp1 binding, inhibiting 

ER-dependent induction of CTSD (Chen et al., 2001; Gierthy et al., 1993; Khan et al., 

2006; Krishnan et al., 1995; Porter et al., 1997). Interestingly, and of relevance to 

keratinocytes, Wang et al. also described the relevance of inactive AhR inducing 

maximal CTSD basal activity, providing a physiological role for the AhR (Wang et al., 

1998; Wang et al., 1999).  

 

Not only is CTSD known to be induced in breast cancer, endometrial cancer (both 

oestrogen dependent (Westley and May, 1987)) (Masson et al., 2011; Rochefort et al., 

1988; Rochefort et al., 1989) and lung cancer (Vashishta et al., 2006) but its levels are 

also induced during development (Zuzarte-Luis et al., 2007) in wound healing, 

demonstrated mainly in the skin (Hernandez-Cueto et al., 1987; Lorente et al., 1987; 

Vashishta et al., 2007). Vashishta et al. demonstrate that under stress conditions 

including heat shock or oxidative stress and wound healing, HaCaTs secreted 

increased amounts of pro-CTSD (corresponding with CTSD secretion in tumours (Ohri 

et al., 2008)). Levels of pre-pro and active CTSD in the lysates remained stable but pro 

CTSD was decreased. This is thought to have an autocrine effect of increased 

proliferation and migration (Vashishta et al., 2007). Increased CTSD in breast cancer 

cell lines has been shown to specifically induce proliferation, invasion and metastasis, 

which when considered with the anti-oestrogenic effects of AhR activation, suggests 

that AhR agonists may be a useful therapeutic tool (Zhang et al., 2009), and that hyper 

proliferation and mobility are the characteristics required in wound healing too. 

6.2 Results 

6.2.1  Regulation of Cathepsin D by AhR activation 

In order to show the functional link between AhR and CTSD expression in 

keratinocytes, we treated epidermal equivalents with 10nM TCDD, 15µM β-NF or 1µM 
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ITE for 7 days as described in materials and methods and cut paraffin embedded 

sections for IHC (section 2.2.3). An anti-CTSD antibody was used with DAB linked 

secondary antibody which was specific to a region of CTSD present in all 3 forms of 

CTSD, pre-pro CTSD, pro CTSD and active CTSD. Therefore it is difficult to distinguish 

the forms of CTSD by IHC. Pre-pro and pro CTSD are found in the Endoplasmic 

reticulum and endolysosome (respectively) and as CTSD moves to the lysosome it is 

processed to its mature or active form. CTSD staining can be cytoplasmic (associated 

with apoptosis as described in section 1.4.2.1 in the introduction) or punctate within the 

lysosome. 

 

Different CTSD antibodies were used in the project for DAB IHC and probing Western 

blotting membranes. The CTSD antibody for IHC (Abd serotec) recognised a sequence 

present in all forms of CTSD and was optimised and staining performed with the help of 

Kate Brown at AstraZeneca, Macclesfield. The antibody used in Western blotting 

(Calbiochem) was optimised for concentration and conditions of incubation based on 

manufacturers instructions, but was a clean antibody as shown in Appendix AA. The 

different forms of CTSD were all recognised apart from the small active chain of 14 kDa 

and were deciphered by their relevant sizes compared to each other and the protein 

standard. The antibody was chosen based on its use in the literature (Egberts et al., 

2004; Heinrich et al., 2004). 

 

Vehicle treated samples showed low levels of punctate CTSD staining confined to the 

granular layer. In TCDD, β-NF and ITE treated samples, increased punctate CTSD 

staining was present throughout the VCL, including aberrant expression in the basal 

and spinous layers (Figure 6.1). The effects seemed more marked for TCDD. It is 

unclear from these data whether this staining represented an increase in size or number 

of CTSD containing lysosomes, or a fusion of lysosomes. The increased and aberrant 

CTSD by AhR agonist treatment is consistent throughout the donors and AhR agonist. 

 

Interestingly, an AhR agonist-induced increase in CTSD is opposite to what would be 

expected considering the TCDD-inhibition of oestrogen receptor induced CTSD as 

described in the previous paragraphs. Because of the major post translational 

modifications that CTSD undergoes and localisation of specific forms of CTSD, this may 

well not represent transcriptional up-regulation of CTSD but could suggest an 

accumulation of CTSD caused by mechanisms such as blocked secretion (as a 
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response to stress or in tumours (Vashishta et al., 2006; Vashishta et al., 2007)), or 

increased post translational modification to lysosomal or punctate CTSD that may relate 

to an increase in lysosomes. In relation to apoptosis, lysosomes are permeabilised 

allowing secretion of CTSD into the cytoplasm (described in section1.4.2.1 and 

(Baumgartner et al., 2007; Guicciardi et al., 2004)). This would almost certainly cause 

an opposite effect to that shown in Figure 6.1, showing decreased punctate staining and 

an increase in cytoplasmic staining. Even though the data here may be difficult to 

interpret fully, we can conclude (along with Figure 4.4 and Figure 4.5) that CTSD-

dependent apoptosis had not been induced. 

 

Liu et al. have recently shown TGM-1 mRNA levels to be increased in chloracne 

(discussed in Chapter 4). In diseased states with increased TGM-1, increased CTSD is 

normally the causative factor, because of its direct role in TGM-1 activation (Figure 1.5). 

This shows that increased CTSD in epidermal equivalents does correspond with the 

group of hyperproliferation associated hyperkeratosis, described in Chapter 7 (Figure 

7.2), although it is contradictory to the Western blot data in monolayers. 
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Figure 6.1. Cathepsin D staining increased and became dysregulated with AhR 
activation. Epidermal equivalents were treated with vehicle or AhR agonists as 
indicated. After 7 days, epidermal equivalents were fixed, embedded in paraffin and 
immunostained with anti-cathepsin D (CSTD) antibody, anti-mouse secondary and DAB 
staining (brown), and counterstained with haematoxylin. Images are representative of 
equivalents from 3 (Vehicle and TCDD) or 2 (β-NF and ITE) separate donors. Scale bar 
= 20µm. 
 

 

To define any alterations in expression or maturation, Western blotting was used to 

distinguish the effects of AhR activation on pre-pro and pro CTSD compared to active 

CTSD. Different forms of CTSD can be distinguished by Western blot because the post-

translational modifications during CTSD maturation result in different sized molecules 

for each form. CTSD maturation is a complex process and described in more detail in 
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section 1.4.1.2, but as an overview, low pH causes dissociation of receptors and 

phosphates from the synthesized 54 kDa pre-pro-CTSD in the golgi body to form 48kDa 

pro-CTSD in endolysosomal compartments, then it is cleaved by cathepsins B and L to 

the double chain mature CTSD of 34kDa and 14kDa located to the lysosomes. In 

section 6.2.1, densitometry has been carried out on combined pre-pro and pro-CTSD 

(“pro-CTSD” here will indicate pre-pro- and pro-CTSD including any smaller 

intermediate molecules formed during normal processing), with active CTSD separately 

analysed. Only the processing from golgi/endosomal pro-CTSD to the active lysosomal 

CTSD will be discussed here, as this is the main form involved in autophagy and there 

are other forms of pre CTSD intermediate molecules formed during processing, that 

characterising all of them would require far more specific assays. 

 

Primary keratinocytes were treated for up to 8 days with TCDD, β-NF or ITE, lysed and 

Western blotting performed. Membranes were probed with anti-CTSD and anti-AhR 

primary antibodies with anti-β-actin as loading control. As in previous chapters, α-NF 

co-treated samples were run in parallel, but this data is presented later in the chapter for 

clarity. 

 

6.2.1.1 TCDD 

Figure 6.2 and Figure 6.3 show primary keratinocytes treated with vehicle or 

concentrations of TCDD for 6 and 8 days respectively. In contrast to the data observed 

in epidermal equivalents analysed by IHC (Figure 6.1), TCDD treatment did not appear 

to increase levels of CTSD in monolayer culture. However, these results are consistent 

with the literature that showed that TCDD decreased CTSD by inhibiting ER-dependent 

processing (Chen et al., 2001; Safe and Wormke, 2003; Zhang et al., 2009). Both 

antibodies used here detected all forms of CTSD but they can be distinguished only by 

Western blot. As previously reported, TCDD effects were most marked at 8 days (Figure 

6.3), and consistent with this, TCDD-induced degradation of AhR was most pronounced 

at this time point. Figure 6.2, Figure 6.3, Appendix Q and Appendix R show that pro-

CTSD was slightly decreased by TCDD treatment at days 2, 4 and 8. Figure 6.2, Figure 

6.3, Appendix Q and Appendix R also show a decrease in active CTSD caused by 

TCDD treatment at days 2, 4 and 8. Basal levels of active CTSD appeared higher at 

days 6 and 8 in primary keratinocytes, and at day 8 TCDD exerted its greatest effect on 

active CTSD. This corresponds to the rest of our data in previous chapters, showing 
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AhR-dependent effects on proteins often occurred at the later time points and could be 

caused by increased CTSD levels as keratinocytes begin to differentiate in monolayer 

culture. 

 

The CTSD densitometry did not give a clear result as the error bars were large 

compared to the scale and the induced effects were not large. Two-way ANOVA was 

performed to compare vehicle to TCDD treatment at each time point, but as expected 

no effects were significant. Based on previous data, results at days 6 and 8 are more 

likely to be AhR-dependent. However it is difficult to decipher a single effect of TCDD on 

pro CTSD because of its variable effects. Concentrating on day 6 and 8, TCDD 

appeared to induce up-regulation of pro CTSD at day 6 but down-regulation at day 8, 

although if the error bars are considered, these effects may not be real. Considering 

Figure 6.2, Figure 6.3 and Appendix Q, no similar patterns of pro or active CTSD 

induction were shown by single donors; for example, one donor showed decreased 

active CTSD by co-treatment with TCDD and α-NF, while another showed increased 

active CTSD with co-treatment and the third showed no discernable pattern. Active 

CTSD densitometry data appear more convincing because of the more definite pattern 

of down-regulation at day 8. Despite this inconclusive data, the CTSD antibody does 

seem valid, there is a general increase in CTSD levels (more prominent in active CTSD) 

over time which would correlate with the increased expression of CTSD in differentiated 

keratinocytes, which would be occurring at days 6 and 8.  

 

The main point we can conclude from this data is that Western blots on monolayer 

keratinocyte cultures may not be the ideal model to study CTSD levels and activation. 

Because of the complex post translational modification of CTSD, in future studies it may 

be better to study a defined form of CTSD with a specific readout, for example CTSD 

activation studies. Western blots provide strong data when post translational 

modifications or transcriptional regulation are prominent (for example autophagic block 

in Figure 6.6), but Western blots may not have been sensitive enough to show 

differences in levels in this case. AhR activation would be likely to exert higher effects in 

differentiating cells or epidermal equivalents. This may be a contributing factor to the 

differential effects of AhR-agonists on CTSD in epidermal equivalents and Western 

blots, there are more effects visible in epidermal equivalents due to differentiated 

keratinocytes. The antibodies are different too, but validated antibodies should provide 

the same results. 
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6.2.1.2 β-NF 

Figure 6.2 and Figure 6.3 show primary keratinocytes treated with β-NF for 2 and 8 

days respectively, then lysed and Western blotting performed. As previously reported, 

β-NF effects were most marked at 2-4 days (Figure 5.3 and Appendix L) and consistent 

with this, β-NF-induced degradation of AhR was most pronounced at this time point.  As 

previously discussed this may relate to β-NF inducing its own metabolism (section 

3.4.2.1). Levels of pro CTSD increased with β-NF treatment most markedly at days 2 

and 4 with 15µM β-NF (Appendix S). There was a slight increase in active CTSD levels 

in both basal and β-NF treated keratinocytes at days 6 and 8, the increase in basal 

levels could be a result of differentiation in the keratinocytes in monolayer culture, as in 

Figure 6.2 and Figure 6.3. Active CTSD showed a slight decrease with 3µM β-NF then a 

slight increase with 15µM β-NF at days 2, 4 and 8. Day 6 shows a dose dependent 

decrease in active CTSD. There were 2 possible causes for this decrease, it 

corresponded with the literature showing AhR-dependent down-regulation of CTSD, but 

also may be an effect of β-NF-dependent autophagic block. Pro CTSD may accumulate 

resulting from blocked autophagy and maturation to active CTSD in the lysosomes. This 

is described in more detail in Figure 6.6. This data is inconclusive due to the varied 

responses and is only repeated in 2 donors so no statistical analysis was performed. To 

confirm these results the experiments should be repeated in further donors and 

alternative endpoints used, for example CTSD activity assays. 

 

6.2.1.3 ITE 

Figure 6.2 and Figure 6.3 show primary keratinocytes treated with vehicle or 

concentrations of ITE for 2 and 8 days, lysed and Western blotting performed. Pro 

CTSD was decreased by ITE treatment at days 2 and 4, but increased slightly at days 6 

and 8 (Appendix Q and Appendix R). As previously described, AhR-dependent affects 

often occurred at days 6 and 8 (although ITE induced AhR degradation at all time 

points, and no CYP1A1 at any time points) and as Figure 6.3 and Appendix V 

represents replicates in 3 donors at days 6 and 8 (data from only 2 donors was 

available at days 2 and 4), this data is more reliable. Based on data at days 6 and 8, 

Figure 6.3 shows slight up-regulation of pro CTSD and also that active CTSD was 

decreased by ITE, dose dependently and at all time points (Appendix U and Appendix 
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V). This suggests that ITE may block processing of pro to active CTSD, although little 

accumulation of pro CTSD occurred.  

