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ABSTRACT 

 

 

 
ROLE OF NUCLEAR RECEPTORS AND THEIR SPLICE VARIANTS IN 

REGULATING BOAR TAINT METABOLISM AND STEROIDOGENESIS 

 

 

 

Matthew A. Gray       Advisor: 

University of Guelph, 2013      Dr. E. James Squires 

     This thesis investigates how activation of the nuclear receptors pCAR, pPXR and 

pFXR and the presence of their alternatively spliced variants,  pCAR-SV2, pPXR-SV1 

and pFXR-SV1 affects metabolism of boar taint compounds (androstenone and skatole),  

steroidogenesis and gene expression in boars.  Transactivation of CAR, PXR, or FXR in 

primary Leydig cells increased the expression of several genes involved in 

steroidogenesis, including cytochrome B5A (CYB5A) and cytochrome B5 reductase 1 

(CYB5R1), as well as hydroxysteroid (17-beta) dehydrogenase 4 (HSD17B4) and retinol 

dehydrogenase 12 (RDH12).    Treatment with CAR or PXR agonists significantly 

decreased sex steroid production, by approximately 40%, and significantly increased 

production of 16-androstene steroids by approximately 25%.  Treatment with an FXR 

agonist increased sex steroid production by approximately 46%, but had no effect on 16-

androstene steroid synthesis.  In primary hepatocytes receptor transactivation resulted in 

altered expression of several transcripts, including increased expression of CYP2B22 by 

CAR, CYP2A19, CYP2B22, CYP2C33, and CYP2C49 by PXR, and CYP2C33 and 

CYP2E1 by FXR.  Only transactivation of PXR had a significant effect on androstenone 

metabolism, while FXR had the greatest effect on skatole metabolism, increasing the 



 

 

production of the key metabolite 6-hydroxy-3-methylindole. The dominant negative 

effect of pCAR-SV2 was dependent on DNA binding, since mutation of the DNA 

binding domain abolished the effect pCAR-SV2 had on pCAR-WT; this effect was also 

found in vivo, with increased expression of pCAR-SV2 correlated with decreased 

expression of several target genes.  The dominant positive effect of pPXR-SV1 on pPXR-

WT was dependent on the charged clamp region, which is involved in co-regulatory 

protein binding, with K246 being the key residue in this region.  The pFXR-SV1 

dominant positive effect was dependent on the tyrosine residue of the MYTG insert, and 

the phosphorylation status of this residue may be important for pFXR-SV1 to exert its 

effect.  The dominant positive effects of pPXR-SV1 and pFXR-SV1 were not shown to 

exist in vivo, though increased pFXR expression did increase expression of CYP2C49 and 

CYP2C33, and decrease expression of CYP2E1.  In summary, transactivation of pCAR, 

pPXR, and pFXR alters boar taint formation and metabolism, and the dominant negative 

effect of pCAR-SV2 may be able to affect pCAR transactivation in vivo.   
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Chapter 1: Literature Review 

1.1 Introduction 

     The accumulation of two compounds, the 16-androstene steroid 5α-androst-16-en-3-

one (5α-androstenone) and the microbial produced tryptophan degradation product 3-

methylindole (skatole), in fat deposits leads to the phenomenon known as boar taint 

(Patterson, 1968; Baek et al., 1997).  These two products, when present at high 

concentrations, result in an off odour and taste in meat during the melting of fat.  

Androstenone, at a concentration above between 0.5 to 1 ppm, results in a ‘urine’ like 

odour, which is detectable by upwards of 70% of female and 63% of male consumers, 

while skatole concentrations between 0.20 and 0.25 ppm result in a ‘manure’ or 

‘mothball’ like odour detectable by as much as 99% of the consumer population. Some 

consumers may even find the odour of androstenone likeable (Lundstrom et al., 2009).  

These variations in androstenone sensitivity have been linked to genotypic variations in 

the human odorant receptor ORD7D4, which could account for 39% of the differences in 

perception of androstenone intensity in meat (Lundstrom et al., 2009).  Acceptance of 

tainted meat also greatly varies with consumer country of origin and personal preferences 

on other aspects of the meat, such as fat content (Furnols and Oliver, 1999). 

     The current method that is primarily used to prevent boar taint is surgical castration of 

male piglets at a young age.  This eliminates the production of 5α-androstenone in the 

animal, as well as reduces overall concentrations of steroids throughout the body.  

Though the loss of androstenone production is beneficial, due to the avoidance of tainted 

meat, castration also has negative economic effects.  This is due both to the additional 

costs incurred due to labour requirements for surgical castration, as well as the negative 
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impact on growth that loss of endogenous anabolic steroids causes.  The anabolic steroids 

produced in intact males’ testes causes them to be superior in both feed efficiency and 

meat leanness (Andersson et al., 1997), and as such castration of pigs is not necessarily 

desirable for production purposes.  Another major driving force for the elimination of 

castration is public opinion of the animal welfare issues surrounding the practice, for 

surgical castration may be legally performed up to 7 days after birth without analgesia 

(Prunier et al., 2006), a process that is painful to the animal.  This pain has been shown to 

affect behaviour of the animals for up to five days, including decreased play and feeding; 

as well, long-term health has been shown to be affected by castration, for castrates have 

been shown to have increased incidences of pneumonia, pleurisy, and pericarditis 

compared to both females and intact males (Prunier et al., 2006).    

     The uses of analgesics and/or anaesthetics are not without their own shortcomings, 

primarily due to increased costs associated with application of these compounds, which 

ranges from 0.19€/piglet with analgesics being administered by the farmer, to greater 

than 5€/piglet with analgesics and general anaesthetics being administered by a 

veterinarian (de Roest et al., 2009).  These incurred costs are highly dependent on the 

size of the farm, where small scale production farms have a greater per piglet increase, 

and include initial investments on equipment as well as the requirement for equipment up 

keep.  Analgesics and anaesthetics themselves are not without their own failings, outside 

of the costs they incur.  Anaesthesia can be produced either locally, via injection to the 

site of castration, or generally through injection or application of an inhaled anaesthetic.  

The use  of local anaesthetics, such as lidocaine, have been shown to be effective in 

decreasing some parameters associated with pain response, such as cardiac parameters 
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and electroencephologram readings (Haga and Ranheim, 2005).  Other parameters, such 

as cortisol concentration, were not reduced, suggesting pain was not blunted by lidocaine 

(von Borell et al., 2009).  Inhaled anaesthetics such as isoflurane, though capable of 

reducing stress associated with castration, do not reduce the pain response in piglets (von 

Borrell et al., 2009).  In comparison general anaesthesia with CO2, a potentially more 

cost effective method, was shown to be ineffective in reducing stress responses to 

castration, and CO2 may actually result in elevated stress levels during induction of 

anaesthesia (Sutherland et al., 2012).  Therefore, any benefits from the use of anaesthesia 

to limit the pain and stress responses during castration may not be significant enough to 

outweigh the economic impact of implementing their use, and therefore likely would 

remain unfavourable to producers. Alternate methods for reducing the accumulation of 

boar taint compounds in boar fat are needed, including control of the production and 

metabolism of these compounds. 

     A current practice that has shown much promise is immunocastration with an anti-

gonadotropin-releasing hormone (GnRH) vaccine.  This vaccine is administered twice, at 

least two weeks apart, with the second injection being given four to six weeks before 

slaughter, allowing for inhibition of steroid synthesis and clearance of any accumulated 

androstenone.  Pigs treated in this manner have reduced androstenone and skatole 

accumulation compared to intact males, and higher lean meat content than surgically 

castrated boars (Zamaratskaia et al., 2008); as well, meat from these animals was 

indistinguishable from meat from females or surgically castrated males (Furnols et al., 

2008).  However, up until the second vaccination, boars are raised as intact males, and as 

such are highly aggressive, leading to injuries amongst the pigs and difficulty in handling 
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for producers (von Borrell et al., 2009).  This makes giving the vaccinations extremely 

difficult; other methods, such as immunocastrating at an earlier age or implantation of a 

slow-release device containing a GnRH agonist may offer alternatives, though further 

studies are required to determine the most effective duration of treatment to ensure 

effective inhibition of androstenone synthesis in all animals (Andersson et al., 2012; 

Kauffold et al., 2010).  These methods are also costly and may pose potential economic 

hardships on pork producers.  As well, consumer perceptions of immunocastration are not 

entirely favourable, with a Swiss study finding that consumers had more aversion to the 

concept of immunocastration than they did for boar-taint specific products, with 

castration under analgesia being the preferred method of boar taint control (Huber-Eicher 

and Spring, 2008).       

     Skatole levels can also be controlled by altering the diet, with diets high in intestinal 

digestion resistant carbohydrates decreasing the accumulation of skatole in intact boars 

(Zamaratskaia and Squires, 2009).  Feeding boars a 9% supplement of ground chicory 

root for two weeks was found to reduce skatole concentrations below 0.05 µg/g in back 

fat, a concentration that is typical of castrated males (Zammerini at el., 2012).  This 

decrease in skatole levels corresponded to significant decreases in abnormal sensory 

scores, with decreases in reporting of “musty” and “mothball” odours being seen.  There 

were, however, increases in reporting of “parsnip” odours, due to significantly elevated 

levels of androstenone.  Other studies have suggested that chicory is capable of reducing 

androstenone concentrations in fat (Rasmussen et al., 2012); this indicates that use of 

dietary means in controlling androstenone may not be effective.  There has been success 

in reducing androstenone levels with non-nutritive sorbent materials, specifically 
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activated charcoal and Tween (Jen and Squires, 2011).  These compounds were able to 

reduce plasma androstenone levels significantly after 28 days of feeding at a 5% 

inclusion, while activated charcoal significantly reduced fat androstenone levels by day 

42 of the feeding trial.  It has been suggested that these compounds interrupt the 

enterohepatic circulation of androstenone, binding the free steroid in the gut after 

bacterial induced deconjugation, ensuring re-absorption does not occur.  Though 

effective, use of these non-nutritive sorbent agents requires a significant amount of time 

to result in reduced androstenone levels in fat, which may not be favourable.  To this end, 

other methods to control boar taint, either at the point of production or through metabolic 

clearance, should be developed.  These other methods may be able to successfully 

eliminate boar taint on their own, or may be able to be used in conjunction with current 

control methods to eradicate boar taint. 