 

In summary, Figure 6.3 show that TCDD treatment of monolayer keratinocytes caused 

the trend of a decrease in pro and active CTSD at day 8, corresponding to the literature 

described previously in this chapter. ITE also appeared to cause a decrease in active 

CTSD, although pro CTSD was decreased at days 2 and 4 but increased at days 6 and 

8. β-NF appeared to induce the opposite effects to TCDD, increasing both pro and 

active-CTSD. These variable responses between TCDD and β-NF were shown in 

chapter 5 in regards to TCDD induced autophagy and β-NF blocked autophagy. This 

would suggest that blocked autophagy and increased CTSD could be linked. Carew et 

al. report that chemically blocked autophagy induced an increase in CTSD by Western 

blot, however only one band of CTSD is shown and it does not distinguish which form of 

CTSD this is (Carew et al., 2011). The effects of blocked autophagy on CTSD are 

shown in Figure 6.6. No statistical analysis was performed due to small sample size. 
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Figure 6.2. Summary of the effects of AhR activation on CTSD at day 2. Primary 
keratinocytes were treated for 2 days with vehicle or concentrations of ligand as indicated. 
Samples were lysed and Western blotting performed (A). Densitometry was carried out on 
blots probed with an anti-CTSD antibody showing B.i) pre-pro and pro-CTSD bands and 
B.ii) active-CTSD bands normalised to β-actin. Two-way ANOVA was performed to 
compare vehicle to ligand treated samples at each time point, but no effects were 
significant. 
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Figure 6.3. Summary of the effects of AhR activation on CTSD at day 8. Primary 
keratinocytes were treated for 8 days with vehicle or concentrations of ligand as indicated. 
Samples were lysed and Western blotting performed (A). Densitometry was carried out on 
blots probed with an anti-CTSD antibody showing B.i) pre-pro and pro-CTSD bands and 
B.ii) active-CTSD bands normalised to β-actin. Two-way ANOVA was performed to 
compare vehicle to ligand treated samples at each time point, but no effects were 
significant. 
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6.2.1.4 α-NF 

To test the effects of partial AhR agonist α-NF alone on CTSD, we treated primary 

keratinocytes with vehicle or concentrations of α-NF as indicated for up to 8 days. As 

previously reported, α-NF agonistic effects were most marked at 6-8 days (Figure 3.13 

and Appendix I), and consistent with this, α-NF-induced degradation of AhR was 

pronounced at 2-8 days. A trend towards up-regulation of pro CTSD was shown by α-

NF treatment at days 2, 6 and 8 was observed most prominently at the later time points 

associated with AhR activation (Figure 6.5 and Appendix W). Active CTSD was slightly 

up regulated at day 2 by α-NF treatment, but at days 4, 6 and 8 the trend was towards 

down-regulation. Due to the small changes and variable effects, these results are not 

convincing, and more specific assays (eg CTSD activation assays) may be more 

sensitive to α-NF induced changes. The up-regulation of pro CTSD by α-NF did not 

correspond with TCDD-induced effects but is more similar to β-NF-induced effects. This 

would suggest (as in chapter 5) that α-NF, like β-NF, may block autophagy. Compared 

to β-NF, these affects were very low (Figure 5.5 and Figure 5.6 A). The varied effects of 

α-NF-dependent degradation of active CTSD would also correspond with β-NF-induced 

effects, although α-NF induced slight degradation of active CTSD at days 4, 6 and 8 so 

this appears to be the prominent response, corresponding more with TCDD induced 

effects. 

 

Chapter 3 showed that α-NF induced low AhR activation at days 6 and 8 by AhR 

degradation and CYP1A1 induction (Figure 3.15 and Figure 3.16 A), which suggested a 

correlation with increased pro CTSD and decreased active CTSD in Figure 6.2 and 

Figure 6.3. This could suggest a slight blocking in conversion of pro to active CTSD, as 

suggested too by ITE. If these data are real, it may suggest that low levels of AhR 

activation blocks CTSD activation. 
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6.2.2 Modulation of ligand induced AhR-dependent effects on Cathepsin D         

by α-NF 

6.2.2.1 TCDD 

Data previously presented in this thesis showed inhibition of TCDD-induced AhR 

activation by α-NF, specifically α-NF blocked TCDD-induced AhR degradation and 

CYP1A1 induction (see summary Figure 3.15 and Figure 3.16). TCDD also induced 

autophagy that was shown to be AhR dependent by co-treatment with α-NF which 

resulted in inhibition of LC3 II induction, although p62 degradation was blocked resulting 

in higher levels than vehicle, suggesting a possible autophagic block (Figure 5.5 and 

Figure 5.6). 

  

Figure 6.3, Appendix Q and Appendix R  show that TCDD appeared to induce some 

degradation of both pro and active CTSD at 4, 6 and 8 days, consistent with previous 

reports in the literature in the MCF-7 cell line (Krishnan et al., 1995). However this did 

not reach statistical significance. Figure 6.4 B shows that TCDD induced down-

regulation of pro CTSD was inhibited at day 2 mainly by 5µM α-NF, returning levels of 

pro CTSD to higher than basal levels. Day 4 showed more varied effects, with both 

increased and decreased levels of pro-CTSD by α-NF co-treatment depending on 

TCDD concentration (Appendix Q). Again, TCDD induced some degradation of active 

CTSD (most consistent at day 4) which appeared to be blocked by α-NF co-treatment. 

TCDD induced degradation of AhR at days 2, 4, 6 and 8, and CYP1A1 induction at days 

6 and 8. This was consistently blocked by α-NF at all time points and dose 

combinations (Appendix B and Appendix C). This suggests that the effects of TCDD co-

treatment with α-NF are caused by inhibition of AhR activation, which is the 

predominant effect of this compound combination.  

 

As described previously in chapter 5, the patterns of expression on the blots shown do 

not always correspond to the patterns shown by pooled data from 3 donors. This could 

be caused by the individual effects induced by each donor being masked by data from 

other donors that do not follow the same time dependent expression. This is one of the 

issues with pooling data, but I have considered patterns of expression in each donor 

and included observations on the consistency between donors.  

 

Appendix R shows that at day 6, co-treatment of TCDD plus α-NF induced up-regulation 

of pro CTSD, returning levels of pro CTSD to higher than basal levels. Day 8 showed 
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some up-regulation of pro CTSD by TCDD and α-NF, but this was more varied and 

levels were not increased higher than basal levels (Figure 6.5). TCDD and α-NF had a 

small and variable effect on active CTSD at day 6, whereas at day 8, co-treatment of 

TCDD (0.5 and 5nM) and α-NF induced further down-regulation of active CTSD. 10nM 

TCDD plus α-NF at day 8 induced active CTSD from 10nM TCDD alone, but did not 

restore levels to basal levels. 

 

Considering the literature and the results shown in Figure 6.5, Appendix Q and 

Appendix R, we hypothesise that α-NF did not block TCDD-dependent inhibition of 

CTSD because α-NF may induce the conformational changes leading to ER-dependent 

CTSD inhibition too. Other typical AhR agonists have not been tested for ER inhibition 

but diindolylmethane (DIM), a known anti-oestrogen (Chen et al., 2001) and compounds 

with similar structures to TCDD were shown to also inhibit  ER-induced CTSD or CTSD 

in ER null models (Zhang et al., 2009). α-NF may or may not have potential to inhibit 

ER-Sp1 binding or it may depend upon the concentrations of α-NF and whether it is 

acting primarily as an agonist or antagonist However α-NF is likely to induce AhR 

degradation regardless of agonist or antagonistic activity because of its mechanism of 

action inducing translocation and degradation independent of XRE binding (Song and 

Pollenz, 2002) resulting in a deficiency of inactive AhR available to induce maximal 

basal CTSD expression in conjunction with Sp1 (Wang et al., 1999). Therefore, to test 

the AhR dependence of TCDD-induced CTSD down-regulation, an AhR inhibitor that 

would stop AhR activation but allow the persistence of inactive AhR to induce maximal 

basal CTSD expression would be required. Instead of pharmacological intervention, this 

may be possible by molecular intervention; making a constitutively inactive AhR could 

be achieved by removing the ligand binding domain of the AhR, but nuclear shuttling 

would still be required because Sp1 binding requires nuclear AhR in an inactive 

conformational. Alternatively (and more easily) an alternative AhR inhibitor such as 3-

MNF could be used to block ligand-activated effects of AhR. 
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6.2.2.2 β-NF 

Section 3.3.2 showed that β-NF-dependent AhR activation was partially increased by 

co-treatment with α-NF (this result varied across time and dose response). β-NF was 

shown to block autophagy, which was directly opposite to the effects of TCDD-induced 

AhR activation of autophagic induction (section 5.2.3). β-NF-dependent autophagic 

block was inhibited by α-NF, but no autophagy was induced at days 2 and 4 (section 

5.2.4.3, Appendix L), while at days 6 and 8 co-treatment with α-NF and β-NF did induce 

further autophagic block (Appendix M).  

 

β-NF treatment alone induced levels of pro-CTSD as shown in Figure 6.4 and Figure 

6.5 and exerted variable effects on active CTSD throughout doses. These figures also 

show that co-treatment with β-NF and α-NF at most dose combinations and at both time 

points consistently induced levels of both pro and active CTSD at days 2 and 4 often to 

levels higher than basal levels. β-NF data is only representative of 2 donors, but 

patterns of increased active CTSD in β-NF and α-NF co-treated samples were apparent 

in both donors. Moreover, these results are in line with the effects of α-NF on β-NF-

induced responses as described in Chapter 3. 

 

As shown in chapter 5, co-treatment of α-NF and β-NF did not result in further induction 

of autophagic block at days 2 and 4 (Figure 5.5 and Appendix L), but instead suggested 

AhR dependent inhibition of β-NF-induced autophagic block. Co-treatment of β-NF and 

α-NF also variably induced AhR activation to higher levels than β-NF alone, but with no 

induction of autophagy. If this occurred, we would have expected to see a decrease in 

pro CTSD (the accumulation of pro CTSD caused by blocked autophagy would be 

expected to decrease) and increase in active CTSD as processing of pro to active 

CTSD occurred once more (it became inhibited during autophagic block, see Figure 

6.6). This is not the case, as increased pro CTSD was the trend, and probably indicates 

that this data is not robust enough to draw specific conclusions from. These results may 

be clarified in further work using a different AhR inhibitor that does not confuse the 

results by causing increased AhR activation in combination with other AhR ligands. 

 

Appendix T shows varied effects of co-treatment with α-NF and β-NF on pro CTSD at 

days 6 and 8. However, active CTSD was down regulated by α-NF consistently at days 

6 and 8 by all dose combinations. This is opposite to the effects observed at days 2 and 

4 (Appendix S). Taken together, co-treatment with α-NF and β-NF induced either no 
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effect or an increase in pro-CTSD levels. Active CTSD was increased at days 2 and 4 

quite consistently but the effects were low, and at days 4 and 6 co-treatment with α-NF 

and β-NF induced consistent down-regulation of active CTSD. This direct contrast is 

interesting and suggests that the effects seen at early time points may be AhR-

independent mechanisms, because AhR-dependent effects have been shown mainly at 

days 6 and 8. 

 

The differential effects between days 2/4 and 6/8 could be a result of β-NF inducing its 

own metabolism by CYP1A1. I have shown that β-NF induced CYP1A1 at days 6 to 8 in 

chapter 3, and Berghard et al. show the functional effects (prolonged AhR activation) of 

inhibited CYP1A1 in keratinocytes (Berghard et al., 1992). This would lower the 

available concentration of β-NF, causing α-NF to elicit the predominant effects on 

CTSD, which I have shown in Appendix W, where α-NF alone at days 6 and 8 induced 

slight increase in pro CTSD and slight decrease in active CTSD. 

 

6.2.2.3 ITE 

As previously described, ITE induced AhR activation by transcriptional activation (Figure 

3.7) and consistently degraded AhR at all time points studied (days 2-8) but did not 

result in CYP1A1 induction (Figure 3.10 and Figure 3.11). ITE-induced transcriptional 

activation measured by luciferase assay was inhibited by α-NF (Figure 3.14) but co-

treatment of α-NF consistently increased ITE-induced AhR activation as assessed by 

AhR degradation on Western blotting. Moreover, CYP1A1 induction was only induced 

by co-treatment with ITE and α-NF (Figure 3.15 and Figure 3.16). ITE induced active 

autophagy as assessed by p62 degradation and LC3 II up-regulation (Figure 5.3 and 

Figure 5.4), and EM (Figure 5.9). Co-treatment of ITE and α-NF showed increased p62 

and LC3 II which (as the levels were higher than basal levels in α-NF treated samples) 

suggested blocked autophagy.  

 

Figure 6.3 showed that ITE treatment of primary keratinocytes induced pro CTSD at day 

8, and decreased active CTSD at days 2-8 (Appendix U and Appendix V). Figure 6.4 D 

shows that the ITE induced down-regulation of pro CTSD was inhibited by α-NF 

consistently through time and dose at day 2. The levels that pro CTSD recovered to 

were slightly higher than basal levels. α-NF also consistently blocked the ITE-

dependent down-regulation of active CTSD levels, returning them to similar levels to 
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basal levels. Taken together with the increased AhR degradation caused by co-

treatment of ITE and α-NF, (as shown in Figure 3.16 D) this suggests that increased 

AhR activation by ITE and α-NF blocked the activation of CTSD. 

 

Figure 6.4 D is consistent with Figure 6.5 D showing co-treatment of α-NF and ITE at 

days 2 and 8 induced levels of pro CTSD consistently over time and dose. Figure 6.5 D 

shows that α-NF decreased levels of active CTSD at days 6 and 8, the opposite effect 

to that seen at days 2 and 4 (Figure 6.4 D). As in Figure 6.4 C and Figure 6.5 C (the 

effects of β-NF) the active CTSD data is contradictory between early and late time 

points. This has not occurred with co-treatment of TCDD and α-NF, but has with β-NF, 

which suggests that the differential effects may be caused by changes to the balance of 

ITE/α-NF that may be caused by increased metabolism of ITE.  

 

As discussed previously the metabolism of ITE is not defined but like other AhR 

agonists (especially physiological ones), it is expected to be quick and induced by AhR 

activation. The effects at days 6 and 8 may be a result of increased metabolism of ITE, 

which would mean that the effects shown in Figure 6.5 D are more dependent on α-NF, 

which would correspond with the effects of α-NF alone on increased pro CTSD and 

decreased active CTSD (Figure 6.5 A). 

6.2.2.4 Summary of effects of AhR activation on CTSD 

In summary, TCDD induced down-regulation of pro and active CTSD. TCDD-dependent 

down-regulation of pro-CTSD was inhibited by α-NF, but this data was variable (Figure 

6.4 B and Figure 6.5 B). TCDD-induced down-regulation of active CTSD was 

consistently further down regulated by α-NF treatment, suggesting that α-NF 

exacerbated TCDD-dependent effects on CTSD.  

 

β-NF alone induced up-regulation of pro CTSD and down-regulation of active CTSD, 

suggesting it was accumulated due to inhibited processing of pro CTSD to active CTSD 

by blocked autophagy. Co-treatment of β-NF with α-NF resulted in exacerbated β-NF-

dependent effects and further accumulation of pro CTSD (Figure 6.4 C and Figure 6.5 

C). The effects of α-NF on β-NF-dependent effects at days 2 and 4 showed consistent 

additional induction of active CTSD (Appendix S) but at days 6 and 8, α-NF treatment 

consistently down regulated active CTSD levels, thereby further exacerbating the 

effects of β-NF (Appendix T). This suggests β-NF dependent autophagic block was 
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induced further by α-NF, inducing pro CTSD accumulation and blocked processing to 

active CTSD. 

 

α-NF alone consistently induced pro CTSD, which at days 2 and 4 inhibited ITE induced 

down-regulation (Appendix U) and at days 6 and 8 exacerbated ITE induced up-

regulation of pro CTSD (Appendix V). Like β-NF, active CTSD was effected by α-NF 

differentially over time; days 2 and 4 showed increased active CTSD with α-NF 

treatment (Appendix U), while days 6 and 8 showed decreased active CTSD with α-NF 

treatment (Appendix V). The common characteristic between β-NF and ITE is their 

quick metabolism, which is induced by AhR activation. After 6 and 8 days treatment, this 

is likely to be the mechanism behind the differential effects, although interestingly, only 

active CTSD is affected. This could be studied further by inhibiting the metabolism of β-

NF and ITE and testing whether the effects shown (increased active CTSD) would 

persist at days 6 and 8.  