 

1.2 Boar Taint Compounds   

 1.2.1 5α-androstenone 

     5α-androstenone is a 16-androstene steroid that is one of the most abundant steroids 

produced in the boar testes (Gower, 1972).    Pregnenolone is first synthesized from 

cholesterol by the cytochrome P450 side chain cleavage/ cytochrome P450 11A1 

(CYP11A) (Payne 2004).  5,16-androstadien-3β-ol (androstadienol), an androstenone 

precursor, is then generated from pregnenolone via the andien-β-synthase reaction, as 

carried out by cytochrome P450 17A1 (CYP17A1) in conjunction with cytochrome B5A 

(CYB5A) (Billen and Squires, 2009).  Alternatively, pregnenolone can be converted by 

CYP17A1, via the 17α-hydroxylase reaction, to 17α-hydroxypregnenolone, which is 
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processed, via the C17,20-lyase reaction catalysed by CYP17A1, to 

dehydroepiandrosterone (DHEA).  DHEA is further processed in the gonads to the sex 

steroids, including testosterone and the estrogens.  Research has indicated that the 

specificity of reactions carried out by CYP17A1 is dependent on levels of CYB5A, with 

elevated levels favouring the andien-β synthase reaction instead of 17α-hydroxylase and 

C17,20 lyase activities (Meadus et al., 1993; Billen and Squires, 2009).   This synthesis 

pathway for androstenone is outlined in Figure 1-1 (Sinclair et al., 2006); the major 

androstenone metabolic pathways, which will be discussed later, are also indicated in this 

figure. 
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Figure 1-1 Pathway for the synthesis of 5α-androstenone from pregnenolone, along 

with the metabolic pathways for 5α-androstenone.  Primary location for each 

metabolic pathway is noted.  The enzymes included, and the abbreviations for each, are 

as follows: Aβ – andien-β-synthase; AKR1C – aldo-keto reductase 1C; ENO – enolase; 

HSD3B – 3-β-hydroxysteroid dehydrogenase/Δ-5-Δ-4 isomerase, dehydrogenase 

activity; Δ4,5 – isomerase activity of HSD3B; SRD5A – steroid 5-α reductase; STS – 

sulfatase; SULT – sulfotransferase; UGT – UDP-glucuronosyltransferase. 

 (Adapted from Sinclair et al., 2006) 
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     The primary functional role of androstenone is as a pheromone, as it acts to influence 

reproductive actions of sows (Mattioli et al., 1986).  Sows react to the detection of 

androstenone by adopting a mating stance, allowing for reproductive activities to 

commence. It has also been shown that detection of androstenone results in an increased 

release of oxytocin which facilitates more efficient sperm movement through the vagina 

and uterus, increasing fertilization and fecundity (Mattioli et al., 1986).  Androstenone is 

stored in the submaxillary salivary glands of the boar, allowing for its release as a 

component in saliva.  Androstenone levels in the saliva, or the submaxillary gland, may 

be used to determine levels of androstenone contained in the fat for a correlation between 

levels in both areas has been shown (Babol et al., 1996).    

     Levels of circulating androstenone are significantly affected by cellular metabolism of 

this steroid, both in the testes after synthesis and in the liver.  One of the primary 

metabolites generated in the testes is a sulphated conjugate, which increases the polarity 

of androstenone to allow for its absorption in the blood and eventual secretion from the 

body (Sinclair et al., 2006).  Another androstenone metabolite is produced by Leydig 

cells at a higher concentration than androstenone sulfate; however, the identity of this 

metabolite has not been confirmed, though it is speculated to be a glucuronidated 

product.  Direct removal of the conjugated form of androstenone leads to significant 

reductions in free androstenone, limiting the amount available for storage in fatty tissues.  

A direct correlation has been shown between elevated levels of sulfoconjugated 

androstenone and low levels of androstenone in the fat, indicating that testicular 

metabolism of androstenone leads to low boar taint levels (Sinclair and Squires, 2005).  

The sulfoconjugation of androstenone is thought to be carried out on a 3-enol form, and is 
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primarily thought to be catalyzed by sulfotransferase 2A1 (SULT2A1), though direct 

evidence for the involvement of this enzyme has yet to be generated (Sinclair and 

Squires, 2005; Sinclair et al., 2006).  As well, there is evidence that the sulphate group is 

not conjugated directly to the 3-enol, but rather is added at the 4 position on 

androstenone, reforming the keto group at the 3 position (Desnoyer, 2011).  The 

formation of this 3-keto-sulfoxy-androstenone needs to be further confirmed, and the 

sulfotransferase involved needs to be determined. 

     Metabolism of androstenone also occurs in the liver, where hepatocytes generate two 

hydroxylated16-androstene steroids as phase I metabolites of androstenone, being 3β-

androstenol and 3α-androstenol (Mason et al., 1997; Penning et al., 1997).  Of these, 3β-

androstenol is the major product, thought to be formed by the activities of the 3-

hydroxysteroid dehydrogenase enzymes (Sinclair et al., 2005A).  Each of the 

androstenols is further metabolized to conjugated forms to allow for excretion in the 

urine.  The major conjugated metabolites of the androstenols are glucuronide products, 

comprising up to 55% of the total metabolised steroid, while sulphoconjugates are 

produced as lesser metabolites (Sinclair et al., 2005B).  The percentages of each 

androstenone metabolite, including conjugates, are presented in Figure 1-2. 
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Figure 1-2: Percentages of androstenone metabolites produced.  Includes the 

metabolite percentages produced in the testes and Liver. 

(Adapted from Sinclair et al., 2005B) 
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    Due to the potential for decreased androstenone levels, both by limiting production and 

through increased metabolism, controlling the expression of the enzymes outlined in 

Figure 1-1 may represent a means of controlling boar taint.  Interindividual variations in 

the production of androstenone likely relates to genetic variations in the expression of 

these enzymes; thus breeding programs to select for individuals with favourable 

expression levels may help eradicate boar taint.  Exogenous means of controlling enzyme 

expression levels may be potentially favourable to breeding programs, for results are 

more immediate and the methods can be applied to any breed.  Nuclear receptors, a class 

of ligand inducible transcription factors, are a potential means of controlling expression 

of the enzymes involved in the androstenone production and metabolism pathways.  

These receptors alter expression of a wide variety of genes, including phase I and phase II 

metabolic genes, a variety of cellular transport genes, and other transcription factors.  

Due to their ligand inducible nature, as will be discussed in more detail in Section 1.3, 

externally applied compounds may be used to alter nuclear receptor activity, allowing for 

controllable gene expression changes that lead to favourable changes in metabolism.   

 

1.2.2 3-methylindole (skatole) 

       The second boar taint compound, 3-methylindole (skatole, 3MI), is not inherently 

generated by the boars themselves, but rather is generated by bacteria in the intestines.  It 

is formed from tryptophan by bacteria of the Clostridium genus, which metabolize 

tryptophan to indoleacetic acid, which is further metabolized to skatole, via a 

decarboxylation reaction, by the Lactobacillus genus of bacteria (Yokoyama and Carlson, 

1979). Skatole then can be absorbed through the intestinal lining, which is the primary 
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manner in which it enters the blood stream, though it can also be absorbed through the 

skin and lungs from the surrounding environment (Jensen et al., 1995; Hansen et al., 

1994).  From the blood, lipid soluble skatole then partitions into fat deposits, leading to 

boar taint.  The potential to increase hepatic metabolism through manipulation of 

metabolic enzyme expression, coupled with alterations in feeding as described in Section 

1.1, should allow for extensive reductions in amount of skatole in fat.  This would 

significantly reduce the negative impacts of boar taint. 

      Unlike in pigs, where presence of skatole simply results in boar taint, other animals 

such as ruminants (cattle, goats, and sheep) have a more adverse reaction to the presence 

of skatole.  In these animals skatole causes acute pulmonary edema, a diffuse toxic lung 

disease, which is typified by necrosis of lung tissue.  This necrosis is caused by DNA 

strand breaks caused by 3MI-deoxyribonucleotide adducts (Weems et al., 2009) in type I 

pneumocytes and non-ciliated bronchial epithelial cells (Clara cells).  These cells protect 

the lungs by secreting compounds that protect the lung epithelium (Deslandes et al., 

2001).  These adducts are formed from the electrophilic skatole metabolite 3-

methyleneindolenine, which is generated from skatole by pulmonary cytochrome P450s 

of the 2F family.  Similar effects have been found in studies on human patients suffering 

from elevated skatole levels (Nichols et al., 2003).  This is of considerable concern, since 

skatole is used as a fixative in perfume products, and is found tobacco smoke, being 

generated by the pyrolysis of tryptophan (Weems et al., 2009).  As such, understanding 

how skatole levels may be regulated through metabolism not only benefits the pork 

production industry through the minimization of boar taint, but may also have 

implications for human health. 
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     Hepatic metabolism of skatole involves both phase I and phase II enzymes.  The initial 

metabolism of skatole is carried out by enzymes of the cytochrome P450 (CYP) family of 

mixed function oxygenases, with different members of this family generating different 

metabolites.  The primary phase I skatole metabolites are outlined in Figure 1-3, with the 

enzymes found to primarily generate each metabolite noted on the metabolism pathway.  

The major metabolite generated in porcine hepatocyte microsomes, at 45.1% of skatole 

metabolites, is 3-hydroxy-3-methylindolenine (HMI), which is a transitory species, being 

converted to 3-hydroxy-3-methyloxindole (HMOI) by aldehyde oxidase (AO) (Diaz and 

Squires, 2000).  This enzyme is a member of the molybdo-flavoenzyme family, which 

catalyses the oxidation of an aldehyde to its corresponding carboxylic acid (Garattini et 

al., 2008).  The next major metabolite is 3-methyloxindole (3MOI), comprising 27.9% of 

skatole metabolites, which has been shown to be primarily formed by porcine CYP2A19 

and CYP2C49 (Diaz et al., 1999; Wiercinska et al., 2011).  The third most prominently 

formed metabolite is HMOI, which is generated at 18.5% of total skatole metabolites, 

both through its primary generation by AO, as well by being generated directly in small 

amounts by various cytochromes, including CYP2E1, CYP2A19, and CYP2C49.  Several 

other metabolites are generated in small quantities, including indole-3-carbinol and 2-

aminoacetophenone, as well as two hydroxyskatole products with hydroxyl groups at the 

5- and 6- positions of conjugated ring systems. The generation of these hydroxylated 

metabolites has been linked to increased clearance of skatole from the blood in boars, 

with 6-hydroxyskatole (6-OH-3MI) levels being found to be positively correlated to 

decreased skatole retention (Friis, 1995; Baek et al., 1997).  The manipulation of skatole 
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metabolism to generate specific metabolites such as 6-OH-3MI, through alterations in 

enzyme expression, could be a possible means of controlling boar taint. 
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Figure 1-3: Phase I metabolic products from the metabolism of 3-methylindole 

(skatole). The metabolites are generated through the activity of various cytochrome P450 

enzymes and Aldehyde Oxidase (AO).  The major enzymes involved in each metabolism 

pathway are noted, as is the percentage of skatole converted to each product in 

microsomes. 

(Modified from Diaz et al., 1999; Wiercinska et al., 2011) 
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     It is at the phase I level of metabolism that a tentative link between skatole and 

androstenone has been suggested. Androstenone has been shown to decrease expression 

of CYP2E1, an enzyme capable of metabolising skatole, potentially through inhibition of 

the nuclear receptor chicken ovalbumin upstream reporter transcription factor 1 (COUP-

TF1), whose response element is found in the promoter of the CYP2E1 gene 

(Zamaratskaia et al., 2007; Doran et al., 2002; Tambyrajah et al., 2004).  This may lead 

to reductions in skatole clearance, since porcine CYP2E1 catalyses the metabolism of 

skatole to 6-OH-3MI (Wiercinska and Squires, 2011).  This link helps explain how the 

loss of androstenone synthesis due to castration can result in decreases in skatole levels, 

though a greater component of this reduction may be due to altered hepatic gene 

expression associated with castration.  It has been shown that castration leads to 

significant increases in expression of several metabolic genes, including CYP1A2, 

CYP2A, and CYP2E1; as such, skatole metabolism may be increased (Brunius et al., 

2012). 

     The major phase II metabolite generated in porcine hepatocytes is a glutathione 

conjugate of skatole (3MI-GSH).  Other conjugates were sulphated and glucuronidated 

forms of the hydroxyskatole primary metabolites, while the remainder of the phase I 

metabolites were not conjugated (Diaz and Squires, 2003).  The sulfoconjugation of 6-

hydroxyskatole, thought to be carried out by phenol sulfotransferase 1A1 (SULT1A1), is 

negatively correlated with skatole levels in fat, indicating that metabolism of skatole 

through this pathway leads to decreased skatole levels (Baek et al., 1997).  The activity 

and expression levels of SULT1A1 were also negatively correlated with skatole levels, 

further lending support for the concept that conjugation of 6-OH-3MI is important in 
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reducing skatole deposition in fat (Lanthier et al., 2007).  Unlike sulfated 6-OH-3MI, 

glucuronide products of the hydroxysteroid metabolites are not correlated with decreased 

boar taint levels, despite being generated at a higher percentage of total conjugated 

metabolites; the same is true of major glutathione conjugated metabolite (Diaz and 

Squires, 2003).    The correlation between the activity of SULT1A1 and decreased boar 

taint levels indicates that increasing the expression of this enzyme, potentially by altering 

nuclear receptor activities, represents a viable target to decrease skatole levels.  Both the 

constitutive androstane receptor (CAR) and pregnane X receptor (PXR) have been shown 

to increase expression of SULT1A1 in calf hepatocytes that were treated with the 

glucocorticoid dexamethasone (Greger and Blum, 2007).  These two receptors also are 

known to regulate the expression of a variety of CYP family members; for example CAR 

regulates expression of CYP2A family members (Gillberg et al., 2006), and may 

modulate overall skatole metabolism.   

 

1.2.3 Boar Taint and Gene Expression 

     Boar taint levels vary among individual animals, and several variations have been 

noted in global gene expression between individuals with high and low boar taint 

phenotypes.  Several groups, including ours, have employed microarrays to compare 

global transcript expression levels of high and low boar taint individuals.  Different 

tissues have been examined using this methodology.  Several groups (Moe et al., 2007; 

Leung et al., 2010; Grindflek et al., 2010) specifically investigated gene expression in the 

testes, while others (Moe et al., 2008) investigated the liver.   
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     In the testes, the site of androstenone synthesis, the transcripts that are differentially 

expressed changes can be grouped into two major classifications: genes that will affect 

androstenone synthesis, and those that are involved in androstenone metabolism.  It was 

found that several genes significantly involved in steroidogenesis, including CYP17A1, 

17-β-hydroxysteroid dehydrogenase IV (HSD17B4), CYP11A1, and CYB5A  exhibited 

increased expression with elevated androstenone levels, suggesting that elevated levels of 

these transcripts may favour androstenone production (Moe et al., 2007; Leung et al., 

2010; Grindflek et al., 2010).  This is especially true of the increased expression of 

CYP17A1 and CYB5A, which work in tandem to generate androstenone.  Other 

significantly regulated genes favour production of the precursor molecules used in the 

generation of steroids, specifically CYP11A1 which catalyses the formation of 

pregnenolone from cholesterol.  The expression of all of these genes would suggest a 

physiological environment that favours boar taint formation, and selection of individuals 

with lower expression of these genes would decrease androstenone in breeding programs.  

Alternatively, the transcript levels for these genes may be reduced through exogenous 

means.  These experiments are the basis of this work, and will be discussed in Chapter 3. 

     Several other genes were found to be strongly associated with androstenone levels.  It 

was found that expression of members of the aldo-keto reductase 1C (AKR1C) family 

were significantly up regulated in animals with high androstenone levels (Moe et al., 

2007; Leung et al., 2010; Grindflek et al., 2010).  This family of reductases may be 

responsible for the conversion of androstenone to 3α-androstenol (Sinclair et al., 2005A); 

up regulation of these genes may be a physiological response to the presence of excess 

androstenone, an attempt to increase androstenone metabolism.  Further metabolism, both 



19 

 

of androstenone itself and the two androstenol metabolites, may be stimulated by 

increased expression of SULT2A1, which was also up regulated in animals with high 

androstenone (Moe et al., 2007; Leung et al., 2010; Grindflek et al., 2010).  As already 

discussed in this literature review, this sulfotransferase has been suggested to be involved 

in the metabolism of androstenone, and its elevated expression in high androstenone 

animals likely is an attempt to increase metabolism.   

     Androstenone levels were also correlated with gene expression changes within the 

liver; several of these genes are suggested to be involved in metabolism of the boar taint 

compounds.  The expression levels of hepatic transcripts were again assessed using 

microarrays (Moe et al., 2008).  Several genes that are linked to metabolism of the boar 

taint compounds were differentially regulated in animals exhibiting high androstenone 

levels.  Included in the differentially regulated genes were several CYPs that have been 

linked to skatole metabolism, including CYP2C49, CYP2C33, CYP2E1, and CYP2A19.  

Both CYP2C49 and CYP2C33 have increased expression in high androstenone animals; 

conversely, CYP2E1 and CYP2A19 both  have decreased expression in the same animals 

(Moe et al., 2008).  Though all of these cytochromes metabolise skatole, as previously 

discussed in this literature review, each was shown to generate different skatole 

metabolites (Wiecinska et al., 2011).  Both CYP2C49 and CYP2C33 were involved in 

generation of all skatole metabolites, with CYP2C49 being significant in the formation of 

the major metabolite 3MOI, as well as the physiologically important metabolite 6-OH-

3MI.  In theory the increase in 6-OH-3MOI production elicited through the increased 

expression of CYP2C49 will be significantly offset by the decreases in CYP2E1 and 

CYP2A19 expression.  These cytochromes were found to be the major players in the 
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formation of 6-OH-3MI, with CYP2A19 making the most significant contribution.  These 

alterations in 6-OH-3MI formation are likely to cause significant alterations in boar taint 

deposition, for formation of this metabolite is positively correlated with decreased skatole 

levels.  The activities of each of these cytochromes are expected to be compromised by 

loss of CYB5A expression; co-expression of this electron carrier has been shown to 

positively affect formation of 6-OH-3MI by CYP2E1 and CYP2C49 (Wiercinska et al., 

2011).   

                   

1.3 Nuclear receptors 

     The nuclear receptor family of transcription factors are an attractive set of targets to 

control boar taint.  These transcription factors are activated by diffusible ligands; natural 

ligands can include steroid hormones (i.e. estrogens, androgens, glucocorticoids), non-

steroidal hormones (i.e. thyroid hormones), and other endogenous ligands (i.e. vitamin D, 

all cis- or all trans- retinoic acid) (Weatherman et al., 1999).  Other receptors bind to 

small lipophilic exogenous compounds.  The binding of these compounds results in 

allosteric changes, allowing for the transcription factor activity of the receptor to occur.  

Due to the close link between ligand binding and transcriptional activation, they could 

potentially be transactivated by exogenous compounds, allowing for protein expression 

changes that could lead to increased boar taint metabolism and clearance. 

     In humans there are 49 members of the nuclear receptor family, with a large number 

of orthologs found in the genomes of mouse and other animals (Francis et al., 2003). 

Presumably orthologs for most members found in humans are also present in the pig, 

with  some having been isolated and characterized to a certain extent, such as porcine 
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CAR (pCAR) (Gray et al., 2009), PXR (pPXR) (Pollock et al., 2007; Gray et al., 2010), 

and the farnesoid X receptor (pFXR) (Gray et al., 2010).  These porcine orthologs have 

been characterized in terms of their nucleotide and amino acid sequence and a small 

number of agonists and inverse agonists; these characterizations will be outlined in 

Sections 1.3.1 through 1.3.3.  As well, alternatively spliced forms for each of these 

nuclear receptors have been isolated, as will be discussed in Section 1.4.  Further 

characterization is needed to determine how transactivation of these receptors can alter 

generation and metabolism of the boar taint compounds, as well as to determine the 

molecular basis for the effects of the receptor splice variants; these characterizations are 

the basis of this work.  Here, background information on the structure and activities of 

the nuclear receptor family of transcription factors will be given.   

     Nuclear receptors generally act as dimers, either as homodimers or as heterodimers 

with the retinoid X receptor (RXR), a member of the non-steroid binding class of nuclear 

receptors (Francis et al., 2003).  These receptors contain an N-terminal ligand-

independent transactivation domain (AF-1), a DNA binding domain which is comprised 

of 2 zinc-fingers (DBD), a hinge region, and a C-terminal ligand-dependent 

transactivation domain (AF-2), which is part of a larger ligand binding domain (LBD) 

(Francis et al., 2003).  After ligand binding, the receptors dimerize and are transported 

into the nucleus, where they bind specific DNA sequences (response elements, REs) in 

the promoter region of a variety of genes, resulting in transcription of these genes and 

expression of the gene product. 

     The DNA binding domains of nuclear receptors consist of two Cys4 zinc fingers, each 

co-ordinating a single zinc atom.  These fingers are comprised of the conserved 
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arrangement of Cys-X2-Cys-X13-Cys-X2-Cys-X15,17-Cys-X5-Cys-X9-Cy-X2-Cys-X4-Cys 

(Latchman, 2008), which forms a single structure, with the first finger contacting the 

DNA.  The first finger, comprising of the first four Cys residues, forms an α helix starting 

after the third Cys residue, which includes the fourth Cys residue and the residues 

following it, with the zinc atom coordinated at the helix’s N-terminus (Latchman, 2008).  