 

Overall, α-NF did not block AhR agonist-induced inhibition of CTSD perhaps in part 

because the mechanism of α-NF as an antagonist still exerts the effects required for 

CTSD inhibition via ER inhibition. α-NF induces AhR degradation as other agonists and 

non-agonists can (geldanamycin), by inducing nuclear translocation and degradation 

independent of DNA binding (Song and Pollenz, 2002). This may still result in 

decreased levels of AhR, inhibiting maximal basal expression of CTSD via Sp1. This 

may account for the results observed when co-treatment with TCDD and α-NF induced 

AhR-dependent CTSD inhibition further. 

 

 ITE and β-NF showed variable effects on CTSD over time. Both AhR agonists were 

shown to induce AhR activation at days 6 and 8 in chapter 3 (Figure 3.11 C and D), 

although AhR degradation did occur from days 2-8 for TCDD, β-NF and ITE (see Table 

5). As this data set showed large differences between the effects of AhR activation and 

inhibition at early and late time points, the later time points have been considered to be 

more robust based on the consistent protein markers of AhR activation showing signs of 

AhR activation at days 6 and 8 in the previous chapters. 
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Figure 6.4. Summary of the effects of AhR-agonists and α-NF on Cathepsin D. Primary keratinocytes were treated with vehicle of 
concentrations of A) TCDD, B) β-NF or C) ITE as indicated. After 2 days cells were lysed and Western blotting performed using an anti-
CTSD antibody and β-actin as loading control. Bands were analysed by densitometry and presented as optical density units normalised 
to β-actin. Western blot is representative of duplicate blots in 2 or 3 donors. Values for densitometry represent means of 2 blots (B) or 
mean ± sem for 3 blots (A and C). Two-way ANOVA was performed to compare TCDD treatment to vehicle and time. B) Analysis was 
not significant. A, C, D) No statistical analysis was carried out due to low sample size. 
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Figure 6.5. Summary of the effects of AhR-agonists and α-NF on Cathepsin D. Primary keratinocytes were treated with vehicle of 
concentrations of A) TCDD, B) β-NF or C) ITE as indicated. After 8 days cells were lysed and Western blotting performed using an anti-
CTSD antibody and β-actin as loading control. Bands were analysed by densitometry and presented as optical density units normalised 
to β-actin. Western blot is representative of duplicate blots in 2 or 3 donors. Values for densitometry represent means of 2 blots (B) or 
mean ± sem for 3 blots (A and C). Statistical analysis is described in the previous figure. 
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6.2.3 Effects of autophagic block on CTSD 

Despite the close links between lysosomes and autophagy, (lysosomes process the 

main degradative material in the autophagy pathway described in section1.5.1, there is 

little known data on the effects of CTSD on autophagy. Carew et al showed evidence 

that autophagic block increased levels of CTSD, however the form of CTSD presented 

in the paper was not defined (Carew et al., 2011). Blocked autophagy was also reported 

to increase apoptosis by pro CTSD accumulation and lysosomal disruption, resulting in 

cytoplasmic CTSD which activated apoptosis via caspase-8 or Bid (as described in 

section 1.5.1.3) (Baumgartner et al., 2007; Boya et al., 2005; Heinrich et al., 2004). 

 

We hypothesized therefore that agonist-activated AhR regulated CTSD, that AhR 

activation induced autophagy and that there may be a functional regulatory link between 

autophagy and CTSD. This was also suggested by the differential effects of AhR 

activation by TCDD and β-NF, active autophagy was induced by TCDD while β-NF 

blocked autophagy and TCDD-induced effects were stable over time, while β-NF (and 

ITE) induced opposite effects on active CTSD during days 2 and 4 compared to days 6 

and 8. 

 

To test the effects of autophagic block on CTSD, Bafilomycin A1 was utilised to induce 

autophagic block as shown in Figure 5.7. Bafilomycin A1 is a compound that inhibits the 

acidification of lysosomes that allows fusion between lysosomes and autophagasomes, 

resulting in blocked autophagy (as described in section 5.2.5). Primary keratinocytes 

were treated with either bafilomycin A1, pepstatin A (a specific CTSD inhibitor) or 

ligand, or co-treated with ligand and Bafilomycin A1. Pepstatin A is an inhibitor of CTSD 

activity (specific to aspartyl proteases) (McAdoo et al., 1973). Cells were treated with 

this to see the effects of the inhibition of CTSD activity on autophagy and any effects of 

blocked CTSD activity on autophagy (by LC3 II and p62). Western blotting was 

performed with anti-CTSD, anti-p62 and anti-LC3 antibodies to identify the effects of 

autophagic block on CTSD maturation. Because of the exaggerated and defined effect 

of autophagic block on pre-pro CTSD, pre-pro and pro CTSD bands were analysed by 

densitometry separately for this experiment. 

 

 Notably, blockage of autophagy by treatment with Bafilomycin A1, caused a marked 

reduction in processing of CTSD to active CTSD (Figure 6.6). CTSD appeared to 
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accumulate in pre-pro CTSD, while pro CTSD levels remained unaffected consistent 

with previous findings of (Baumgartner et al., 2007; Boya et al., 2005; Heinrich et al., 

2004). The block of pro CTSD processing to active CTSD suggests that autophagy is 

required for CTSD processing to the lysosomes, or that the mechanism by which 

Bafilomycin A1 blocked autophagy (by inhibition of lysosomal acidification) is required 

for the final steps of CTSD maturation, which corresponds to reports in the literature 

(described in section 1.4.1.2 and reviewed in (Zaidi et al., 2008)). In contrast, Pepstatin 

A did not affect LC3 I or II, or p62, suggesting that inhibition of CTSD activation did not 

affect autophagy, or that inhibited CTSD activity did not inhibit its own maturation. The 

effects of blocked autophagy on CTSD here are clear, however unfortunately, TCDD, β-

NF and ITE have not clearly up-regulated LC3 II as shown previously (section 5.2.4), so 

it is difficult to decipher the AhR-dependent effects. I believe that this is probably caused 

by the high effects of autophagic block masking the smaller ligand-induced effects. It 

could also be due to the time point chosen which was at 2 days, and I have shown 

many ligand induced effects on LC3 II/p62 at later time points. In future work I would run 

a time course using Bafilomycin A1 treated and co-treated cells to investigate this effect 

further. 

 

The hypothesis that active autophagy is coupled with increased processing of pro CTSD 

to active CTSD would correspond with the IHC data showing increased punctate 

(lysosomal) CTSD staining in TCDD and ITE treated epidermal equivalents (Figure 6.1). 

Western blots in Figure 5.3 to Figure 5.6 do not correspond with this hypothesis. 

However, β-NF also induced up-regulation of punctate CTSD staining by IHC, 

suggesting that this result is not specific to activated autophagy and because all ligands 

induced CTSD punctate staining in epidermal equivalents (Figure 6.1), this may 

represent the differential effects of AhR activation in epidermal equivalents compared to 

keratinocytes. Considering that autophagy blocked by Bafilomycin A1 inhibited the 

processing of active CTSD, it could be presumed that induction of active autophagy 

would upregulate active CTSD. There are reports in the literature suggesting that CTSD 

levels regulate autophagy, by increasing the amount of protein degradation in the cell 

via increased numbers of lysosomes and therefore increasing the required numbers of 

autophagasomes to remove the degraded material (Settembre and Ballabio, 2011; 

Settembre et al., 2011).  
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The link between autophagic block and CTSD accumulation in primary keratinocytes is 

a novel observation. Carew et al have reported increased levels of an unidentified form 

of CTSD in MCF-7 cells that lead to lysosomal permeabilisation (Carew et al., 2011) 

and AhR has also been linked to lysosomal fragility (Caruso et al., 2004). 

 

 

Figure 6.6. Blocked autophagic by Bafilomycin A1 inhibits Cathepsin D 
processing. Primary keratinocytes were treated with vehicle, ligand, bafilomycin A1, 
pepstatin A or cotreated with ligand plus bafilomycin A1. After 24h cells were lysed and 
Western blotting performed. Blots were probed with antibodies against CTSD, p62, LC3 
and β-actin as loading control. A) Western blot is representative of blots from 2 donors. 
B) Densitometry was carried out on CTSD bands for pre-pro CTSD, pro CTSD, and 
active CTSD and presented as optical density units (ODU) normalised to β-actin. Mean 
values are shown from 2 donors. Statistical analysis was not carried out due to low 
sample size. 
 

6.2.4 Live cell localisation of CTSD 

As described in this chapter and in section 1.4, CTSD has many different functions in 

the cell and localisation can depend upon which function is being undertaken. To 

observe the changes in lysosomal (active) CTSD with following AhR activation and 

induction of autophagy, a CTSD specific fluorescent marker, BODIPY PA was utilised to 

visualise CTSD in lysosomes for live cell confocal image analysis (Figure 6.7). BODIPY 

Fl-Pepstatin A (referred to as “BODIPY PA” in this thesis) specifically binds to active 
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CTSD in the lysosome at pH 4.5, when the conformation of CTSD reveals the active 

site. BODIPY PA also fluoresces in an unbound state at higher non-acidic pH. 

 

Dithranol was used as a positive control for inducing autophagic activation. It has been 

shown previously in our group (Milner and Reynolds, 2012)(unpublished data) that 

treatment of primary keratinocytes with 5µM dithranol for 24h induced autophagy, as 

measured by the biomarker LC3 II induction by Western blot and other markers.   

 

Primary keratinocytes were pre-treated for 1h with vehicle, 10nM TCDD or 5µM 

dithranol and 1µM BODIPY PA. CTSD responses to AhR-activation were expected to 

be fast, due to the quick responses showed by Menon et al., that CTSD containing 

lamellar bodies began regenerating 30 minutes after barrier stress (tape stripping or 

acetone) and by 6 h, numbers of lamellar bodies had returned to normal (Menon et al., 

1992a) , so we started using this time frame to measure early effects on CTSD. 

Keratinocytes were imaged overnight (up to ~11h). Live cell imaging is included on a 

disc (Appendix BB) and selected frames are included in Figure 6.7.  

 

Vehicle treated cells (Figure 6.7 top row) showed lysosomal staining that was 

predominantly perinuclear but lysosomes were seen to travel to the outer cell 

membrane. The staining intensity was constant throughout, with no apparent changes in 

speed or pattern of lysosomal movement. 

 

Dithranol treated keratinocytes at early time points (1h 30 mins, Figure 6.7 second row), 

showed that puncta were more widely distributed than the perinuclear region. At ~4h, a 

large increase in staining was seen in every cell and the development of membrane 

blebbing occurred. These membranes were lined with BODIPY PA fluorescence, and 

developed in all cells shortly after the cell wide increase in BODIPY PA fluorescence. 

Taking into consideration that CTSD specific BODIPY PA fluorescence only occurs at 

lysosomal pH, this may represent either non-CTSD specific binding with BODIPY 

locating to the cell membrane, or membrane localisation of lysosomes. We believe that 

this may represent final stages in autophagic cell death. 

 

At early time points (2h 15 mins) TCDD treated samples (Figure 6.7 bottom row) 

showed strong punctate staining in the perinuclear region of the cell but compared to 

vehicle, more puncta were spread throughout the cytoplasm. At ~6h cells began to 
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show an increase in BODIPY PA fluorescence similar to that seen in dithranol treated 

samples, but not including every cell. These cells then went on to produce the 

spreading and blebbing of the BODIPY PA lined membrane that preceded cell death.  

This data showing use of the BODIPY PA in primary keratinocytes in relation to 

autophagy is novel. However the data is not conclusive and must be tested further. 

LAMP staining could be used to define which staining relates to lysosomal CTSD and if 

the membrane staining represents non-specific or lysosomal CTSD fluorescence. Once 

optimised further, other AhR ligands such as ITE and β-NF could be tested to define if 

this observation is specific to autophagy. 
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Figure 6.7. Autophagy causes Cathepsin D expression to increase and recruited 
to the membrane. Primary keratinocytes were treated with vehicle, 5µM Dithranol or 
10nM TCDD for 1h pre imaging and the duration of live cell imaging. 1µM BODIPY PA 
was added to the medium for 30 minutes and cells imaged by confocal live cell 
microscopy for up  to 11h. Left hand column shows images taken early in the 
timecourse; vehicle at 2 h 26 mins, dithranol at 1 h 30 mins, TCDD at 2 h 15 mins. Right 
hand column shows images taken at later time points; vehicle at 9 h 21 mins, dithranol 
at 6 h 30 mins, TCDD at 9 h 20 mins. Images are representative of 3 donors (dithranol) 
and 2 donors (TCDD). 
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6.3 Discussion 

6.3.1 Summary  

In summary, TCDD decreased levels of pro and active CTSD, corresponding with the 

literature. α-NF-induced AhR inhibition resulted in the reversal of TCDD-induced 

decreased levels of pro CTSD but further decreased levels of active CTSD. β-NF 

induced levels of pro CTSD and had little effect on active CTSD with some increased 

and decreased levels shown. Co-treatment with α-NF consistently caused further 

increased levels of pro CTSD by β-NF but active CTSD was up regulated at days 2 and 

4 and strongly down regulated at days 6 and 8 by α-NF plus β-NF. ITE induced down-

regulation of pro CTSD at days 2 and 4, and up-regulation of pro CTSD at days 6 and 8. 

Active CTSD was down regulated by ITE. Co-treatment with α-NF consistently up 

regulated pro CTSD, while active CTSD was up regulated by α-NF plus ITE at days 2 

and 4, and down regulated at days 6 and 8. 

 

Immunohistochemistry for CTSD showed consistently increased punctate staining 

across ligand and donor, in epidermal equivalents treated with TCDD, β-NF and ITE, 

with expression aberrantly in the basal and spinous layers too. 

 

 TCDD 

0.5/5/10nM 

β-NF 

15/30µM 

ITE 

1/5µM 

α-NF alone 

5/10µM 

Blocked 

autophagy 

Pro CTSD 

decrease 

+  

D2/4/8 

- -  

D2/8 

+ / - 

D2/4    D6/8 

-  

D2/4/8 

- - - 

Active 

CTSD 

decrease 

+ +  

D2-8 

- / + 

D2/4/8    D6 

+ + + 

D2-8 

+ 

D4/6/8 

+ + + 

Pro CTSD 

decrease 

plus α-NF 

- / + 

Varied 

- - - 

D2-4 

- - - 

D2-8 

  

Active 

CTSD 

decrease 

plus α-NF 

+  

D2/4/8 

- - / + + + 

 D2/4   D6/8 

-  - / + 

  D4     D6/8 

  

CTSD in 

epidermal 

equivalents 

 

+++ 

 

+ 

 

+++ 

  

Table 7. A summary of the effects of AhR activation on CTSD. Plus represents 
concurrence with the row title, minus represents opposite effect to the row title. Green 
figures represent AhR activation, red figures represent AhR inhibition from chapter 3. 
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6.3.2 CTSD expression is regulated by AhR  

 

CTSD transcriptional regulation is complex and mainly dependent on the oestrogen 

receptor (ER) binding the ER responsive element (ERE) and inducing transcriptional 

activation of CTSD. CTSD is also known to be regulated as a housekeeping gene, by 

Sp1 protein binding the Sp1 binding site (Figure 1.3). The Sp1 binding site is known to 

interact with many other nuclear receptors as it often cannot induce transcriptional 

activation alone (Krishnan et al., 1995; Wang et al., 1998). Ingenuity pathway analysis 

of papers linking the compacted stratum corneum in ichthyosis (representing the TCDD-

induced effects in epidermal equivalents) to the AhR pathway indicated the link shown 

in the papers by Wang et al (Wang et al., 1998; Wang et al., 1999). These papers 

reported the presence of an XRE promoter upstream of CTSD and showed that CTSD 

was regulated by the AhR. AhR does not induce straight forward transcriptional up-

regulation of CTSD (as explained in section 6.1) but activated AhR causes inhibition of 

CTSD, while inactive AhR is required for maximal basal activity (Khan et al., 2006; 

Wang et al., 1999). 

 

Using IHC to show localisation of CTSD (punctate or cytoplasmic), we showed that AhR 

activation by all ligands induced punctate staining throughout the VCL (Figure 6.1). This 

was thought to represent an increase in the post-translational maturation of CTSD (as 

the literature showed that active AhR inhibited levels of CTSD transcription). Both 

antibodies used recognised all forms of CTSD by IHC and Western blot. The ligand 

induced effects on CTSD were not robust, and should be investigated further, but 

patterns of effects were shown. The results from the Western blots for TCDD and ITE 

did not correspond with the IHC, but did correspond with the literature; TCDD induced 

possible down-regulation of pro and active CTSD while β-NF and ITE induced varied 

CTSD results, although β-NF did appear to induce levels of active CTSD, which would 

correlate with IHC (Figure 6.2 and Figure 6.3). Opposite to TCDD, β-NF was previously 

shown to induce autophagic block (chapter 5) and has been shown here to possibly 

induce pro and active CTSD. This suggests that the differential effects of β-NF on 

autophagy and CTSD regulation may stem from a similar mechanism. 

 

The contrasting results from IHC in Figure 6.1 to Western blots from Figure 6.2 to 6.5 

could be caused by the difficulty of defining the stages and molecular identity of 

increased CTSD by IHC. These images were not detailed enough to track the progress 
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of CTSD through each compartment or to conclude which forms of CTSD were 

increased. To define the effects on each form of CTSD, further IHC could be performed, 

co-staining for CTSD with LAMP-1, a lysosomal marker to confirm that puncta are 

lysosomes and therefore that the DAB puncta represent active CTSD. Confocal 

microscopy or EM with immunostaining could be used to show detailed cellular 

localisation of CTSD and the effects on each form of CTSD. Western blotting has only 

been performed here in monolayer cultures, which as CTSD is expressed more in 

differentiated cells of the granular layer, is not an ideal model. Western blotting could be 

carried out on epidermal equivalents to correlate increased levels of CTSD seen in IHC 

with the identification of maturation by Western blot band size.  

 

IHC for CTSD was performed on primary keratinocyte monolayers using the antibody 

validated in epidermal equivalents, however no staining was present. As shown in IHC 

on epidermal equivalents (Figure 6.1), CTSD puncta were expressed mainly in the 

granular layer. Proliferating monolayers represent basal cells, unless grown under 

differentiating conditions. There are different protocols for differentiating cultures – 

addition of high calcium into the medium which induces fast differentiation, missing out 

specifically defined intermediate stages in the VCL or culturing the cells to confluency to 

try to achieve the correct stage of differentiation. IHC was performed on granular cells 

grown at high confluency, but still no punctate staining was visible. Considering this in 

context of Western blot cultures, there was a time dependent increase in basal CTSD 

(increased pro and active CTSD in Appendix Q and Appendix R, and increased active 

CTSD in Appendix S and Appendix T) and differential effects were seen at days 6 and 8 

compared to days 2 and 4, suggesting an alternative AhR-independent mechanism may 

be occurring at days 2 and 4 to account for the differences observed. Differentiation by 

high confluency is difficult to synchronise in primary cells, and without all cells at the 

same stage of differentiation, true effects may be masked.   

 

If BODIPY PA worked in monolayer keratinocytes but IHC and antibodies did not, it 

would be interesting to test BODIPY PA in fixed monolayer cells and see the differences 

in sensitivity between antibodies and the BODIPY PA. It would also be interesting to try 

and load epidermal equivalents with BODIPY PA and perform live cell imaging but there 

are significant technical challenges and development work for such techniques is 

required. 
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6.3.2.1 Inhibition by α-NF 

Modulation of agonist-induced effects on the AhR pathway by α-NF produced varied 

results by Western blot. α-NF exerted a blocking effect on pro CTSD degradation 

induced by TCDD and ITE but did not exert a blocking effect on active CTSD. TCDD-

dependent down-regulation of active CTSD was exacerbated by α-NF treatment. As 

described in section 6.2.2, it is not known whether many other AhR ligands inhibit ER 

induced CTSD, HAHs and furans similar to TCDD were studied by Zhang et al, showing 

similar inhibition of presumably CTSD-induced proliferation and inhibition of tumour 

growth in ER deficient tumour cell lines and null mice with ER deficient tumours (Zhang 

et al., 2009). Other known anti-oestrogenic AhR agonists have been tested, but these 

were chosen for their anti-oestrogenic properties and it is not suggest how many other 

AhR-agonists (3-methylcholanthrene, β-NF) might have anti-oestrogenic potential. 

However, α-NF induced both the active form of AhR and AhR degradation, exerting the 

same effects that were required to inhibit expression of CTSD; active AhR breaks the 

ER-Sp1 dimer and interacts with inactive AhR and Sp1 to induce maximal basal levels. 

This would not occur when AhR has been degraded resulting in α-NF exerting the same 

CTSD-inhibitory properties as TCDD because of its mechanism of action. As described 

earlier, to test this theory, studies using an AhR molecule lacking its ligand binding 

domain could be utilised, allowing the effects of inactive AhR induction of basal CTSD to 

be studied without interactions from inhibitory effects of ligand activated AhR. Zhang et 

al. tested the effects of TCDD and similar compounds in ER deficient cell lines and 

showed all compounds to exert anti-oestrogenic effects. This suggests that high levels 

of the typical ER ligand 17βestradiol (E2) are not required for TCDD or similar 

compounds to exert inhibitory effects (Vanderlaag et al., 2010; Zhang et al., 2009). 

 

It would also be interesting to perform CTSD activity assay on samples treated with 

TCDD, β-NF or ITE ± α-NF and observe the effects of ligand induced and α-NF inhibited 

CTSD maturation in epidermal equivalents and keratinocytes. As the effects of ligand-

induced AhR activation on CTSD are so minor, and the effects of α-NF co-treatment 

with ligands is so varied (including the mixed inhibition/activation effects on β-NF/ITE), it 

is difficult to draw conclusion here without further assays. Alternative AhR inhibitors 

should be used to decipher these effects more fully. 
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6.3.3 CTSD and autophagic block 

During autophagic block, processing of pro CTSD to active CTSD is blocked and pre-

pro CTSD accumulates. CTSD can have a role in apoptosis, and literature shows that 

blocked autophagy resulted in increased levels of CTSD (which form is not shown) 

inducing lysosomal permeabilisation and apoptosis (Carew et al., 2011). Interestingly, 

pro CTSD secretion occurs during cancer and wound healing, exerting autocrine effects 

of increased proliferation in HaCaTs (Vashishta et al., 2007) and invasion and 

metastatic potential in MCF-7 cells (Ohri et al., 2008), which can be blocked by TCDD 

(Zhang et al., 2009). Bafilomycin A1 blocks autophagy by specifically inhibiting 

vacuolar-ATPase which is responsible for acidifying the lysosome. Fusion of the 

lysosome to the autophagasome is pH dependent and is thereby inhibited, blocking 

autophagy. The last step in CTSD maturation is from 48kDa intermediate to the 2 chain 

active CTSD. This is carried out by cathepsins B and L (Laurent-Matha et al., 2006) 

towards the end of the CTSD processing pathway (reviewed in (Zaidi et al., 2008)) 

within the endosome and lysosome and is therefore also presumably pH dependent. If 

this is the case, then the mechanism of bafilomycin A1 blocked autophagy would itself 

block the final step in CTSD processing. This hypothesis could be tested by measuring 

conversion of CTSD to active CTSD (by activity assay or Western blot) under varied pH 

conditions. Alternatively, autophagic block could be induced by another compound that 

blocks autophagy through a pH/lysosome independent mechanism.  

 

To see real time effects on CTSD levels and cellular localisation of active CTSD, a 

CTSD specific liquid dye, BODIPY PA was utilised in live cell imaging. It becomes 

internalized by endocytosis and is transported to lysosomes where it binds CTSD 

specifically at lysosomal pH (= 3.5 - 5) and in the rest of the cell, unbound BODIPY PA 

fluoresces but is diffuse, not punctate (Chen et al., 2000). Dithranol and TCDD both 

induced fluorescence and the extension of round membranes from the cells to which 

BODIPY PA was associated. This membrane extrusion appeared to precede cell death. 

Vehicle treated cells did not show these effects of increased fluorescence, and 

lysosomes continued to move around the perinuclear region and cytoplasm over the 

complete time course. 

 

To draw proper conclusions from this data, more assays would be required to define the 

localisation of fluorescence and stage of death of the cell during the large increase in 

fluorescence. The increase in CTSD levels occurred rapidly, within minutes, so this 
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suggests not a transcriptional increase of CTSD but release of CTSD after being 

sequestered in organelles such as the lysosomes, or possibly an increase in available 

active CTSD that could be caused by increased processing of CTSD. Gerasimenko et 

al. reported the effects of lysosomal permeabilisation on BODIPY PA fluorescence and 

showed an overall increase, but images were not shown, only graphs showing levels of 

fluorescence (Gerasimenko et al., 2006). 

 

To decipher which fluorescence represents lysosomal CTSD and which is free unbound 

BODIPY PA, co-staining could be performed on fixed cells using lysosomal marker 

LAMP-1 and CTSD antibodies alongside BODIPY. This staining could be carried out on 

cells before and after the mass increase in fluorescence seen by live cell imaging from 

4h (dithranol) and 6h (TCDD) to observe the involvement of CTSD and lysosomes on 

the increase and localisation in fluorescence. The effects of apoptosis could also be 

observed by BODIPY PA live cell imaging, to show the release of CTSD from 

lysosomes and confirm visually whether this has occurred in autophagy (Figure 6.7) or 

not. 
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7 General Discussion 

7.1 Summary  

The aims of this project were to increase the understanding of the physiological role of 

AhR in skin and to develop a mechanistic understanding of the pathophysiology of 

chloracne induced by TCDD. We aimed to characterise the downstream effects of AhR 

activation on keratinocyte proliferation, differentiation and cell death and in doing so 

assess potential biomarkers specific to chloracne. As summarised in Table 8, we 

successfully identified differential effects on AhR activation by TCDD, β-NF and ITE in 

their roles of activating AhR and regulating differentiation (specifically, decreased VCL 

and TGM-1 expression in equivalents) and autophagy.  Specifically, I have shown 

differential AhR activation to elicit differential effects on the epidermal equivalent model 

that resembled chloracne closely. Potential specific biomarkers for chloracne were 

identified, for example markers of autophagic activation (LC3 II/p62 correlation by 

Western blot or presence of autophagic vacuoles by EM), TGM-1 and decreased 

lamellar bodies, although further work is required to validate these markers.   
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Chapter 3: Activation 

TCDD 

0.5/5/10nM 

β-NF 

3/15µM 

ITE 

1/5µM 

α-NF alone 

5/10µM 

AhR activation in 

keratinocytes 

+ + + + + + + + 

Inhibition of AhR by α-NF 

(Western blot) 
+ + + 

_ _ _ _   

Inhibition of AhR by α-NF 

(Luciferase) 
+ + + + + + + + + 

 

Chapter 4: Epidermal 

equivalents 

    

siRNA/shRNA 

Decreased VCL + + + 0 0 + 

Compacted stratum 

corneum 
+ + + + + + + 

Early onset of 

differentiation 

+ + + + ++  

Chapter 5: Autophagy     

Active autophagy 

(Western blot) 

+ + + - - - + + + + 

Inhibition by α-NF 

(Western blot) 

+ 

partial block 

+  

block 

- - - 

partial block 

 

EM observations 

(autophagic vacuoles, 

lamellar bodies 

 

+ + + 

 

0 

 

+ + 

 

Chapter 6: CTSD     

Pro CTSD - - +  - / + + 

Active CTSD - -  -  - - - - 

Pro CTSD + α-NF +  + +  + + +  

Active CTSD + α-NF - - + / - - - 

D2/4  D6/8 

+ / - 

D2/4  D6/8 

 

CTSD in epidermal 

equivalents (7 days) 

+ + + + + + +  

 
Table 8. Summary of the effects of AhR activation by TCDD, β-NF and ITE, and 
inhibition by α-NF in epidermal equivalents. + and – symbols represent the effects of 
the ligand on the readout or phenotype indicated in the row title. Green symbols indicate 
AhR activation, while red symbols indicate AhR inhibition, “0” indicates no effect. 
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7.2 Main hypotheses 

7.2.1.1 Ligand binding affinity 

The hypotheses at the start of the project were that differential characteristics of the 

ligands (high or low-affinity or residency and origin of the compound) would induce 

differential downstream effects of AhR activation that would correlate with 

chloracnegenic potential. I have shown that increased residency and binding affinity 

correlated with induced potential chloracnegenic biomarkers, and induced a chloracne-

like phenotype in epidermal equivalents. CYP1A1 induction correlated well with binding 

affinity of the ligand. The inability of ITE to induce CYP1A1 was an interesting 

differential effect showing that (along with β-NF inducing CYP1A1) that 

CYP1A1induction did not correlate with chloracne. There is no known functional link 

from induced CYP1A1 protein to the phenotypic effects of AhR activation, so this did not 

directly relate ligand affinity via CYP1A1 to chloracne.  

Another differential effect was that transglutaminase-1 (TGM-1) was shown to be 

induced (expression and activation) by TCDD, but not by β-NF, the effects of ITE on 

TGM-1 were not tested (Du et al., 2006a). Our data was consistent with Du et al. in the 

keratinocyte cell line, I found that TCDD differentially induced TGM-1 protein in 

epidermal equivalents compared to ITE and β-NF suggesting this is an important 

mechanism to account for reduced VCL in TCDD-treated epidermal equivalents and a 

potential biomarker for chloracne. 

One known link between AhR and TGM-1 is via CTSD, but TCDD has been shown to 

inhibit CTSD induction which would in turn inhibit TGM-1 levels, suggesting an 

alternative and opposite mechanism of TGM-1 activation. Direct regulation would 

suggest that binding affinity would correlate to TGM-1 activation too, but this requires 

further investigation. Interestingly, I show differential effects of AhR activation on CTSD 

in keratinocyte monolayers to epidermal equivalents. Regulation of CTSD in 

keratinocytes is complex and as I have shown throughout this thesis, confluency is an 

important regulator of AhR.  