This helix aligns in the major groove of the RE, making contacts with the target 

nucleotides with the residues between the third and fourth Cys, as well as the residue two 

after the fourth Cys.  These residues were shown to be integral in sequence recognition 

through mutational studies in which these residues were mutated in the glucocorticoid 

receptor (GR) to their homologous residues from the estrogen receptor,  which allowed 

the mutated GR to activate estrogen responsive genes, while abolishing its ability to 

activate glucocorticoid responsive genes (Latchman, 2008).   

     All nuclear receptors, regardless of the dimer type they form, bind REs made up of 

two half sites containing six base pairs; the glucocorticoid, mineralocorticoid, 

progesterone, and androgen receptors bind to REs comprised of half sites containing 5’-

AGAACA-3’, while the estrogen (ER), thyroid hormone (TR), vitamin D (VDR), and 

retinoid X receptors (RXR) bind to half sites containing 5’-AGGTCA-3’ (Squires, 2010).  

Due to the conservation of the consensus sequence in the RE half sites, specificity in 

receptor binding at specific REs is achieved through variations in half site orientation and 

separation, with 0 to 6 base pairs being found between the two half sites.  For example, 

the steroid responsive homodimers, such as estrogen receptors and androgen receptors, 

generally bind to inverted repeats, while non-steroidal nuclear receptors, such as CAR, 

PXR, and FXR, that form either homodimers or heterodimers with RXR, bind to direct 
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repeats. The importance in half site recognition is shown by the fact that direct repeats 

with no intervening nucleotides are bound by RXR homodimers.  When nucleotides are 

introduced between the half sites the REs are recognized by different RXR heterodimer: 

three nucleotides results in VDR heterodimer binding while four results in TR 

heterodimer binding (Latchman, 2008).  The distance between the half sites that a dimer 

will bind is controlled by the interactions between dimer partners at their dimerization 

interface, which includes the region between the first and second Cys residues of the 

second DBD zinc finger. 

      Nuclear receptors are modular proteins, with the DBD flanked N-terminally by 

receptor specific activation domains; C-terminally the DBD is connected to the ligand 

binding domain (LBD) via a variable hinge region.  The LBD is made up of twelve α 

helices and three β sheets that are arranged into a globular domain with an inner 

hydrophobic core (Weatherman et al., 1999).  This core is shaped such that the receptors’ 

specific ligands are able to bind; naturally occurring ligands include steroid hormones 

(i.e. estrogens, androgens, glucocorticoids), non-steroidal hormones (i.e. thyroid 

hormones), and other endogenous ligands (i.e. vitamin D, all cis- or all trans- retinoic 

acid).  The receptors that bind these natural ligands are often named for their primary 

ligand, because the receptors were isolated due to their ability to be transactivated by 

individual ligands.  Other nuclear receptors were identified and isolated via sequence 

homology to previously isolated receptors; due to their lack of known ligands upon 

discovery, these receptors were termed orphan receptors.  Ligands for most of these 

receptors have since been determined through activity assays, allowing for the receptors 

to become “adopted” orphan receptors.  For example, the constitutive androstane receptor 
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(CAR) was shown to be induced by androstanes, while the pregnane X receptor (PXR) 

responded to pregnane.  Further characterization of these receptors showed they could 

bind a wide variety of ligands, as will be discussed in Sections 1.3.1 and 1.3.2.  

Activation of the receptor is not the only outcome after occupation of the LBD; some 

compounds, termed inverse agonists, can lead to inhibition of activity upon binding by 

the LBD.  For instance, skatole has been shown to be a potent inverse agonist of pCAR, 

pPXR, and pFXR (Gray et al., 2009; Gray et al., 2010).  

     Prior to ligand binding, nuclear receptors are localized throughout the cell, with 

individual locations being dependent on the receptor type.  Some receptors are 

constitutively localized within the nucleus irrespective of ligand binding, including the 

TR and VDR (Hsia et al., 2010). These receptors bind to their REs in the absence of their 

ligand and act as transcriptional repressors through interactions with co-repressor proteins 

such as nuclear receptor co-repressor 1 (NCoR1) and silencing mediator for retinoid or 

thyroid-hormone receptors (SMRT).  Other receptors, including the androgen receptor, 

glucocorticoid receptor, CAR, and PXR, are located in the cytoplasm prior to ligand 

binding (Kumar et al., 2006; Li and Wang, 2010).  Cytoplasmic retention is achieved 

through interactions with chaperone proteins, which bind to the monomeric receptors in 

the absence of ligands.  These chaperone proteins, such as heat shock protein 90 (Hsp90) 

and heat shock protein 70 (Hsp70), maintain the receptors in a properly folded and a 

ligand-responsive state (Echeverria and Picard, 2010).  These chaperones maintain the 

cytoplasmic localization through interactions with co-chaperone proteins, such as FK506-

binding proteins (FKBP52, FKB51), cyclophilin 40 (Cyp40), serine-threonine protein 

phosphatase 5 (PP5), or cytoplasmic CAR retention protein (CCRP) (Squires et al., 2004; 
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Echeverria and Picard, 2010; Li and Wang, 2010).  Upon ligand binding, cytoplasmically 

retained receptors disassociate from the chaperone/co-chaperone complexes due to 

ligand-binding induced conformational changes.  These changes also facilitate receptor 

dimerization, and result in exposure of the of nuclear localization sequences (NLSs) 

within the hinge region and LBD of the receptor, which is then recognized and bound by 

nuclear import proteins (Kumar et al., 2006).  These proteins facilitate movement across 

the nuclear membrane by interacting with nuclear pore complexes, allowing for import of 

the receptor dimers.   

     One of the major conformational changes that occurs upon ligand binding is that the 

C-terminal helix (helix 12) changes conformation to form a lid over the filled binding 

pocket.  This helix, which contains the C-terminal activation domain or activation 

function 2 domain (AF-2), thus is positioned as a surface through which protein-protein 

interactions can be made with various effector proteins.  The AF-2 domain is an acidic 

interaction domain, being comprised of a large number (~20%) of acidic amino acids 

(Asp and Glu).  Due to the acidic nature of this domain, it interacts with positively 

charged patches on co-effector proteins; this interaction is mediated by electrostatic 

interactions between the two proteins (Latchman, 2008).  Transcription activation caused 

by nuclear receptors is often mediated by binding of p160/SRC family proteins (Frietze 

and Farnham, 2011).  These proteins act as scaffolds onto which effector proteins such as 

histone acetyltransferases and demethylases can be assembled.  Additionally, the basal 

transcriptional machinery can be recruited by the proteins interacting with the nuclear 

receptors.  Alternatively, nuclear receptor induced transcription repression generally 
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works through NCoR, which recruits histone methyltransferases and deacetylases, 

leading to compacted chromatin and inhibition of transcription. 

  

1.3.1 Constitutive Androstane Receptor (CAR) 

     The first porcine nuclear receptor isolated and characterized in our lab was the porcine 

ortholog of the constitutive androstane receptor (pCAR).  When first isolated from 

humans, CAR was shown to be constitutively active, capable of activating a luciferase 

assay in the absence of any ligand (Baes et al., 1994).  Further characterization showed 

that the activity of CAR could be further increased in the presence of agonistic ligands, 

initially androstane; later, ligands for CAR were found to include a wide variety of 

endogenous and exogenous compounds (Timsit and Negishi, 2007).  This promiscuity is 

caused by the fact the ligand binding pocket (LBP) of the CAR LBD is highly flexible, 

allowing it to bind to ligands of a variety of sizes (Windshügel et al., 2005).  The size of 

possible activating ligands is limited due to a binding pocket of 630 Å
3
, which is modest 

for a nuclear receptor. The pocket is able to expand upon ligand binding, allowing for 

larger ligands to be fully situated in the LBP.  The limited size of CAR’s LBP is caused 

by interactions between the AF-2 domain and LBD; these interactions are also the basis 

for the constitutive activity of CAR.  As discussed, the majority of nuclear receptors have 

an AF-2 domain that undergoes a conformational change upon ligand binding to form a 

lid over the LBP.  In CAR, the AF-2 domain is retained in close proximity to the LBP 

even when a ligand is not bound, allowing for the constitutive activity (Windshügel et al., 

2005). 
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     The primary response element for CAR in humans is termed DR-4, which contains 

two of the canonical half sites as direct repeats separated by 4 intervening nucleotides.  

The standard recognition sequence, as isolated from the promoter region of the classic 

human CAR target gene CYB2B6, is comprised of two DR-4 elements, termed NR1 and 

NR2, which have a nuclear factor 1 (NF1) binding sequence between them (Sueyoshi et 

al., 1999).  This recognition sequence is termed the phenobarbital-responsive enhancer 

module (PBREM).  The CAR/RXR heterodimer binds to each of the DR-4 elements of 

the recognition sequence allowing for transcription of the target genes.  Though the DR-4 

element is the primary CAR response element, other elements are also used by CAR to 

initiate gene transcription, including an everted repeat separated by 8 nucleotides (ER-8), 

which along with the DR-4 element is one of the elements to which CAR optimally binds 

(Frank et al., 2003).  Human CAR was also found to weakly bind the xenobiotic-

responsive enhancer module (XREM), the regulatory element that is primarily bound by 

PXR, indicating that there is a level of crosstalk between these two nuclear receptors 

(Faucette et al., 2006).  This element is found in the promoter region of the genes 

encoding many xenobiotic metabolizing elements, including CYP3A4, and contains DR-3 

and ER-6 elements. There is also some evidence that CAR is capable of binding as a 

monomer to portions of the PBREM found in the UGT1A1 gene (Frank et al., 2003). 

     The ligand promiscuity of CAR, and its propensity for binding exogenous compounds, 

has led it to be classified as a xenobiotic receptor.  In this role it primarily regulates the 

hepatic metabolism and clearance of a variety of compounds, including many of its 

ligands, through regulation of the expression of phase I and phase II metabolic enzymes 

(Tien and Negishi, 2006).  Previous work in our lab on pCAR has shown that, like in 
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other species, CAR regulates the expression of some specific metabolic enzymes, 

including those that are thought to be involved in the metabolism of the boar taint 

compounds.  In pig hepatocytes treated with the known synthetic CAR agonists CITCO 

and phenytoin,  transactivation of CAR resulted in the up regulation CYP2A and CYP2E, 

and the conjugating enzymes SULT2A and UGT2B, and the reductases HSD3B and 

ARK1C (Peacock, 2005).  As well, CAR transactivation has been shown to increase 

expression of UDP-glucuronosyl transferase 2B (UGT2B); although the involvement of 

this enzyme in androstenone metabolism has not been confirmed, it is a good candidate 

for the glucuronidation of 3α-androstenol and 3β-androstenol (Sinclair et al., 2005A).  

The up regulation of these genes shows that CAR potentially could help regulate the 

metabolism of boar taint compounds, though further study is required to better determine 

the effects of pCAR transactivation on both gene expression and the metabolism of boar 

taint compounds.   

     Though CAR was initially characterized as a xenobiotic receptor, it has also been 

shown that endogenous ligands can affect the activity of this nuclear receptor.  For 

example, the androgen steroids 5α-dihydrotestosterone (5α-DHT) and 5β-

dihydrotestosterone (5β-DHT) have been shown to be inverse agonists of pCAR, 

significantly decreasing its activity (Gray et al., 2009), as has skatole (Gray et al., 2010).  

If levels of the two dihydrotestosterone species are elevated, it could result in decreased 

CAR activity, which is likely to decrease metabolism throughout the body and decrease 

boar taint metabolism.  This type of decrease in activity also is likely to affect 

androstenone levels, through changes in expression of enzymes involved in androstenone 

synthesis, including ARK1C4, 3β-HSD, and 5α-reductase (SRD5A2) (Warne and 
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Kanumakala, 2002).  The androstenone metabolite 3α-androstenol has also been shown to 

act as an inverse agonist for mCAR (Forman et al., 1998). In pigs, the resulting decrease 

in activity could act as a feedback loop to increase synthesis of androstenone, if pCAR is 

shown to regulate the expression of any of the enzymes involved in the androstenone 

synthesis pathway in the testes.  These increases in androstenone synthesis and decreases 

in androstenone metabolism could be further compounded through the effects skatole 

could have on pCAR.  

 

 1.3.2  Pregnane X Receptor (PXR) 

     Like CAR, the pregnane X receptor (PXR) is a xenobiotic responsive nuclear receptor, 

being closely related to CAR on an evolutionary scale (Bookout et al., 2006).  PXR was 

initially cloned from mouse by assembling a partial sequence from expressed sequence 

tags (ESTs), which were assembled through sequence homology against other nuclear 

receptor sequences (Kliewer et al., 1998).  The resulting receptor was responsive to both 

natural and synthetic pregnanes, primarily the synthetic pregnane pregnenolone 16α-

carbonitrile (PCN).  The human ortholog of PXR, originally termed the steroid and 

xenobiotic receptor (SXR, hPXR), was shown to be responsive to a large variety of 

steroids and exogenous compounds, not just pregnanes (Blumberg et al., 1998).  In fact, 

hPXR was more effectively transactivated by the tuberculosis antibiotic rifampicin than 

PCN, indicating that though they are highly homologous, mouse and human PXR are 

transactivated by different ligands. 

     PXR regulates the expression of many of the enzymes that are involved in xenobiotic 

metabolism and clearance, and it is transactivated by a wide range of exogenous 
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compounds, including many of the compounds that are eventually metabolized by the 

enzymes PXR up regulates.  The PXR ligand binding pocket (LBP) is the largest of all 

binding pockets in the nuclear receptor family, which allows for the binding of the large 

complement of ligands (Watkins et al., 2001).  The PXR LBP is approximately double 

the size of the one in CAR at 1150 Å
3
, though like the CAR LBP it is able to expand to 

allow for binding of large ligands, through movement of a flexible loop.  The movement 

of this loop exposes additional hydrophobic residues, to add to the hydrophobicity of the 

LBP already inherent through the presence of 20 hydrophobic residues.  Ligand 

positioning and binding of polar moieties is carried out by a low number of polar and 

charged residues, which position the ligands through electrostatic and hydrogen bonding 

(Watkins et al., 2001).   

     Porcine PXR (pPXR) was identified through sequence homology, using the human 

ortholog as a basis (Pollock et al., 2007).  The transcripts encoding this receptor were 

present in many tissues, with strong expression in the liver and small intestines; this is in 

accordance with human expression patterns (Blumberg et al., 1998).  Further 

characterization of pPXR was carried out to determine a partial ligand compliment, with 

emphasis on boar taint compounds.  It was found the pPXR acted more similarly to hPXR 

than mPXR, being more strongly transactivated by rifampicin than PCN (Gray et al., 

2010).  It was also found that pPXR could be transactivated by several endogenous 

compounds, including progesterone, estrogens, testosterone and its metabolites 5α-DHT 

and 5β-DHT, and the bile acid lithocholic acid (LCA).  Additionally, the androstenone 

precursor androstadienone could transactivate pPXR, as could the androstenone 

metabolite 3α-androstenol.  This indicates that transactivation of pPXR could play a role 
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in co-ordinating the metabolism of androstenone, though this effect could be hindered in 

high boar taint animals due to skatole, which is a pPXR inverse agonist (Gray et al., 

2010).  As such, further testing is required to determine the effects of pPXR 

transactivation on the metabolism of the individual boar taint compounds, as well as to 

determine if the boar taint compounds themselves can affect metabolic processes initiated 

through pPXR. 

     Upon transactivation of PXR, up regulation of target genes results from PXR binding 

its specific REs in the promoters of target genes.  The primary REs targeted by PXR are 

an everted repeat (ER-6) and a direct repeat (DR-3), both of which are found in the 

xenobiotic response element module (XREM), as first identified in the distal promoter 

region for CYP3A4 (Sueyoshi and Negishi, 2001).  In humans, PXR has also been shown 

to target IR-6, which is found in the promoter region of human CYP3A genes, as well as 

DR-4 and DR-5 elements, as found in the promoters of many other CYP family genes 

(Blumberg et al., 1998).  Other genes containing PXR REs within their promoters include 

3β-hydroxysteroid dehydrogenase (HSD3B1) (Zhai et al., 2007), sulfotransferases 1A1 

and 2A1 (SULT1A1, SULT2A1) (Duanmu et al., 2002), and multidrug resistance 1 

(MDR1) (Song et al., 2004).  There is also evidence that PXR is capable of initiating 

transcription of genes containing CAR REs, including those containing the PBREM (Xie 

et al., 2000).  As such, through both the PXR and CAR REs, PXR plays a significant role 

in modulating metabolism, and is a prime candidate for altering boar taint metabolism.  
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1.3.3  Farnesoid X Receptor (FXR) 

     The farnesoid X receptor (FXR) was first isolated in rodents, both mouse and rat 

concurrently, and was shown to be transactivated in luciferase assays by farnesoids, a 

group of naturally occurring organic compounds termed acyclic sesquiterpenes, which 

are present in many essential oils and include the insect juvenile hormones (Forman et 

al., 1995; Seol et al., 1995). During initial cloning two FXR family members were 

isolated, termed FXRα and FXRβ, each encoded by a separate gene; later research 

showed that while FXRα was highly conserved throughout much of the animal kingdom, 

being found in species ranging from humans to teleost fish, FXRβ was present as an 

active receptor in only a few mammalian species, humans and apes not included (Lee et 

al., 2006).  The majority of subsequent experiments to further characterize FXR used 

FXRα; for the purpose of simplification, throughout this work FXRα is termed as FXR.  

FXR was initially shown to be highly expressed in kidneys and the liver, though it has 

also been shown to be expressed in the small intestines, adrenals, and adipose tissue 

(Forman et al., 1995; Wang et al., 2008B). 

     As further testing was carried out on FXR, it was determined that its primary ligands 

were bile acids (Makishima et al., 1999). The primary bile acid chenodeoxycholic acid 

(CDCA) was found to be the strongest endogenous transactivator of both human and 

mouse FXR, while the secondary bile acids deoxycholic acid (DA) and lithocholic acid 

(LCA) were the second and third strongest transactivators, respectively (Parks et al., 

1999).  All of these bile acids were far more effective at transactivating FXR than 

farnesol, and it was determined that the physiological role of FXR was that of a bile acid 

sensor, co-ordinating both the synthesis and metabolism of bile acids.  Several other 
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endogenous ligands, including androsterone, have been shown to transactivate FXR, 

though they do so weakly, and their potential physiological effects are thought to be 

limited (Wang et al., 2006). Several synthetic ligands have been developed that 

transactivate FXR, including 3-(2,6-Dichlorophenyl)-4-(3’-carboxy-2-chlorostilben-4-yl) 

oxymethyl-5-isopropylisoxazole (GW4064) and the synthetic derivative of CDCA, 6α-

ethyl-CDCA (Wang et al., 2008B). 

     Porcine FXR (pFXR) was isolated in our lab, using a sequence generated by aligning 

porcine express sequence tags (ESTs) against the hFXR sequence.  The receptor was 

characterized, both in terms of the splice variants isolated during initial cloning (as 

discussed in Section 1.4.3), as well as determining a limited ligand compliment that 

transactives pFXR.  It was found that the prototypical FXR ligand CDCA was capable of 

transactivation of pFXR, and did so more potently than GW4064 (Gray et al., 2010).  The 

secondary bile acid LCA, which has been shown to be an agonist in hFXR, did not 

significantly transactivate pFXR, indicating that there are significant differences between 

these FXR orthologs.  Of the remaining ligands tested, only progesterone was found to 

transactivate pFXR, though no significant transactivation of hFXR was seen.  As was 

found with pPXR and pCAR, skatole was a significant inverse agonist of pFXR.    

     As the primary bile acid sensor, FXR is involved in maintaining bile acid homeostasis, 

through altered synthesis and metabolism.  These alterations are carried out by up 

regulation of various bile acid metabolizing enzymes and export pumps, as well as down 

regulation of genes involved in bile acid synthesis (Wang et al., 2008B).  Many of these 

genes contain in their promoters the primary FXR response element (FXRE), IR-1 (Jung 

et al., 2002), while others contain secondary FXREs, which include IR-0 and ER-8 
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(Wang et al., 2008B).  Many of the genes regulated during FXR transactivation are not 

regulated directly by FXR, but rather through up regulation of the nuclear receptor small 

heterodimer partner (SHP).  This nuclear receptor contains a conserved LBD and 

dimerization interface as seen in all nuclear receptors; however it lacks a DBD (Båvner et 

al., 2005).  As such, it is able to act as a dimerization partner to other nuclear receptors, 

inhibiting binding to DNA, and thus inhibiting the gene regulation normally induced by 

transactivation of these receptors.  The gene encoding SHP contains an IR-1 RE, and is 

under control of FXR, allowing for FXR to induce global gene expression changes.   