The final main differential and novel effect was that TCDD and ITE induced autophagy 

while β-NF blocked autophagy. The effects of TCDD, β-NF or ITE have not been 

previously tested on autophagy, so this is novel data, and TCDD induced the most 

robust changes in autophagic markers (including characteristic EM changes). 

Autophagy markers and EM appearances Induced by AhR agonists did not correlate 
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well with the binding affinities of the ligands or CYP1A1 induction; TCDD, the 

prototypical chloracnegen induced autophagy, but instead of β-NF inducing lower levels 

of autophagy as would be expected according to affinity and CYP1A1 induction, it 

robustly blocked autophagy. ITE induced TCDD-like effects but to a lesser extent, 

activating low levels of autophagy, correlating with low-affinity and no CYP1A1 

induction. The latter two differential effects (TGM-1 regulation and autophagy) did link 

directly to phenotypic changes associated with AhR activation, which taken together 

suggest that chloracnegenic activity does not depend upon ligand affinity alone. 

7.2.1.2 Modulation by α-NF 

TCDD, β-NF and ITE all increased AhR transcriptional activation that was shown to be 

AhR dependent by robust inhibition by α-NF. However, the regulation of protein 

expression was more complex; co-treatment with partial AhR-agonist α-NF and β-NF or 

ITE induced higher AhR activation than β-NF or ITE alone. Possible hypotheses 

causing this are described in the results section in Chapter 3, which includes the 

hypothesis based around different XRE domains having specific requirements that were 

not fulfilled by ITE but the combination of α-NF did, resulting in CYP1A1 induction. 

Another possible hypothesis is based on the recent publication by Salzano et al., that 

showed the presence of 4 different binding domains in the human AhR, that all 

contained alternative binding residues. These binding residues are where most of the 

differences in structure between human and mouse AhR‟s are located. This may 

provide the ability for many numbers of different binding combinations for each ligand, 

as most ligands are thought to be able to bind the AhR at any of the binding pockets, 

but their preferences may depend upon ligand size and pocket volume. This model also 

interestingly allows the possibility of concurrent binding of more than one agonist, or 

more than one molecule of the same agonist. These possibilities may partially explain 

ligand interaction as I have shown with β-NF or ITE co-treatment with α-NF, but also 

may provide a role of AhR regulation by converging pathways and ligand effects in vivo 

(Salzano et al., 2011). 

7.2.1.3 Residency 

The residency hypothesis has not been specifically tested in this project, but our data 

did suggest that β-NF induced levels of AhR after treatment of epidermal equivalents for 

7 days. This is a novel finding, as this phenomenon has only been reported in the 

literature in regards to in vivo, chronic and acute treatment with dioxins (Franc et al., 

2001; Sloop and Lucier, 1987; Tang et al., 2008). In our system, AhR levels in TCDD 
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treated epidermal equivalents was still low suggesting that recovery of AhR levels from 

β-NF-induced degradation may be quicker than TCDD, correlating with the literature 

that showed transient activation of AhR by β-NF was prolonged by the addition of 

CYP1A1 inhibitor 1-ethynylpyrene (Berghard et al., 1992).  

7.2.1.4 Physiological versus toxicological roles of the AhR 

The AhR has an important role in both physiological function and mediation of toxicity. I 

compared ITE, a physiological AhR agonist with exogenous TCDD and β-NF. The 

physiological role of AhR has not been widely studied until recently, when the discovery 

of FICZ, a tryptophan photoproduct which is thought to mediate UV induced toxicity in 

the skin, allowed the physiological responses of AhR to be measured (Bergander et al., 

2004; Jux et al., 2011; Wincent et al., 2009). Physiological compounds will inherently 

have different characteristics to xenobiotics studied for their toxic effects. Firstly, a 

physiological AhR agonist would be presumed not to induce toxicity at physiologically 

relevant doses, unless it is the cause of a diseased state, in which case it will have been 

induced by a disease causing factor. For example, ITE did not induce CYP1A1 at 

concentrations that did not induce toxicity. If ITE were tested at a higher concentration 

that induced toxicity and also induced CYP1A1, the effects would no longer be relevant 

to the physiological role of the AhR, because during normal physiological regulation of 

AhR activation by ITE (that was shown to occur by XRE-luciferase and AhR 

degradation) the AhR would be activated by ITE, neither inducing cellular toxicity nor 

CYP1A1. This is hypothetical and was not tested in our system, although in future 

studies a higher dose range of ITE would be tested. Equally, physiological agonists 

would not have high-residency (Bergander et al., 2004). Use of a compound in 

signalling pathways would be required to respond rapidly to regulation, suggesting that 

high-residency would not be a useful trait. This suggests that chloracnegens and 

physiologically relevant concentrations of ligands, would not have similar 

characteristics. 

The role of ARNT and its regulated pathways have not been studied during this project. 

Although ARNT/hypoxia pathways have suggested roles in keratinocyte differentiation 

(Geng et al., 2006; Weir et al., 2011), the effects of TCDD and AhR activation on ARNT 

are not marked, ARNT levels were not affected by TCDD treatment in HepG2 cells 

(Pollenz et al., 1999) and there are no reports of AhR inducing the degradation of ARNT 

post activation. It would be interesting to investigate the possible interactions between 

ARNT and the potential biomarkers and processes that I have indicated are regulated 
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by or interact with the AhR pathway (TGM-1, autophagy and lamellar bodies), but this 

would most suitably be in a further project, not a sideline from this project.    

7.3 Hypotheses arising from the project 

 

Figure 7.1.  Hypotheses for AhR-dependent decreased viable cell layer and 
compacted stratum corneum. 1) The effects of transcriptional activation of CTSD and 
filaggrin induce a thinner viable cell layer by increased early onset of terminal 
differentiation and possible involvement of autophagy. 2) TCDD induces autophagy 
which may be linked to changes in CTSD expression by increasing activation of CTSD 
to provide more degradation power with increased numbers of autophagasomes. 3) 
Autophagy may target lamellar bodies for degradation, accounting at least in part for the 
compacted stratum corneum. Red arrows represent links from AhR that have not yet 
been fully elucidated, grey boxes represent direct from the AhR, blue boxes represent 
intermediate steps and light yellow boxes represent AhR induced affects. XRE 
xenobiotic response element; CTSD Cathepsin D; TGM-1 transglutaminase-1; FLG 
filaggrin.  

 

7.3.1 Hypothesis 1. TCDD induced AhR degradation and the consequent effects 

 

Persistent TCDD induced AhR degradation is the basis for one of the main hypotheses 

for the specificity of chloracne. The high-residency and strong affinity of TCDD for the 

AhR result in AhR degradation persisting over time, when degradation by other ligands 

does not. My data corresponds well with this hypothesis, showing prolonged 

degradation of AhR by TCDD treatment for 7 days in epidermal equivalents, compared 

with novel data showing the increased levels (presumable on recovery after 

degradation) shown by IHC in epidermal equivalents treated for 7 days with β-NF. For 

example, β-NF and ITE have been shown to transiently induce AhR activation, showing 
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AhR recovery from β-NF treatment in primary keratinocytes by 48h post treatment 

(Berghard et al., 1992) and by 24h after ITE treatment in mouse hepatoma cells (Henry 

et al., 2010). Increased concentrations of β-NF or ITE may induce faster recovery of 

AhR, as AhR ligands induce their own metabolism (Sorg, 2009). Moreover, although 

preliminary, I have shown AhR knock down by siRNA and shRNA to induce a TCDD-

like phenotype (thinner VCL and compacted stratum corneum) in epidermal equivalents. 

Together the data presented in this thesis suggests that the lack of AhR contributes to 

the epidermal phenotype which is also characteristic of chloracne comedones and 

vellus follicles (Figure 1.8)(Hambrick, 1957; Pastor et al., 2002). During persistent AhR 

activation, perhaps somewhat paradoxically AhR transcriptional activation remains 

constant despite evidence of AhR degradation as shown by readouts of transcriptional 

activation, often CYP1A1 expression and Western blots showing AhR degradation 

(Henry et al., 2006; Henry et al., 2010). This suggests that the degradation of AhR may 

play a role in the regulation of AhR synthesis and that readouts of AhR levels by 

Western blot may not reflect levels of transcriptionally active AhR in the nucleus. Little is 

known about the molecular mechanisms regulating synthesis of AhR, but for TCDD to 

induce prolonged AhR activation (and consequent degradation) and simultaneously 

induce prolonged AhR-dependent transcriptional activation (Henry et al., 2010), nascent 

AhR must be available for continuous activation, resulting in both AhR degradation and 

CYP1A1 induction. If activation of AhR were to induce AhR synthesis, high levels of 

AhR activation would induce high levels of AhR synthesis, resulting in the flux or cycling 

of AhR degradation and synthesis to vary according to the potency of the ligand 

(increasing flux with increased ligand potency). 

 

The AhR has been shown to recover to higher levels than basal levels 4 days after 

TCDD-dependent degradation than basal levels in rat hepatocytes and levels remained 

raised at least until 10 days post treatment, the longest time point tested (Franc et al., 

2001). Increased AhR has also been reported by Tang et al. in skin from chloracne 

sufferers exposed to a cocktail of dioxins in industry at least 6 years previously. 

Unexpectedly, AhR levels were increased along with CYP1A1 levels and GST A1. This 

suggests that chronic exposure to dioxins may induce a rebound effect resulting in over 

expression of AhR, as reported by (Franc et al., 2001). This is a little reported 

phenomenon and has not been reported previously in vitro. I have shown AhR levels in 

TCDD treated epidermal equivalents to be decreased, but epidermal equivalents treated 

with β-NF in parallel have shown increased β-NF, this would be the first observation of 
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this phenomenon in vitro. The cause of the recovery of AhR to increased levels is 

unknown but could be a result of the synthesis of AhR being prolonged and 

overshooting the basal levels. 

 

The induction of AhR levels on recovery from ligand-induced degradation (Franc et al., 

2001) of after chronic exposure to AhR agonists (Sloop and Lucier, 1987; Tang et al., 

2008) suggests the importance of residency of the ligand. Realistically, high-residency 

would be considered a powerful characteristic of a chloracnegen, considering the time 

scales that the disease covers, lasting years because of the constant bioavailability of 

lipophilic and low metabolised dioxins causing prolonged down-regulation of AhR as 

shown in our data. This hypothesis leads to the question that if residency of any non-

chloracnegenic compound was increased by decreasing its metabolism (for example, 

with CYP1A1 inhibitor 1-ethynylpyrene), would it too exert chloracnegenic effects? 

Berghard et al demonstrated that inhibition of CYP1A1 by 1-ethynylpyrene, increased 

the duration of β-NF-dependent AhR activation. This could be applied to the epidermal 

equivalent model to test if β-NF would then induce chloracne-like effects, and result in 

increased AhR. 

 

7.3.1.1 AhR-induced regulation of CTSD and TGM-1 

There is a large battery of proteins induced by AhR-dependent transcriptional activation 

which mainly include the well studied phase I and II metabolising enzymes (reviewed in 

(Oesch et al., 2007)). The AhR has two main roles, mediation of toxicity which has been 

the focus of research until recently, and the less characterised but crucial physiological 

role of the AhR. The AhR is highly conserved throughout time and species (Hahn et al., 

1997) and its knock down in vivo demonstrates its vital but still unclear physiological 

role (Fernandez-Salguero et al., 1997). The AhR-dependent transcriptional regulation of 

CYP1A1 has been used in industry and AhR literature as a sign of AhR-dependent 

toxicity, but more recently the regulation of physiologically relevant proteins that were 

not involved in the metabolism of xenobiotics have been identified.  

 

XRE promoter domains have been identified upstream of CTSD (Wang et al., 1999) and 

filaggrin (Sutter et al., 2011), indicating that they are regulated by the AhR. As described 

in Chapter 6, regulation by the AhR may not be straight forward or independent of other 

promoter regions. CTSD demonstrates the differential effects of ligand-activated AhR 
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and inactive AhR on transcriptional regulation; maximal basal expression of CTSD 

requires the interaction of inactive AhR and the Sp1 protein and binding site, however 

ligand-activated AhR disrupts the ER-Sp1 dimer, inhibiting CTSD (Wang et al., 1998; 

Wang et al., 1999). Filaggrin has more recently been identified as a target for AhR 

regulation, revealing a functional link to the previously observed TCDD induced 

differentiation in keratinocytes (Du et al., 2006a; Greenlee et al., 1985; Osborne and 

Greenlee, 1985; Ray and Swanson, 2003) (Figure 7.1).  

 

AhR activation has also been mechanistically linked to differentiation by its induction of 

TGM-1 expression and activation, although TGM-1 is not thought to be directly 

regulated by AhR (Du et al., 2006a). The mechanism of AhR-induced TGM-1 was 

unknown, but during the project we hypothesised that CTSD may be the intermediate 

step; TCDD directly regulates CTSD which directly induces TGM-1 activation. Our data 

suggests that there may also be a CTSD-independent mechanism linking AhR to TGM-

1 too; TCDD-dependent AhR activation has been shown to inhibit oestrogen receptor 

(ER) dependent up-regulation of CTSD (Krishnan et al., 1995; Wang et al., 1998), which 

in turn would down-regulate TGM-1, but our data (consistent with the Du et al.) has also 

shown that TCDD treatment may result in up-regulation of TGM-1 (with differential 

effects by β-NF treatment). AhR has been shown to induce or inhibit CTSD expression 

depending on its activation state (Wang et al., 1998; Wang et al., 1999), and CTSD is 

known to regulate TGM-1 expression and activation (Egberts et al., 2004; Zeeuwen, 

2004). Further work is required to determine the molecular mechanisms through which 

TCDD regulates CTSD and induces TGM-1 activation (Figure 7.1); as TCDD appeared 

to induce a trend of inhibited CTSD expression (Figure 6.3), which in turn would inhibit 

TGM-1 activation, but TCDD has been shown to induce TGM-1 expression and 

activation in primary keratinocytes (Du et al., 2006a). 

 

I have shown TCDD treatment (but not β-NF or ITE) to induce aberrant expression of 

TGM-1; as reported in Loertscher et al., the contiguous ring of TGM-1 expression on the 

inner edge of the granular layer keratinocytes became broken in TCDD treated samples 

(Loertscher et al., 2001b). In CTSD knock out mice, activation of TGM-1 was inhibited, 

resulting in a decrease of TGM-1 dependent proteins (involucrin and loricrin) in the skin, 

that contributed to an ichthyosis like phenotype, with thicker stratum corneum and 

hyperkeratosis, and also a poorly formed epidermal barrier (Egberts et al., 2004). There 

are epidermal diseases that exhibit similar phenotypes of dysregulated differentiation 
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(psoriasis and several types of ichthyosis) but opposite mechanisms are responsible. 