     The potential for FXR transactivation to affect boar taint levels stems from several 

gene alterations, and subsequent physiological changes, that FXR has been shown to 

induce.  FXR has been shown to inhibit cholesterol synthesis by up-regulating Insig-2 

(Wang et al., 2008B); the resulting decrease in cholesterol is likely to inhibit steroid 

synthesis, thereby limiting androstenone synthesis.  As well, the loss of FXR was shown 

to induce CYP17A1 expression, increasing 17-hydroxyprogesterone; as such, it would be 

expected that FXR transactivation would result in decreased CYP17A1 expression 

(Anakk et al., 2011).  Transactivation of FXR may also alter the metabolism of boar taint 

compounds by altering expression of other enzymes, including 3β-hydroxysteroid 

dehydrogenase and hydroxysteroid sulfotransferase (SULT2A1) (Xing et al., 2008; Song 

et al., 2001).  Alteration of boar taint metabolism may also be controlled by FXR through 

PXR, for an IR-1 RE has been identified in the promoter region of the Pxr gene (Jung et 

al., 2006).  Therefore the suite of metabolic enzymes whose expression is regulated by 

PXR can indirectly be controlled by FXR.  Due to its potential role in controlling both 

androstenone synthesis and boar taint metabolism, the downstream effects of pFXR 
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transactivation on gene expression and metabolism of the individual boar taint 

compounds should be investigated.  

 

1.4 Alternative Splicing  

     Unlike the genomes of prokaryotes, eukaryotic genomes contain a large number of 

non-coding sequences that make up the vast majority of the genome.  These sequences 

are not limited to non-coding regions of the genome, for even within coding sequences 

there is a large amount of sequence not required for translation; in fact only around 2% of 

the human genome is made up of sequences that encode proteins (Venter et al., 2001).  

The non-coding portions of genes are termed introns, and are often larger than the protein 

coding exons, which average ~150 bases in length (Watson et al., 2004).  To ensure 

proper translation of the messenger RNA (mRNA), introns must be removed by pre-

mRNA splicing, a process that is catalyzed in eukaryotes by a complex termed the 

spliceosome. 

     The spliceosome complex is comprised of five small nuclear ribonuclear proteins 

(snRNPs) termed U1, U2, U4, U5, and U6.  The snRNPs are each comprised of small 

nuclear RNAs (snRNAs) coupled with numerous protein factors (Latchman, 2010). These 

factors assemble in a stepwise fashion on specific elements within the introns and at the 

exon/intron junctions (Figure 1-4A).  This results in displacement of the branch point 

adenine, which is a conserved additional nucleotide within a sequence that is 

complimentary to the U2 snRNA.  A complex of U4, U5, and U6 are then recruited 

through interactions with both U1 and U2, which are already assembled on the intron, 

resulting in the intron sequence between the binding sites of these to snRNPs to be 
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looped out (Will and Lührmann, 2011).  A lariat structure is formed and the 2’ hydroxyl 

group of the branch point adenine, which has been brought into contact with the 5’ end of 

the intron through interactions between U2 and U6, nucleophilically attacks the 5’ 

phosphate linkage of the intron.  The final removal of the intron, in a lariat form, occurs 

when the 3’ hydroxyl group of the 5’ exon is brought into contact with the 5’ phosphate 

of the 3’ exon by the spliceosome complex, allowing for it to nucleophilically attack the 

phosphate, . 

     The mature transcript from splicing a single species of pre-mRNA molecule is not 

always the same; transcripts often undergo alternative splicing.  This occurs when exons 

are retained or lost based on a variety of signals.  For instance, there are signals within 

the pre-mRNA itself, termed intronic or exonic splicing enhancers (ISE or ESE) or 

intronic or exonic splicing silencers (ISS or ESS) (Watson et al., 2004).  These signalling 

enhancers or silencers are bound by serine-arginine rich proteins (SR) or heterogenous 

nuclear ribonucleoproteins (hnRNP), respectively (Figure 1-4B).  Both of these protein 

families have RNA binding capabilities, though only the SR proteins contain spliceosome 

interacting domains, and therefore can recruit the splicing machinery to adjacent splice 

sites, resulting in removal of any intervening sequences. In contrast, hnRNPs bind to and 

mask other RNA elements, such as the intron/exon junctions and the branch point, 

ensuring they are not recognised by the splicing machinery.  This results in the 

intervening sequences being retained, even if the intervening sequences contain portions 

of introns.  Selection of introns and exons can thus be controlled, allowing for different 

mRNA products to be generated, as outlined in Figure 1-5.   
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(Lührmann, 2008) 

 

(Alberts et al., 2007)    

Figure 1-4 Proteins involved in pre-mRNA splicing. (A)  The assembly of the 

splicesome complex at the exon-intron junctions, and the catalytic steps involved in 

removal of the intron. (B) Positioning of SR proteins and hnRNP complexes prior to pre-

mRNA splicing, with respect to the intron and exon junctions, which are bound by the U1 

and U2 snRNPs. 

  

A 
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(Faustino and Cooper, 2003) 

 

Figure 1-5 Alternative splicing patterns of pre-mRNA. The different possible splicing 

events include: (1) Alternate Promoters (2) Cassette Exons (3) Alternative 5’ Splice Site 

(4) Alternative 3’ Splice Site (5) Intron Retention (6) Mutually Exclusive Exons (7) 

Alternative Terminal Exon (8) Alternative poly-A Site. 
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     The generation of alternatively spliced mRNA products can lead to the formation of 

proteins with altered structures, which can result in altered function.  Some nuclear 

receptor alternatively spliced variants can interfere with the normal activity of the 

corresponding wild type protein; this is known as a dominant negative effect 

(Herskowitz, 1987).  The most common mechanism of a dominant negative effect results 

from the splice variant retaining DNA binding capabilities without inducing gene 

transcription. This has been seen in a naturally occurring variant of the glucocorticoid 

receptor, termed glucocorticoid receptor β (GRβ), which differs from the wild-type 

receptor (GRα) by having the final 50 amino acids of the protein replaced with 15 unique 

residues (Bamberger et al., 1995).  GRβ is generated through exon swapping, in which an 

alternate copy of the 9
th

 exon is retained in place of the wild-type exon (van der Vaart and 

Schaaf  2009).  Increased expression of GRβ has been correlated with reduced response 

to glucocorticoid treatments in patients suffering from a variety of immune-related 

diseases, including systemic lupus erythematosus (van der Vaart and Schaaf, 2009; 

Piotrowski et al., 2007).  This type of effect also naturally occurs in the human ER, both 

human and mouse CAR, and the rat vitamin D receptor (van der Vaart and Schaaf, 2009).   

     The opposite effect, in which the presence of an alternatively spliced variant of a 

nuclear receptor significantly increases the activity of the wild-type receptor, also exists. 

This dominant positive effect is exhibited by a naturally occurring variant of the human 

estrogen receptor (Chaidarun and Alexander, 1998).  This variant estrogen receptor is 

generated through the exclusion of the fifth exon, which results in the formation of a 

truncated protein lacking the ligand binding domain and AF-2 domain.  This variant, 

termed the exon-5 ERα splice variant (Δ5ERα) was non-functional in reporter assays 
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when present on its own, but increased reporter activation more than 500% compared to 

the wild-type receptor only.  It was also shown that Δ5ERα interacts directly with wild-

type ERα; it has been hypothesized that Δ5ERα forms a heterodimer with ERα, and 

increases recruitment of transcriptional accessory proteins, as well as potentially 

increasing stability of DNA binding (Chaidarun and Alexander, 1998).  This is presumed 

to occur through interactions with the intact AF-1 domain, and results in increased 

transcription of target genes.  

 

1.4.1 pCAR Splice Variants 

     During initial cloning of pCAR, several bands were observed during amplification of 

the target sequence, assembled through homology modeling against hCAR (Gray et al., 

2009).  Due to the stringent total RNA isolation, cDNA generation, and sequence 

amplification steps, the chances of sequence degradation leading to multiple bands was 

minimal, and  it was postulated that the additional banding was due to alternative splicing 

of the pCAR transcript.  The presence of mRNA splice variants, leading to formation of 

variant proteins, had been previously observed for both mCAR (Choi et al., 1997) and 

hCAR (Auerbach et al., 2003; Jinno et al., 2004), indicating that alternative splicing of 

CAR may potentially be conserved across species.  The variant proteins of hCAR that 

have been identified were all found to contain in-frame insertions of amino acids, which 

do not disrupt the structures of any of the standard hCAR domains; rather these forms 

simply have altered DNA binding and transcriptional activation efficiencies (Auerbach et 

al., 2003; Auerbach et al., 2005).  The alternative splicing of CAR in mouse results in the 

loss of the 8
th

 exon, which in turn generates a truncated protein lacking much of the 
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ligand binding domain and the entire AF-2 domain (Choi et al., 1997).  This variant lacks 

DNA binding capability, and does not affect the activity of the wild-type receptor when 

they are co-expressed in an in vitro luciferase assay.   The majority of the pCAR variants 

isolated were also expected to generate disrupted protein structures, lacking the LBD and 

AF-2 domains in their entirety or with partial deletions of one or both of these domains 

(Gray et al., 2009).  As shown in Figure 1-6 (A), in all but one of the variants of pCAR 

there are insertions or deletions of sequences occurring at the intron/exon boundaries, 

which all lead to alterations in the mRNA reading frame and the formation of premature 

stop codons.  The only variant that had alternative splicing not corresponding to 

intron/exon junctions was splice variant 3 (SV3), which lost exon 6 in its entirety, as well 

as a portion of exon 7.  The altered transcript sequences generated through alternative 

splicing are expected to lead to altered protein structures, which are depicted in Figure 1-

6 (B). 
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Figure 1-6 Schematic diagrams of the pCAR splice variants. (A) Representing 

alternative splicing and exon junctions of pCAR.  Loss or gain of sequences within an 

exon are noted by change in base pair numbers and a colour change.  (B) Representation 

of the expected protein domain structures for the pCAR splice variants.   

 

A 

B 
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     The potential for the splice variants of pCAR to play a physiological role is dependent 

on how prevalently they are expressed.  Each of the pCAR splice variants were assessed 

for expression in the liver, where the highest CAR expression is expected, using real-time 

PCR; this was carried out to determine if expression of individual splice variants was 

high enough to potentially cause an effect, whether through a dominant effect or through 

reducing expression of the wild type receptor. The most prevalent splice variant was 

SV4, which has significant sequence deletions in exon 3. The expression of SV3 was so 

low that it is unlikely to play any regulatory role; however, the protein product expected 

from SV3 is the same as the one expected from SV2, and therefore combined they may 

be expressed at significant enough levels to cause an effect.  The remaining splice 

variants were present at 0.2% to 4% of total CAR; the combined expression of each 

variant may be sufficient to affect wild type activity by decreasing the in vivo levels of 

wild type pCAR by as much as 9.20%, potentially decreasing pCAR transcriptional 

activity.   