Egberts et al describe two groups of diseases; “retention hyperkeratosis”, such as 

lamellar ichthyosis which is caused by TGM-1 deficiency and can result in compromised 

barrier function, and “hyperproliferation associated hyperkeratosis” such as psoriasis, in 

which TGM-1 activity is increased (often as a result of increased CTSD) and does not 

exhibit compromised epidermal barrier function. I have not studied loricrin in this project 

because it is regulated by TGM-1 in parallel with involucrin. I chose filaggrin instead 

because of its TGM-1 independent regulation, which has recently been identified as 

being directly regulated by the AhR (Sutter et al., 2011). 

 

The TCDD-like effects shown in epidermal equivalents that strongly resemble chloracne 

also show hyperkeratosis, as do the two disease groups identified by Egberts et al., as 

do AhR and ARNT knock out mice (Fernandez-Salguero et al., 1997; Geng et al., 

2006). But because TCDD inhibited CTSD (via inhibition of ER) but induced TGM-1 (by 

an unknown mechanism), it was unclear which group the TCDD and chloracne –like 

phenotype would fit into, retention or hyperproliferation associated hyperkeratosis. 

Considering the TCDD-dependent induction of involucrin in our system we would 

presume that the TCDD-induced phenotype would fit the hyperproliferation associated 

hyperkeratosis model, suggesting that the mechanism was similar to that of psoriasis, 

with increased TGM-1 and CTSD (that itself may be the mechanism of 

hyperproliferation of the keratinocytes (Vashishta et al., 2007)). However, as neither 

chloracne nor the TCDD-like phenotype in epidermal equivalents were 

hyperproliferative (they exhibited decreased cell numbers (Loertscher et al., 2001a; 

Loertscher et al., 2001b)), the phenotype doesn‟t fit that group. The more likely group to 

place the TCDD-induced phenotype would be with retention hyperkeratosis, caused by 

decreased CTSD and TGM-1, inducing dysregulated differentiation and possible (but 

not certain) barrier deficiency. This group characteristically showed deceased 

expression of cornified envelope proteins involucrin and loricrin, we showed that TCDD 

induced involucrin in epidermal equivalents, but filaggrin (directly regulated by AhR) 

punctate staining was shown to be decreased by TCDD treatment. This could be 

caused by post-translational modifications and not transcriptional regulation; some 

papers have shown blocked pro-filaggrin to filaggrin processing but reports are varied in 

the literature (Geusau et al., 2005). The involvement of CTSD in the TCDD induced 

chloracne-like phenotype provided an interesting link to autophagy; active CTSD (the 

form that activates TGM-1 to catalyse cross linking of proteins to form the cornified 
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envelope) is lysosomal, which is also a major component of autophagic degradation. 

This is discussed in the following section, but the link between TCDD regulated CTSD 

and its role in autophagy is very interesting. 

 

Recently, a paper following on from Tang et al. reported differential regulation of TGM-1 

in chloracne obtained from industrial workers exposed to a mixture of dioxins 6 years 

previously for an undefined amount of time (Liu et al., 2011; Tang et al., 2008). Lui et al 

showed that TGM-1 mRNA and protein levels were increased and localised to the 

granular and spinous layers of chloracne involved skin samples. They suggested an 

alternative mechanism linking TCDD to TGM-1 by the activation protein-1 (AP-1) or 

mitogen-activated protein kinase (MAPK) pathway (Liu et al., 2011), however I have 

shown data that corresponds with the literature on TCDD-dependent direct down-

regulation of CTSD, and discussed the direct pathway linking AhR-activation to CTSD 

regulation and direct TGM-1 activation, which fits hypotheses for other chloracne type 

hyperkeratotic disease (Figure 7.2). Increased TGM-1 would suggest increased CTSD, 

which is what I have shown is indicated by IHC for CTSD in AhR-agonist treated 

epidermal equivalents. The differential effects of these results may be caused by the 

difference in cell culture model – monolayer versus epidermal equivalent. 
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Figure 7.2. Molecular characteristics of chloracne. Chloracne corresponds with, but 
shows mixed characteristics of the groups of typical disease states regulated by CTSD 
and TGM-1. CTSD levels are unknown in chloracne and aberrant (but probably 
increased) in TCDD treated epidermal equivalents. Increased TGM-1 is present in 
chloracne ex vivo but was reduced by TCDD treatment in keratinocyte monolayers. The 
state of barrier function has not been reported in chloracne but decreased lamellar 
bodies suggest it may be compromised as in Sjogren-Larsson syndrome. CTSD, 
Cathepsin D; TGM-1, transglutaminase-1; Inv/Flg, involucrin or filaggrin. 

7.3.2 Hypothesis 2. Activated autophagy and Cathepsin D 

 

We have presented novel data showing that TCDD and ITE both induced active 

autophagy in epidermal equivalents and that β-NF induced autophagic block (Chapter 

5). This opposite effect of β-NF compared to TCDD or ITE induced AhR activation was 

mirrored in the effects of TCDD and β-NF on CTSD expression. TCDD inhibited levels 

of both pro and active CTSD, while β-NF up regulated levels of both. This suggested a 

link between CTSD and autophagy, and as AhR activation has been shown to regulate 

CTSD (Wang et al., 1998; Wang et al., 1999), and autophagic block inhibits levels of 

active CTSD (Chapter 6), it was hypothesised that levels of CTSD could regulate 

autophagy. CTSD is integral to autophagy (providing proteases to degrade cellular 

material) and it could be hypothesised that increased autophagy would require 
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increased levels of CTSD, making it possible for increased CTSD to require more 

material transport by autophagasomes, so regulating autophagy (Settembre and 

Ballabio, 2011; Settembre et al., 2011). 

 

There have been reports in the literature that increased numbers of lysosomes could 

induce autophagy by up-regulating protein degradation in the cell. Increased numbers of 

autophagasomes are required to contain and remove the degraded material at times 

when the degradation pathways are activated (Settembre and Ballabio, 2011; 

Settembre et al., 2011), as increased waste incineration (lysosomes) would require 

increased rubbish lorries (autophagasomes) to remove the waste. If this hypothesis is 

correct, it would be possible that decreased CTSD (by TCDD) could cause increased 

autophagy (Figure 7.1 hypothesis 1). As CTSD is a lysosomal protease, it may also be 

degraded during the final stages of autophagy, as LC3 II and p62 are. This is suggested 

by the decrease of pro and active CTSD by TCDD and also the accumulation of pre-pro 

CTSD by autophagic block. I have shown evidence indicating that autophagy may 

regulate the processing of pro-CTSD to active CTSD. The mechanism of autophagic 

block utilised was Bafilomycin A1 treatment, which inhibits lysosomal acidification 

(Lukacs et al., 1990) which is necessary for the step in processing pro to active CTSD. 

This may mean that the autophagic block itself did not inhibit CTSD processing but the 

mechanism of the block did. β-NF inhibited autophagy and resulted in increased pro 

and active CTSD (but not obvious blocked processing to active CTSD), which was 

opposite to the effects of TCDD, that may suggest that the accumulation of CTSD 

occurred while it was not used by autophagy. If CTSD was degraded by autophagy, 

then a regulatory circuit of CTSD use, degradation and synthesis could be implemented, 

as suggested in section 7.3.1 for the AhR. This would correlate well, showing that 

blocked autophagy (induced by β-NF) caused increased CTSD and active autophagy 

(by TCDD) caused decreased CTSD. Increased CTSD has been previously shown to 

result from autophagic block (its accumulation induced lysosomal membrane 

permeability and apoptosis, see section 1.4.2.1), but the form of CTSD that was 

increased was not specified (Carew et al., 2011). Therefore, we can conclude that in 

keratinocyte culture, TCDD inhibited CTSD would disrupt TGM-1 inducing aberrant 

expression of differentiation markers. However, in epidermal equivalents treated with 

TCDD, CTSD appeared up-regulated (Figure 6.1) which would activate TGM-1 and 

cause increased involucrin staining as shown in Figure 4.3, while filaggrin puncta 

decreased, which could be a sign of induced cross linking by TGM-1. To define the 
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steps in this hypothesis, CTSD or ER knock out keratinocytes could be used to study 

CTSD-independent TCDD-induced effects on TGM-1. If they were possible to obtain, 

chloracne samples could be tested for all of the stages outlined above, from AhR levels 

to effects on ER induction of CTSD, TGM-1, involucrin, filaggrin and loricrin, and barrier 

function tested to completely define the characteristics as per Figure 7.2. 

 

7.3.3 Hypothesis 3. The effects of autophagy on the TCDD induced phenotype in 

epidermal equivalents  

 

Dysregulated differentiation (by aberrant filaggrin/involucrinTGM-1 expression regulated 

by binding to XRE in filaggrin promoter and/or through CTSD and its effect on TGM-1) 

 is likely to be an important contributing factor to the decreased VCL and compacted 

stratum corneum present in TCDD treated epidermal equivalents and chloracne 

(Geusau et al., 2005; Loertscher et al., 2001b). Autophagy as a mechanism of cell 

death is a difficult area to define because there are few biomarkers to distinguish active 

autophagy as a survival pathway from autophagy as a cell death pathway. Vacuolisation 

is a marker of both autophagic cell death and apoptosis. In the epidermal equivalent 

model that I have shown, TCDD induced high levels of vacuolisation, suggesting cell 

death was occurring. Other samples showed lower levels of vacuolisation, but as noted 

in Chapter 5, only one time point was studied so increased signs of cell death may be 

present at a different time point. As I have also shown that TCDD did not induce active 

caspase-3 or cleaved lamin A in TCDD treated epidermal equivalents and as no 

chromatin condensation was observed, it can be presumed that the vacuolisation here 

did not represent apoptosis. Our EM studies at a single time point also provided no 

evidence of necrosis, as there were no signs of swollen or ruptured membranes in the 

sample (Kroemer et al., 2009). Despite autophagic cell death not being a common or 

well defined process, we hypothesise that the presence of vacuoles in TCDD treated 

epidermal equivalents may represent early signs of autophagic cell death but further 

studies are required to confirm this. The contribution of autophagic cell death to the 

decreased VCL would provide another differential effect between the phenotypes 

induced by TCDD and β-NF, as in direct contrast to TCDD, β-NF blocked autophagy 

and did not cause a decreased VCL thickness. ITE induced effects that were TCDD-like 

(but not as strong) in regards to autophagy and VCL phenotype (slight compaction of 

the stratum corneum). This data fits together well, but I hypothesise that the 
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involvement of autophagy in the chloracne-like phenotype may contribute more marked 

phenotypic effects.  

 

Our initial investigation began with similarities between the compacted stratum corneum 

in our epidermal equivalent model with Sjorgren-Larsson syndrome, a type of ichthyosis 

that was shown to have a characteristic compacted stratum corneum caused by 

malformed and empty lamellar bodies, causing a deficiency in lamellar lipids secreted 

into the granular/ cornified junction, resulting in improper barrier function and abnormal 

lipid content in the stratum corneum (Rizzo et al., 2010). Lamellar bodies are difficult to 

visualise by any other method but EM, because of their mixed characteristics of vesicles 

and lysosomes, but by EM they can be identified by their characteristic lamellar 

contents (Bouwstra et al., 2003), grouping near the apical membrane of the upper 

spinous layers (where they are formed) and presence in the granular layer where they 

visibly fuse to the apical membrane of the granular cells and secrete their lipid lamellar 

contents into the extracellular gaps between cornified cells (Bouwstra et al., 2003). 

These areas of lamellar material also remain visible in parts of the stratum corneum 

(Ponec et al., 2000). 

 

In recent years, epidermal equivalents have been validated by studies in a wide range 

of areas including differentiation (Loertscher et al., 2001b) and barrier function (Ponec 

et al., 2000) and used for a number of techniques including EM. Electron micrographs 

revealed high numbers of well formed lamellar bodies expressed in the well defined 

upper spinous and granular layers. To our surprise, the numbers of lamellar bodies 

appeared consistently decreased in TCDD treated (and ITE treated to a lesser extent) 

epidermal equivalents compared to vehicle. We also found evidence to show that 

autophagy targeted lamellar bodies for degradation. Autophagy has been reported to 

target specific organelles such as mitochondria (mitophagy) and fat droplets in 

hepatocytes (“lipophagy”) during serum starvation, which when degraded release high 

amounts of ATP providing an efficient organelle for autophagic degradation which is a 

catabolic process (Singh et al., 2009b; Weidberg et al., 2009). Autophagy appears to 

target lipid droplets during cellular starvation when autophagy is required for its 

catabolic role, and may be induced by markers of lipid over expression but this is not 

definite. However if “intelligent degradation” can occur in the liver then it is likely to 

occur in the epidermis too. Lamellar bodies would presumably also provide high levels 

of energy after autophagic degradation of their lipid contents, and as they contain 
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CTSD, autophagy would result in the degradation of CTSD too either as another 

mechanism of TCDD-dependent down-regulation or also possible recycling of CTSD or 

release for use by autophagy in situations where CTSD was low, which would indicate a 

mechanism of low CTSD-induced up-regulation of autophagy. As lamellar bodies play a 

key role in the final formation of the cornified cell envelope and the formation of the 

epidermal barrier, it seems likely that a variety of endogenous and environmental 

signals may be involved in the regulation of lamellar body trafficking and fusion. So far 

this has not been investigated in detail in part because of the lack of appropriate models 

and markers to facilitate real study in real time. Future studies focused on live cell 

imaging of epidermal equivalent models stimulated with AhR agonists would be of 

considerable interest.   

7.4 Future Work 

This project has produced some exciting novel data that has not only helped to clarify 

AhR-dependent mechanisms contributing to the formation of chloracne, but that can 

also be implemented in more widely ranging effects in disease and physiological roles 

stemming from the AhR. However, some areas that we investigated have not been fully 

elucidated by our experiments so far, and further experiments could help to fully 

understand and put our findings into context. 

 

7.4.1 Investigating ligand-induced AhR activation 

The AhR dependence of ITE and β-NF induced effects on AhR/Cyp1a1 protein 

expression levels and autophagic protein biomarkers were not satisfactorily defined 

because α-NF induced further AhR activity in some assays involving these agonists 

rather than blocking it. We aimed to test the AhR dependence of TCDD, β-NF and ITE 

in an shRNA or siRNA AhR knock down system. Unfortunately, I did not have time to 

fully utilise this system for these studies past optimisation, but this system could be 

used to confirm AhR dependence in the future. However, because of the phenotypes 

caused by AhR knock down shown in Chapter 4 and in AhR knock out mice 

(Fernandez-Salguero et al., 1997), AhR knock down may not be the ideal model to test 

the blocked effects of ligand-induced phenotypes. A relatively simple assay would be to 

repeat the inhibition studies for TCDD, β-NF and ITE using specific AhR antagonists 

(without partial agonistic action) that have recently become available. 
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 Depending on the mechanism of AhR inhibition, full antagonists may also induce 

different phenotypes in keratinocyte models. Ideally, inhibition of ligand binding to the 

AhR would be required, to allow free unbound AhR availability to exert normal 

physiological regulation, without sequestering into the active AhR pathway. A more 

complex method could be to modify or remove the AhR ligand binding domain to block 

ligand binding, which would maintain the effects of inactive AhR (basal expression of 

CTSD) but allow AhR-dependent effects of β-NF and ITE to be blocked. This has not 

been attempted previously, but would be a very important experiment, demonstrating 

the effects of blocking toxicity mediating effects of AhR activation but maintaining 

physiological function of the AhR. 

 

The effect of high-residency of ligands on their chloracnegenic potential could be tested 

by inhibiting ligand metabolism, as Berghard et al showed in their paper, prolonging β-

NF induced CYP1A1 by co-treatment with 1-ethynylpyrene. This could be applied to the 

epidermal equivalent model to test if the chloracne-like effects would be induced, 

however as β-NF has been shown to differentially induce autophagic block, which we 

hypothesise contributes to the chloracne phenotype, this may not be the ideal AhR-

ligand to test the residency theory on. As metabolism of ITE has not yet been defined, 

to test this mechanism would require first defining the metabolism. Once this had been 

done, then it could be inhibited as with β-NF. 

 

7.4.2 Investigating the effects of AhR activation on keratinocyte differentiation 

The first hypothesis presented in Figure 7.1, was that AhR activation transcriptionally 

induced filaggrin and degraded CTSD, which lead to dysregulated keratinocyte 

differentiation and thinner VCL. However it is unclear whether the down-regulation of 

CTSD resulting in reduced TGM-1 activity was prominent over TCDD-induced up-

regulation of TGM-1 (probably independent of CTSD). To study this further, CTSD 

knock down epidermal equivalents could be used to show the effects of TCDD on TGM-

1, independent of CTSD, clarifying the involvement of CTSD in TCDD induced up-

regulation of TGM-1 and indicating whether the prominent effect in the TCDD-like 

phenotype is increased or decreased TGM-1. CTSD shRNA was being optimised 

towards the end of the project, but due to time constraints no results were produced. 
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7.4.3 Investigating the effects of AhR activation on autophagy and CTSD 

The second hypothesis presented in Figure 7.1 was that AhR activation by TCDD and 

ITE induced active autophagy and β-NF blocked autophagy. We have not studied the 

mechanism of AhR induced autophagy, however we hypothesise that it is linked to the 

regulation of CTSD by AhR. AhR-dependent regulation of CTSD is inhibited by ligand-

activated AhR and induced by inactive AhR, providing a physiological role for the AhR. 

As CTSD and autophagy are strongly linked, it would be interesting to investigate their 

regulatory effects on each other. Both the CTSD and AhR shRNA knock down protocols 

were being optimised at the end of the project. These could both be used to test the 

AhR- and CTSD-dependence of autophagy by measuring LC3 II and p62 by IHC and 

Western blot. Electron micrographs suggested that TCDD induced high levels of 

autophagy while ITE induced less autophagy, while effects on LC3 II and p62 Western 

blots by TCDD and ITE were more similar. To test the effect of autophagic block on 

CTSD processing independent of lysosomal pH, another method of autophagic block 

that was downstream of lysosome formation could be used. It would also be interesting 

to investigate the mechanism of β-NF induced autophagic block, and whether this has 

any involvement of the inability of β-NF to induce TGM-1 in primary keratinocytes in 

parallel to TCDD, another interesting differential effect of AhR activation (Du et al., 

2006a). 

 

To test the increase in autophagic flux induced by TCDD and ITE (and blocked by β-

NF) the mRFP-GFP-LC3 construct (Kimura et al., 2007) could be used to follow the 

formation and maturation of autophagasomes induced by each ligand. This assay would 

also be highly beneficial in defining the effects of co-treatment of AhR agonists with α-

NF, as the Western blot data were variable. It would also be interesting to investigate 

the involvement of autophagy in other diseased states. Many diseases involve up-

regulation of CTSD, and considering the data presented in this thesis, it is likely that 

AhR may play a role in them. The AhR is involved in many physiological processes in 

which AhR may regulate autophagy (indicated by the presence of increased CTSD), 

including tumours that exhibit increased CTSD (showing potential links between over or 

under expressed CTSD and autophagy), embryonic development (CTSD has been 

reported to regulate the formation of limbs and the heart by physiological cell death 

(Zuzarte-Luis et al., 2007)) and psoriasis or ichthyosis which are grouped by Egberts et 

al. for having similar phenotypes induced by opposite effects of TGM-1 (Egberts et al., 

2004) (Figure 7.2). Depending on the link between autophagy and CTSD regulation, 
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TGM-1 would be up or down regulated accordingly, contributing to the type of disease 

phenotype, retention or proliferation associated hyperkeratosis. If increased TGM-1 

defined chloracne (as suggested by (Liu et al., 2011)) then increased autophagy may be 

present in ichthyosis, while psoriasis would be expected to have low or blocked 

autophagy. However, contrary to Liu et al. (Liu et al., 2011) if chloracne was defined by 

decreased TGM-1 (via CTSD), the increased autophagy may also be present in 

psoriasis and ichthyosis would presumably have low levels or blocked autophagy. This 

could be investigated by studying the levels of autophagy in ichthyosis and psoriasis 

and possible autophagic targeting of lamellar bodies may be implemented in these 

diseased states too. 

 

The presence of autophagic targeting of lamellar bodies is a very exciting observation. 

Lipophagy has been reported in the liver (Singh et al., 2009b), but it has not been 

reported elsewhere, especially where it could contribute to disease phenotypes. To 

study the targeted degradation of lamellar bodies further, the lipid content could be 

studied in the stratum corneum of epidermal equivalents treated with autophagy 

inducing and blocking compounds, such as TCDD and β-NF. If autophagy targeted 

lamellar bodies then the lipid content in TCDD treated samples would be decreased 

while β-NF treated samples would result in increased lipid contents caused by blocked 

autophagic degradation of lamellar bodies. If there was a lipid deficiency, there may 

also be compromised barrier function which could be correlated to LC3 II and p62 

expression by measuring transepidermal water loss. Biomarkers specific to lamellar 

bodies are not common, but caveolin is expressed by them where it acts as a scaffold 

for lipid raft formation (Sando et al., 2003). If lamellar bodies were decreased in active 

autophagy, the decrease of caveolin could be correlated with increased autophagy. 

 

The main aims of this study were to identify a specific biomarker for chloracne and help 

to elucidate the mechanisms causing chloracne. We have partially achieved the latter 

aim, showing AhR-dependent effects on TGM-1 and filaggrin to contribute to the 

decreased VCL and aberrant differentiation characteristic of chloracne, and we have 

also shown TCDD- and ITE-induced AhR-dependent activation of autophagy, which 

may contribute to the compacted VCL by targeted degradation of lamellar bodies. 

Potential novel and specific biomarkers for chloracne have been identified, including 

autophagy, CTSD, TGM-1 and autophagic degradation of lamellar bodies, but these 

need further development to define their true specificity to chloracne.  
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Vehicle + 

        

 
Vehicle     15uM bNF   30uM bNF   

Firefly 28183 33151 20720 105 91 94 113 95 92 

Renilla 419 505 494 390 479 475 369 457 489 

Ratio 67.26252983 65.64554 41.94332 0.269231 0.189979 0.197895 0.306233 0.207877 0.188139 

    
 

    
 

    
 

  

Mean 58.28379808 
 

    
 

    
 

  

Norm 1.154051933 1.126309 0.719639 0.004619 0.00326 0.003395 0.005254 0.003567 0.003228 

          

 

5nM TCDD 
+ 

        

 
Vehicle     15uM     30uM bNF   

Firefly 28990 33183 42315 112 148 147 107 148 148 

Renilla 357 406 498 348 420 504 318 436 466 

Ratio 81.20448179 81.73153 84.96988 0.321839 0.352381 0.291667 0.336478 0.33945 0.317597 

    
 

    
 

    
 

  

Mean   
 

    
 

    
 

  

Norm 1.393259953 1.402303 1.457864 0.005522 0.006046 0.005004 0.005773 0.005824 0.005449 

          

 

10nM TCDD 
+ 

        

 
Vehicle     15uM     30uM     

Firefly 41456 73096 49217 138 255 203 131 233 194 

Renilla 423 641 965 519 656 982 498 661 894 

Ratio 98.00472813 114.0343 51.00207 0.265896 0.38872 0.206721 0.263052 0.352496 0.217002 

    
 

    
 

    
 

  

Mean   
 

    
 

    
 

  

Norm 1.68150895 1.956536 0.875064 0.004562 0.006669 0.003547 0.004513 0.006048 0.003723 

 