     The potential for each of the pCAR splice variants to affect the activity of the wild-

type receptor was determined using a luciferase assay system in which each splice variant 

was individually transfected alongside the wild-type receptor (Gray et al., 2009).  The 

levels of the wild-type receptor were constant, while the levels of the splice variants were 

altered as a percentage of the wild-type receptor. This was done to determine if each 

splice variant would have an effect at a physiologically relevant level, based on the in 

vivo expression levels determined through real-time PCR.  Since the expected protein 

product of SV3 was the same as the SV2 product, only SV2 is used throughout the 
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remainder of this work to refer to the SV2/SV3 protein product.  It was found that three 

splice variants had a dominant negative effect; SV2, SV4, and SV5 all significantly 

reduced both the constitutive activity and the ligand induced activity of pCAR (Gray et 

al., 2009).  However, of these variants, only SV2 significantly decreased the wild-type 

activities at physiological expression levels, doing so at an inclusion level as low as 

0.25% of the wild-type receptor level.  This variant also affected the transcription of a 

NR-1-linked luciferase reporter gene induced by pPXR, indicating that SV2 is able to 

affect the crosstalk between pCAR and pPXR.  This effect was limited to CAR REs, for 

SV2 did not affect pPXR induced transcription of a XREM reporter, nor did it affect the 

transcription of an IR-1 reporter by pFXR.  Due to the specificity of the SV2 dominant 

negative effect to the NR-1 RE, as well as the fact both the constitutive and ligand-

induced activities of the wild-type receptor were significantly reduced by the presence of 

SV2, it is hypothesized that SV2 exerts its effect in a DNA-binding dependent manner.  

This hypothesis is also based on the expected protein structure of SV2, in which an intact 

DBD is present, but the vast majority of the LBD, and the entire AF-2 domain, are 

missing.  As such, SV2 is expected to exert its effect by binding to the pCAR REs, 

blocking them from the wild-type receptor, there by inhibiting transcription initiation. 

This hypothesis needs to be tested, to determine if the SV2 dominant negative effect is 

DNA dependent.  As well, the potential for a physiological effect should be studied, to 

determine if expression of SV2 correlates to changes in expression of pCAR target genes. 
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1.4.2 pPXR Splice Variants 

     As with pCAR, initial isolation and cloning of pPXR resulted in the discovery of 

alternatively spliced variants.  In this case, 6 distinct splice variants were isolated, though 

the 6
th

 variant, originally termed ssPXR.7, was deemed to be a transcriptional error, and 

therefore was not further characterized (Pollock et al., 2007).  The remaining splice 

variants, pPXR-SV1 through pPXR-SV5, were found to be generated through various 

exon retentions or deletions, as outlined in Figure 1-7.  pPXR-SV1 was defined by the 

retention of an extended exon 6, termed exon 6a, leading to a predicted protein product 

with a divergent sequence partway through the LBD, disrupting this domain and deleting 

the AF-2 domain.  Splice variants 2 and 3 were expected to give rise to the same protein 

product, a truncated protein lacking the majority of the LBD and the entire AF-2 domain, 

due to a premature stop codon introduced through the deletion of exon 6.  SV3 differs 

from SV2 in that it also had exon 8 deleted, though this deletion is rendered redundant 

due to the premature stop codon in exon 7.  pPXR-SV4 had exon 6 deleted, though it had 

an insertion of the final 17 bp of exon 6a, resulting in an altered reading frame in the 

LBD of the protein and a premature stop codon.  pPXR-SV5 had both exons 6 and 7 

deleted, which once again results in an altered reading frame within the LBD of the 

protein, and a premature stop codon.   
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Figure 1-7 Schematic diagrams of the pPXR splice variants. (A) Representation of the 

alternative splicing and exon junctions of pPXR.  Insertions and deletions are noted, and 

the expected stop codon is noted by (●).  Adapted from Pollock et al., 2007.  (B) 

Representation of the expected protein domain structure for the pPXR splice variants.   

 

  

A 

B 
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     The expression levels of each of the individual pPXR splice variants were determined 

using real-time PCR, in the same manner the pCAR splice variants were assessed.  

pPXR-SV5 was on average the most prevalent splice variant, comprising 1.51% of total 

pPXR, while SV2 was the least highly expressed at an average of 0.70%. The variant 

most strongly expressed in any one sample was SV1, which in one individual was 

expressed at 2.5% of total pPXR.  On average the splice variants made up 5.3% of total 

pPXR, though individual variation ranged from 3.3% to 7.9% of total pPXR (Gray et al., 

2010).  

     The potential effects of the individual pPXR splice variants were tested in the same 

manner used to test the pCAR splice variants, by co-transfecting them alongside the wild-

type receptor in a dual-luciferase reporter assay (Gray et al., 2010).  It was found that 

pPXR-SV1 and pPXR-SV2 each significantly increased the activity of pPXR-WT, doing 

so at inclusion levels between 2.5% and 5.0%, and at 5.0%, respectively.  Since SV2 was 

expressed in boar liver samples at levels below 5.0% of the total pPXR, SV2 was 

unlikely to cause a physiological effect, and it was not tested further.  Since the dominant 

positive effect of pPXR-SV1 was significant around the maximal physiological 

expression level, there is an indication that in some individuals it may exert an effect in 

vivo. 

     As discussed in the introduction to Section 1.4, nuclear receptor splice variants may 

exert a dominant positive effect through the formation of a dimer with the wild-type 

receptor.  This dimerization, in the case of an ERα/Δ5ERα heterodimer, may increase 

stability of DNA binding, thus increasing the ability to interact with the transcriptional 

machinery and increase transcription of target genes (Chaidarum and Alexander, 1998).  
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Since PXR forms a heterodimer with RXR, the dominant positive effect of pPXR-SV1 

would not likely be caused in the same manner as the Δ5ERα effect.  However, there is 

evidence that suggests PXR may be capable of forming heterotetramers containing two 

PXR monomers and two RXR monomers (Noble et al., 2006).  Thus, pPXR-SV1 may 

exert its dominant positive effect by increasing stability of the potential heterotetramer, 

favouring co-factor recruitment and DNA binding stability.     

 

 1.4.3 pFXR Splice Variants 

     As with the previous two nuclear receptors discussed, initial cloning of the porcine 

ortholog of FXR resulted in the isolation of several splice variants, with a total of 5 

variants being isolated (pFXR-SV1 through pFXR-SV5), along with the wild-type 

receptor, pFXR-WT (Gray et al., 2010).  In this case the variants have insertions or 

deletions at the exon/exon junctions, with the exons being determined using homology 

modeling against hFXR (Figure 1-8 (A)).  Three of these variants, pFXR-SV1, pFXR-

SV3, and pFXR-SV5, contain a 12 bp insertion that is conserved in several species, 

including human and mouse (Huber et al., 2002; Zhang et al., 2003).   This insert occurs 

between exons 5 and 6, and results in the addition of a methionine, a tyrosine, a 

threonine, and a glycine (MYTG) at the C-terminal end of the DNA binding domain.  In 

humans this insertion leads to a 90% decrease in transcriptional activity of the variant,  

while in mouse the loss of transcriptional activity is less severe (Huber et al., 2002; 

Zhang et al., 2003). This effect likely arises due to alterations in the manner in which the 

protein is folded.  pFXR-SV1 contained only this insert, and as such is the closest 

ortholog to the human variant,  while pFXR-SV3 and pFXR-SV5 also contained 
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deletions of nucleotide sequences along with the insert.  pFXR-SV3 has 38 bp deleted 

from the 3’ end of exon 7, resulting in the loss of 12 amino acids within the hinge region 

of the protein and a subsequent frameshift, leading to a truncated protein lacking the 

entire LBD and AF-2 domains.  SV2 also has 38 nucleotides deleted from exon 7, but it 

also has 5 bp inserted at the junction between exon 6 and exon 7.  This 5bp insertion 

alleviates the frameshift seen in SV3, and the resulting protein product has 11 amino 

acids deleted from the C-terminal end of the hinge region, with no disruption of any other 

domain.  pFXR-SV5 has exon 7 deleted in its entirety, leading to the expected loss of 33 

amino acids from the hinge region of the receptor protein; however the loss of these 

amino acids is not expected to alter any of the other domains, for no frameshift is 

introduced through the nucleotide deletion.  pFXR-SV4 also has the deletion of exon 7, 

though unlike SV5 does not have the MYTG insert, and therefore the resulting protein is 

expected to only vary from the wild-type receptor through a reduction in size of 33 amino 

acids within the hinge region and an additional 4 amino acids at the exon 5/exon 6 

junction.  The expected protein domain structures for each of the pFXR variants, 

including the wild-type receptor, are depicted in Figure 1-8 (B). 
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Figure 1-8 Schematic diagrams of the pFXR splice variants. (A) Representation of the 

alternative splicing and exon junctions of pFXR.  Splice variants pgFXR-SV1, SV2, SV3, 

and SV5 have insert sequences at exon junctions that were determined by comparison 

with the cDNA and genomic sequences of hFXR.  (B) Representation of the deduced 

protein domain structure for the pFXR splice variants.   

(Gray et al., 2010) 

A 

B 
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     As with the splice variants for the other two nuclear receptors already discussed, the 

individual expression levels of each of the pFXR splice variants were assayed using real-

time PCR (Gray et al., 2010).  It was found that pFXR-SV2 was the most prevalent 

pFXR variant, comprising of between 0.97% to 3.39% of the total pFXR in different 

individuals, with a mean expression level of 2.34%.   The least expressed variant was 

SV4, which ranged in expression levels from 0.03% to 1.27% , and averaged 0.41% of 

total pFXR; the remaining variants ranged in expression levels between these two 

extremes.  In total the pFXR variants comprised, on average, 6.01% of total pFXR, with 

individual expression levels ranging from1.92% to 9.26%.  The upper levels of this total 

expression range could potentially affect pFXR transactivation through reduction of 

expression of the wild-type receptor. 

     The individual activities of the pFXR spliced variants were tested using an in vivo 

luciferase activity assay employing a reporter containing an IR-1 RE (Jung et al., 2002); 

it was found that only pFXR-SV1 retained individual activity, doing so at a level that was 

not significantly different than seen from the wild-type receptor.  The lack of activity 

with the remaining splice variants is likely due to alterations in their protein structure 

leading to altered tertiary structures.  In the case of pFXR-SV3, the loss of the LBD and 

AF-2 domain is expected to interrupt the ability of this variant to initiate gene 

transcription.  For pFXR-SV2, pFXR-SV4, and pFXR-SV5, the disruption in the tertiary 

structure must be sufficient to disrupt their individual activity, for each variant retained 

an intact LBD and AF-2 domain.   