Appendix A. Values from luciferase assay showing quenching effect of β-NF on firefly luciferase. Primary keratinocytes were 
transfected with AhR-dependent luciferase construct, pGudLuc1.1 and treated with vehicle, 5 or 10nM TCDD for 48h. Vehicle (DMSO), 
15 or 30µM β-NF (final conc) was added to lysate before luminescence was read. n=3, triplicate wells from 1 donor. 
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Appendix B. α-Naphthoflavone blocked TCDD-induced degradation of AhR and 
induction of CYP1A1 induction. Primary keratinocytes were treated with vehicle or 
TCDD ± α-NF as indicated. After 2 or 4 days cells were lysed and Western blotting 
performed. Top graph: Black bars represent densitometry of anti-AhR bands, orange 
hatching indicates co-treatment of keratinocytes with α-NF as opposed to plain black 
indicating TCDD alone, grey bars represent vehicle treated keratinocytes. Lower graph: 
Orange bars represent densitometry of anti-CYP1A1, grey hatching indicates co-
treatment of keratinocytes with α-NF, grey bars represent vehicle treated keratinocytes. 
Densitometry from AhR and CYP1A1 was normalised to β-actin. Two-way ANOVA was 
performed comparing TCDD treated keratinocytes to α-NF and time. α-NF had a 
significant effect on AhR degradation ( P <0.002), while time had a significant effect on 
CYP1A1 response ( P = 0.0001). Values are presented as optical densitometry units 
(ODU) ± sem, from 3 donors. 
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Appendix C. α-NF blocks TCDD induced degradation of AhR and CYP1A1 
induction. Primary keratinocytes were treated with vehicle, TCDD ± α-NF as indicated. 
After 6 or 8 days, cells were lysed and Western blotting performed. Top graph: Black 
bars represent densitometry of anti-AhR bands, orange hatching indicates co-treatment 
of keratinocytes with α-NF as opposed to plain black indicating TCDD alone, grey bars 
represent vehicle treated keratinocytes. Lower graph: Orange bars represent 
densitometry of anti-CYP1A1, grey hatching indicates co-treatment of keratinocytes with 
α-NF, grey bars represent vehicle treated keratinocytes. Densitometry from AhR and 
CYP1A1 was normalised to β-actin. Values are presented as optical densitometry units 
(ODU) ± sem, from 3 donors. Two-way ANOVA was performed comparing TCDD 
treated keratinocytes to α-NF and time. α-NF induced significant effects on AhR 
degradation (P <0.002). 
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Appendix D. Effects of partial agonist α-NF on β-NF induced AhR activation. 
Primary keratinocytes were treated with vehicle or concentrations of β-NF ± α-NF as 
indicated. After 2 or 4 days cells were lysed and Western blotting performed (A). B.i) 
Black bars represent densitometry of anti-AhR bands, orange hatching indicates co-
treatment of keratinocytes with α-NF as opposed to plain black indicating TCDD alone. 
B.ii) Orange bars represent densitometry of anti-CYP1A1, grey hatching indicates co-
treatment of keratinocytes with α-NF. Grey bars represent vehicle treated keratinocytes 
on both graphs. Densitometry from AhR and CYP1A1 was normalised to β-actin and 
presented as optical densitometry units (ODU) ± sem, from 3 donors. Two-way ANOVA 
showed significant effects of time on β-NF and α-NF induced CYP1A1 (P <0.03). 
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Appendix E. Effects of partial agonist α-NF on β-NF induced AhR activation. 
Primary keratinocytes were treated with vehicle or doses of β-NF ± α-NF as indicated. 
After 6 or 8 days cells were lysed and Western blotting performed (A). B.i) Black bars 
represent densitometry of anti-AhR bands, orange hatching indicates co-treatment of 
keratinocytes with α-NF as opposed to plain black indicating TCDD alone. B.ii) Orange 
bars represent densitometry of anti-CYP1A1, grey hatching indicates co-treatment of 
keratinocytes with α-NF. Grey bars represent vehicle treated keratinocytes on both 
graphs. Densitometry from AhR and CYP1A1 was normalised to β-actin and presented 
as optical densitometry units (ODU) ± sem, from 3 donors. Two-way ANOVA showed 
significant effects of time on β-NF and α-NF induced CYP1A1 (P <0.03). 
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Appendix F. Effects of partial agonist α-NF on ITE induced AhR activation. Primary 
keratinocytes were treated with vehicle or concentrations of ITE ± α-NF as indicated. 
After 2 or 4 days cells were lysed and Western blotting performed (A). B.i) Black bars 
represent densitometry of anti-AhR bands, orange hatching indicates co-treatment of 
keratinocytes with α-NF as opposed to plain black indicating TCDD alone. B.ii) Orange 
bars represent densitometry of anti-CYP1A1, grey hatching indicates co-treatment of 
keratinocytes with α-NF. Grey bars represent vehicle treated keratinocytes on both 
graphs. Densitometry from AhR and CYP1A1 was normalised to β-actin and presented 
as optical densitometry units (ODU) ± sem, from 3 donors. Two-way ANOVA compared 
α-NF and time to ITE treatment. Time point induced significant effects on AhR in 5µM 
ITE treated keratinocytes (P <0.0001), while α-NF induced significant effects on 
CYP1A1 levels in 1µM ITE treated keratinocytes (P <0.02). 
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Appendix G. Effects of partial agonist α-NF on ITE induced AhR activation. 
Primary keratinocytes were treated with vehicle or doses of ITE ± α-NF as indicated. 
After 6 or 8 days cells were lysed and Western blotting performed (A). B.i) Black bars 
represent densitometry of anti-AhR bands, orange hatching indicates co-treatment of 
keratinocytes with α-NF as opposed to plain black indicating TCDD alone. B.ii) Orange 
bars represent densitometry of anti-CYP1A1, grey hatching indicates co-treatment of 
keratinocytes with α-NF. Grey bars represent vehicle treated keratinocytes on both 
graphs. Densitometry from AhR and CYP1A1 was normalised to β-actin and presented 
as optical densitometry units (ODU) ± sem, from 3 donors. Two-way ANOVA compared 
ITE and α-NF co-treatment and time to ITE treated keratinocytes. Time point induced 
significant effects on AhR in 5µM ITE treated keratinocytes (P <0.0001), while α-NF 
induced significant effects on CYP1A1 levels in 1µM ITE treated keratinocytes (P 
<0.02). 
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Appendix H. Complete time course of the effects of low concentrations of β-NF on AhR and CYP1A1. Primary keratinocytes were 
treated with vehicle or concentrations of β-NF as indicated for 2 to 8 days. A) Western blotting was performed and membranes were 
probed with anti-AhR and anti-CYP1A1 antibodies and β-actin as a loading control. B) Western blots were analysed by densitometry. 
Optical density units of AhR (B.i) and CYP1A1 (B.ii) bands were normalized to β-actin. Western blot is representative of duplicate blots in 
2 donors. Densitometry represents mean. No statistical analysis was performed due to low sample number. Days 2 and 8 repeated in 
Figure 3.12.
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Appendix I. α-Naphthoflavone is a partial AhR agonist in primary keratinocytes. 
Primary keratinocytes were treated with vehicle or concentrations of α-NF as indicated 
for up to 8 days. Western blotting was performed (A). B.i) AhR and B.ii) CYP1A1 bands 
were analysed by densitometry and presented as optical density units (ODU) 
normalised to β-actin. Western blot is representative of duplicate blots in 3 donors. 
Densitometry represents mean ± sem for blots from 3 independent donors. Two-way 
ANOVA was performed comparing vehicle to α-NF and time. α-NF induced significant 
effects on AhR degradation (P <0.05). 
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Appendix J. The effects of co-treatment of TCDD plus α-NF on autophagy. Primary 
keratinocytes were treated with vehicle or TCDD ± α-NF. After 2 or 4 days cells were 
lysed and Western blotting performed (A). Densitometry was performed on Western 
blots probed with B.i.) p62 and B.ii.) LC3 antibodies. Black bars represent vehicle 
treated keratinocytes, plain bars indicate TCDD alone and hatching on bars indicates 
co-treatment of keratinocytes with α-NF. Densitometry from LC3 II and p62 was 
normalised to β-actin.B.i) p62 values are represented as mean ODU from 1-3 donors. 
No analysis was performed on p62 due to low sample size. B.ii.) 2-way ANOVA was 
performed comparing TCDD treated samples to the effects of α-NF over time. α-NF was 
shown to have a significant effect on LC3 II expression (P = 0.002). Values are 
presented as optical densitometry units (ODU) ± sem, from 3 donors.  
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Appendix K. The effects of co-treatment of TCDD plus α-NF on autophagy. Primary 
keratinocytes were treated with vehicle or TCDD ± α-NF as indicated. After 6 or 8 days 
cells were lysed and Western blotting performed (A). Densitometry was performed on 
Western blots probed with B.i.) p62 and B.ii.) LC3 antibodies. Black bars represent 
vehicle treated keratinocytes, plain bars indicate TCDD alone and hatching on bars 
indicates co-treatment of keratinocytes with α-NF. Densitometry from LC3 II and p62 
was normalised to β-actin. B.i.) Values are represented as mean ODU from 1-3 donors. 
No analysis was performed on p62 due to low sample size. B.ii.) 2-way ANOVA was 
performed comparing TCDD treated samples to the effects of α-NF and time. α-NF was 
shown to have a significant effect on LC3 II expression (P = 0.002). Values are 
presented as optical densitometry units (ODU) ± sem, from 3 donors  
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Appendix L. The effects of co-treatment with β-NF plus α-NF on autophagy in 
primary keratinocytes. Primary keratinocytes were treated with vehicle or β-NF ± α-NF 
as indicated. After 2 or 4 days cells were lysed and Western blotting performed (A). 
Densitometry was performed on Western blots probed with B.i) p62 and B.ii) LC3 
antibodies. Black bars represent vehicle treated keratinocytes, plain bars indicate β-NF 
alone and hatching on bars indicates co-treatment of keratinocytes with α-NF. 
Densitometry from LC3 II and p62 was normalised to β-actin. B.i) Values are 
represented as mean ODU from 1-3 donors. No analysis was performed on p62 due to 
low sample size. B.ii) 2-way ANOVA was performed comparing the effects of β-NF with 
the effects of α-NF and time. The effects of 15µM β-NF plus α-NF were significantly 
affected by time (P <0.02). Values are presented as optical densitometry units (ODU) ± 
sem, from 3 donors.  
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Appendix M. The effects of co-treatment with β-NF plus α-NF on autophagy in 
primary keratinocytes. Primary keratinocytes were treated with vehicle or β-NF ± α-NF 
as indicated. After 6 or 8 days cells were lysed and Western blotting performed (A). 
Densitometry was performed on Western blots probed with B.i) p62 and B.ii) LC3 II. 
Black bars represent vehicle treated keratinocytes, plain bars indicating β-NF alone and 
hatching on bars indicates co-treatment of keratinocytes with α-NF. Densitometry from 
LC3 II and p62 was normalised to β-actin. B.i.) Values are represented as mean ODU 
from 1-3 donors. No analysis was performed on p62 due to low sample size. B.ii.) 2-
way ANOVA was performed comparing the effects of β-NF with the effects of α-NF and 
time. The effects of 15µM β-NF plus α-NF were significantly affected by time (P <0.02). 
Values are presented as optical densitometry units (ODU) ± sem, from 3 donors.  
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Appendix N. The effects of co-treatment with ITE plus α-NF on autophagy in 
primary keratinocytes. Primary keratinocytes were treated with vehicle or ITE ± α-NF 
as indicated. After 2 or 4 days cells were lysed and Western blotting performed (A). 
Densitometry was performed on Western blots probed with B.i.) p62 and B.ii.) LC3. 
Black bars represent vehicle treated keratinocytes, plain bars indicate ITE alone and 
hatching on bars indicates co-treatment of keratinocytes with α-NF. Densitometry from 
LC3 II and p62 was normalised to β-actin. B.i) Values are represented as mean ODU 
from 1-3 donors. No analysis was performed on p62 due to low sample size. B.ii) 2-way 
ANOVA was performed comparing the effects of ITE with the effects of α-NF and time. 
The effects were not significant. Values are presented as optical densitometry units 
(ODU) ± sem, from 3 donors.  
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Appendix O. The effects of co-treatment with ITE plus α-NF on autophagy in 
primary keratinocytes. Primary keratinocytes were treated with vehicle or ITE ± α-NF 
as indicated. After 6 or 8 days cells were lysed and Western blotting performed (A). 
Densitometry was performed on Western blots probed with B.i) p62 and B.ii) LC3 
antibodies. Black bars represent vehicle treated keratinocytes, plain bars indicate ITE 
alone and hatching on bars indicates co-treatment of keratinocytes with α-NF. 
Densitometry from LC3 II and p62 was normalised to β-actin. B.i) Values are 
represented as mean ODU from 1-3 donors. No analysis was performed on p62 due to 
low sample size. B.ii) 2-way ANOVA was performed comparing the effects of ITE with 
the effects of α-NF and time, the effects were not significant.  Values are presented as 
optical densitometry units (ODU) ± sem, from 3 donors.  
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Appendix P. α-NF induced low levels of autophagy in primary keratinocytes. 
Primary keratinocytes were treated for up to 8 days with vehicle or concentrations of α-
NF as indicated. Samples were lysed and Western blotting performed (A). Densitometry 
was carried out on Western blots probed with B.i.) anti-p62 antibody and B.ii.) anti-LC3 
antibody normalised to β-actin. B.i.) p62 densitometry is representative of 1 donor (days 
2 and 4) and 2 donors (days 6 and 8). No statistical analysis was carried out due to low 
sample size. B) LC3 II was analysed by 2-way ANOVA, comparing vehicle to α-NF at 
each time point, but results were not significant. LC3 II densitometry is representative of 
3 donors.  
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Appendix Q. The effects of co-treatment of TCDD plus α-NF on CTSD in primary 
keratinocytes. Primary keratinocytes were treated with vehicle or concentrations of 
TCDD ± α-NF for 2 or 4 days. Keratinocytes were lysed and Western blotting performed 
(A). Western blots were probed with an anti-CTSD antibody and densitometry was 
performed on B.i) combined pre-pro and pro CTSD and B.ii) active CTSD. Two way 
ANOVA was performed to compare TCDD treatment to the effects of α-NF and time, no 
results were significant. Densitometry is presented as mean ± sem representative of 3 
donors.  
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Appendix R. The effects of co-treatment of TCDD plus α-NF on CTSD in primary 
keratinocytes. Primary keratinocytes were treated with vehicle or concentrations of 
TCDD ± α-NF for 6 or 8 days. Keratinocytes were lysed and Western blotting performed 
(A). Western blots were probed with an anti-CTSD antibody and densitometry was 
performed on B.i) combined pre-pro and pro CTSD and B.ii) active CTSD. Two way 
ANOVA was performed to compare TCDD treatment to the effects of α-NF and time, no 
results were significant. Densitometry is presented as mean ± sem representative of 3 
donors.  
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Appendix S. The effects of co-treatment of β-NF plus α-NF on CTSD in primary 
keratinocytes. Primary keratinocytes were treated with vehicle or concentrations of β-
NF ± α-NF for 2 or 4 days. Keratinocytes were lysed and Western blotting performed 
(A). Western blots were probed with an anti-CTSD antibody and densitometry was 
performed on B.i) combined pre-pro and pro CTSD and B.ii) active CTSD. No statistical 
analysis was performed due to low sample size. Densitometry is presented as mean 
representative of 2 donors.  
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Appendix T. The effects of co-treatment of β-NF plus α-NF on CTSD in primary 
keratinocytes. Primary keratinocytes were treated with vehicle or concentrations of β-
NF ± α-NF for 6 or 8 days. Keratinocytes were lysed and Western blotting performed 
(A). Western blots were probed with an anti-CTSD antibody and densitometry was 
performed on B.i) combined pre-pro and pro CTSD and B.ii) active CTSD. No statistical 
analysis was carried out due to low sample size. Densitometry is presented as mean 
representative of 2 donors.  
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Appendix U. The effects of co-treatment of ITE plus α-NF on CTSD in primary 
keratinocytes. Primary keratinocytes were treated with vehicle or concentrations of ITE 
± α-NF for 2 or 4 days. Keratinocytes were lysed and Western blotting performed (A). 
Western blots were probed with an anti-CTSD antibody and densitometry was 
performed on B.i) combined pre-pro and pro CTSD and B.ii) active CTSD. Statistical 
analysis has not been performed due to small sample size. Densitometry is presented 
as mean, representative of 2 donors. 
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Appendix V. The effects of co-treatment of ITE plus α-NF on CTSD in primary 
keratinocytes. Primary keratinocytes were treated with vehicle or concentrations of ITE 
± α-NF for 6 or 8 days. Keratinocytes were lysed and Western blotting performed (A). 
Western blots were probed with an anti-CTSD antibody and densitometry was 
performed on B.i) combined pre-pro and pro CTSD and B.ii) active CTSD. Statistical 
analysis has not been carried out due to low sample size. Densitometry is presented as 
mean ± sem representative of 3 donors.  
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Appendix W. The effect of α-NF on pro and active CTSD. Primary keratinocytes were 
treated for up to 8 days with vehicle or concentrations of α-NF as indicated. Samples were 
lysed and Western blotting performed (A). Densitometry was carried out on blots probed 
with an anti-CTSD antibody showing B.i) pre-pro and pro-CTSD bands and B.ii) active-
CTSD bands normalised to β-actin. Statistical analysis was not performed due to low 
sample size. Bars represent mean (days 2/4) or mean ± sem. 
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Appendix X. Complete Western blots showing all bands visible for AhR and 
CYP1A1. Primary keratinocyte lysates and a protein standard molecular weight marker 
were separated by Western blot and transferred onto nitrocellulose membrane. 
Membranes were blocked for 1h at room temperature in 5% milk and probed with A) 
anti-CYP1A1 1:1000 in 5% BSA in TBS-T20 or B) anti-AhR 1:1000 + 5% milk in TBS-
T20 overnight at 4°C. The membranes were then incubated with secondary antibody 
(anti-mouse, 1:1000 + 5% milk in TBS-T20) for 1h at RT and bands visualized with ECL 
plus for 10 min and visualised on a phosphoimager. A) The CYP1A1 band (57kDa) was 
confirmed with presence of CYP1A1 positive sample (human liver microsomes). One 
non-specific band was visible at ~200kDa. B) The AhR antibody staining was relatively 
clean with one feint non-specific band visible from the AhR antibody roughly 20 kDa 
below the AhR band which was identified by size compared to molecular weight marker 
and response to treatment. This blot also shows the specific CYP1A1 band and non-
specific band from previously probing this blot with the CYP1A1 antibody.  
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Appendix Y. Complete Western blot showing all bands visible for β-actin. Protein 
lysates were run on Western blot with protein standard molecular weight marker as 
described in materials and methods. Membrane was probed with primary antibody anti-
β-actin 1:20,000 + 5% milk in TBS-T20 at RT for 45 mins. The blot was then incubated 
with secondary antibody (anti-mouse 1:1000 + 5% milk in TBS-T20) for 45 minutes at 
RT. Bands were visualized with ECL+ for 5 minutes and viewed on a phosphoimager. 
The β-actin band was the only band visible and roughly at the expected size. 
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Appendix Z. Complete Western blots showing all bands visible for p62 and LC3 
antibodies. Primary keratinocyte lysates and a protein standard molecular weight 
marker were separated by Western blot and transferred onto nitrocellulose membrane. 
Membranes were blocked for 1h at room temperature in 5% milk and probed with A) 
anti-p62, 1:1000 in 5% milk in TBS-T20 or B) anti-LC3 1:1000 + 5% BSA in TBS-T20 
overnight at 4°C. The membranes were then incubated with secondary antibody (anti-
mouse, 1:1000 + 5% milk in TBS-T20) for 1h at RT and bands visualized with ECL plus 
for 10 min and visualized on a phosphoimager. A) The p62 band was identified by its 
position just higher than the CYP1A1 band. One very feint band was present roughly 30 
kDa below the expected p62 position. B) The LC3 antibody created a few non-specific 
bands, but these were roughly 30 kDa higher than the expected LC3 size and the LC3 
doublet band was stained strongly. 
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Appendix AA.  Complete Western blots showing all bands visible for Cathepsin D 
antibody. Primary keratinocyte lysates and a protein standard molecular weight marker 
were separated by Western blot and transferred onto nitrocellulose membrane. 
Membranes were blocked for 1h at room temperature in 5% milk and probed with anti-
CTSD antibody at 1:1000 in TBS-T + 5% milk for 1h at RT. The membranes were then 
incubated with secondary antibody (anti-rabbit, 1:1000 + 5% milk in TBS-T20) for 1h at 
RT and bands visualized with ECL plus for 10 min and visualized on a phosphoimager. 
All 3 forms of CTSD were recognized by the antibody but the small chain of the active 
form (14 kDa) was not. All bands were recognized by their appropriate size compared to 
protein standard (the protein standard bands commonly ran at a slightly higher size than 
indicated by the manufacturer) and their size relative to each other. The blots were 
generally clean, except for a non-specific band shown at a higher size than CTSD that 
was caused by previously running an antibody on the gel that had degraded and caused 
high non-specific binding. 
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Appendix BB. Localisation and levels of CTSD in primary human keratinocytes is 
affected by treatment with dithranol and TCDD, as observed by BODIPY Fl-
Pepstatin A. Primary keratinocyte monolayers were grown on glass bottomed wells for 
live cell imaging. Cells were pre-treated for 1h with vehicle, 10nM TCDD or 1µM 
dithranol and 30 mins with BODIPY Fl-pepstatin A. Cells were kept at 37°C in 5% CO2 
overnight for ~11h. Confocal microscopy at mid z stack was used to image the cells 
every 5 minutes. Videos show the maximal effects out of 3 donors. 
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