     As was done with the splice variants of pCAR and pPXR, the potential effect for the 

pFXR splice variants to affect the activity of the wild-type receptor was tested in an in 
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vitro luciferase assay (Gray et al., 2010).  Only pFXR-SV1 was found to cause an effect, 

significantly increasing the transcription of the reporter gene to almost double the activity 

seen with the wild-type alone.  This was a dominant positive effect, for the increase was 

greater than the activity of the individual variants, indicating a synergistic effect between 

SV1 and the wild-type receptor.  This effect may potentially be caused through 

stabilization of a protein complex containing both pFXR-WT and pFXR-SV1, which may 

increase the ability of the complex to bind DNA or transcriptional accessory protein 

binding, allowing for increased transcriptional activity.  This potential mechanism needs 

to be investigated, as should the potential for a physiological effect of pFXR-SV1 

expression.    
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Chapter 2: Hypotheses and Specific Objectives  

2.1 Hypotheses 

2.1.1 Nuclear Receptors and Boar Taint Metabolism 

     Nuclear receptors modulate the expression of a wide variety of genes upon 

transactivation by specific exogenous or endogenous ligands.  The class II nuclear 

receptors CAR and PXR respond primarily to exogenous compounds, altering gene 

expression to encourage metabolic clearance, while FXR responds to bile acids, resulting 

primarily in altered hepatic gene expression.  It is expected that transactivation of CAR, 

PXR, and FXR with known agonists will result in altered hepatic metabolism of 

androstenone and skatole.  In the Leydig cells, it is expected that transactivation of the 

three nuclear receptors will lead to altered androstenone production. 

 

2.1.2 Molecular Mechanisms of Nuclear Receptor Splice Variant Effects 

     Previous research on the porcine orthologs of CAR, PXR, and FXR found that each 

was alternatively spliced into various splice variants.  pCAR-SV2 was found to have a 

dominant negative effect on the activity of wild-type pCAR in vitro, even when included 

at a low percentage of the total pCAR present.  It is hypothesized, based on the expected 

protein structure of pCAR-SV2 as discussed in Chapter 1, that this variant exerts its 

effect by binding the target DNA response element, decreasing wild-type binding and 

negatively affecting gene transcription. 

      Unlike pCAR-SV2, pPXR-SV1 and pFXR-SV1 both exert dominant positive effects 

on their corresponding wild-type receptors in vitro.  Based on the presence of only a 

partial ligand binding domain, pPXR-SV1 does not increase pPXR activity by promoting 
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gene transcription in its own right; rather it is hypothesized that it increases activity 

through protein interactions, including potential interactions with co-regulatory proteins.  

This interaction will likely stabilize DNA binding and result in more stable interactions 

with transcriptional co-activator proteins.    

     Unlike either pPXR-SV1 or pCAR-SV2, pFXR-SV1 has an insert that does not alter 

the reading frame of the expected protein product, but rather inserts 4 amino acids at the 

C-terminal end of the DNA binding domain (Gray et al., 2010).  As such, its dominant 

positive effect must be based in this insertion and alterations to this insert may be able to 

alter or disrupt the effect.    

 

2.2 Specific Objectives 

2.2.1 Objective 1: Assessing the Effects of Nuclear Receptor Transactivation on 

Expression of Key Leydig Cell Genes 

     Multiplex real-time PCR will be used to determine the effects of pCAR, pPXR, and 

pFXR transactivation with known agonists on the expression of transcripts for 28 genes 

in Leydig cells.  Many of these selected genes are involved in metabolic pathways of both 

endogenous and exogenous compounds, and several have been suggested as key target 

genes for the control of boar taint based on microarray data; many of these genes were 

selected for our study (Moe et al., 2007; Moe et al., 2008; Leung et al., 2010).  Several of 

the genes included in our study were included because of their potential link to 

androstenone synthesis.  Total RNA from primary Leydig cells incubated with the known 

nuclear receptor agonists CITCO, rifampicin, CDCA, or DMSO, which acts as a control, 

will be reverse transcribed to produce cDNA for the real-time analysis. 
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2.2.2 Objective 2: Assessing the Effects of Nuclear Receptor Transactivation on 

Steroidogenesis in Primary Leydig cells 

      Primary Leydig cells were isolated from mature boars, plated, and treated with known 

agonists of the three nuclear receptors of interest, DMSO as a control, and skatole.  After 

a pre-treatment period with agonists, the media was replaced with media containing 

radiolabelled pregnenolone, in order to determine how transactivation of each receptor, or 

the presence of skatole, affects the metabolism of pregnenolone to sex steroids and the 

16-androstene steroids.  Metabolism of pregnenolone and the production of each steroid 

group were determined through HPLC analysis. 

      

2.2.3 Objective 3: Assessing the Effects of Nuclear Receptor Transactivation on 

Expression of Key Hepatocyte Genes 

     Multiplex real-time PCR was used to determine the effects of pCAR, pPXR, and 

pFXR transactivation on the expression of transcripts for 28 genes in hepatocytes.  These 

genes are the same as those selected for study in primary Leydig cells.  Total RNA from 

primary hepatocytes incubated with CITCO, rifampicin, CDCA, or DMSO, which acts as 

a control, were reverse transcribed to produce cDNA for the real-time analysis. 

 

2.2.4 Objective 4: Assessing the Effects of Nuclear Receptor Transactivation on 

Metabolism of Boar Taint Compounds by Primary Hepatocytes 

           Primary hepatocytes were isolated from mature boars, plated, and treated with 

known agonists of the three nuclear receptors of interest, DMSO, as well as skatole, 
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androstenone, estradiol, 5α-dihydrotestosterone (DHT), and 5β-DHT.  These final 3 

treatments were selected because they have previously been shown to significantly affect 

receptor activities (Gray et al. 2009; Gray et al., 2010), and will help show how sex 

steroids can affect skatole metabolism.  Skatole and androstenone were applied to cells 

used to study the metabolism of the other boar taint compound, to determine how each 

affects the metabolism of the other.  After a pre-treatment period with the known agonists 

or other compounds, the media was replaced with media containing either androstenone 

or skatole, in order to determine the effects transactivation of each receptor have on the 

metabolism of skatole or androstenone.  The metabolism of each boar taint compound 

and the production of key primary metabolites will be assessed using HPLC analysis. 

 

2.2.5 Objective 5: Determining Molecular Basis for Dominant Negative Effect of pCAR-

SV2 

     The molecular mechanism of the dominant negative effect of pCAR-SV2 was 

investigated.  Point mutations were carried out to disrupt the DNA binding domain in the 

P-box, to determine if loss of DNA binding capacity alleviates the dominant negative 

effect.  This mutation was introduced into pCAR-WT, as a control, and pCAR-SV2.  The 

effects of these mutations were assessed in dual-luciferase assays, with the pCAR-SV2 

being tested alongside pCAR-WT to determine the effects of the P-box mutation on the 

dominant negative effect of pCAR-SV2.  As well, DNA binding will be directly assessed 

using EMSA assays. 
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2.2.6 Objective 6: Determining Molecular Basis for Dominant Positive Effect of pPXR-

SV1 

     Since the molecular basis of the dominant positive effect of pPXR-SV1 is 

hypothesized to involve protein-protein interactions, a point mutation strategy targeting 

amino acids on pPXR-SV1 thought to be involved in protein interactions was employed 

to determine if the dominant positive effect can be disrupted.  The effects of individual 

mutations of lysines 246 and 264, which are involved in protein-protein interactions, to 

alanine will be assessed using dual-luciferase assays.  As well, the effects of a P-box 

mutation was also assessed using dual-luciferase assays.  All mutations were made to 

pPXR-SV1 and pPXR-WT, as a control.  The ability of pPXR-SV1 to bind DNA will be 

assessed using EMSA assays. 

 

2.2.7 Objective 7: Determining Molecular Basis for Dominant Positive Effect of pFXR-

SV1 

     The 4 amino acid insert in pFXR-SV1 is the basis of this splice variant’s dominant 

positive effect on pFXR-WT, though the molecular basis for this effect is not understood.  

To determine the role of this insert, each of the first three amino acids in the insert 

(methionine, tyrosine, and threonine) were mutated to alanine, and the affects each 

mutation were assessed using dual-luciferase assays.  As well, the tyrosine was mutated 

to phenylalanine, to generate a phosphonegative mutant.  Mutation of the fourth amino 

acid (glycine) is not expected to have an effect, and therefore will not be carried out.   
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 2.2.8 Objective 8: Assessing the Correlation between Expression of pCAR-SV2, pPXR-

SV1, or pFXR-SV1, and Boar Taint Levels 

     The expression of each of the effective splice variants for each receptor, being pCAR-

SV2, pPXR-SV1, or pFXR-SV1, were assayed using qRT-PCR from a large pool of 

Yorkshire boars.  The percentage of total receptor was determined by also assaying levels 

of the wild-type receptors.  Plasma and fat levels of androstenone and skatole, which 

have been determined previously from the same boars, will be compared against 

expression levels of each variant, to determine if levels of individual variants are 

correlated with boar taint levels. 

 

 

2.2.9 Objective 9: Assessing the Correlation between Expression of pCAR-SV2, pPXR-

SV1, or pFXR-SV1, and Genes of Interest 

     The expression of each of the effective splice variants for each receptor, being pCAR-

SV2, pPXR-SV1, or pFXR-SV1, were assayed using qRT-PCR from a large pool of 

Yorkshire boars.  Likewise, levels of mRNA for key marker genes that are up-regulated 

with nuclear receptor transactivation were assayed using qRT-PCR.  Correlations 

between the levels of expression of the splice variants and the genes of interest will be 

assessed to determine if levels of expression of the splice variants are correlated with 

gene transcription in vivo.  
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Chapter 3: Effects of nuclear receptor transactivation on 

steroid hormone synthesis and gene expression in porcine 

Leydig cells 

(This chapter has been published as Gray and Squires, 2013A) 

3.1 Abstract 

    Male pigs are routinely castrated at a young age to prevent the formation of 

androstenone, a 16-androstene testicular steroid that is a major component of boar taint.  

The practice of castration has been increasingly viewed as unfavourable, due to both 

economic considerations and animal welfare concerns.  Other means of controlling boar 

taint, including reducing the synthesis of androstenone in the testes, would eliminate the 

need for castration.  In this study, we determined the effects of transactivation of three 

nuclear receptors, the constitutive androstane receptor (CAR), pregnane X receptor 

(PXR), and farnesoid X receptor (FXR), on gene expression and steroid hormone 

metabolism in primary porcine Leydig cells.  Primary cells were isolated from mature 

boars, and transcript expression levels were assayed using real-time PCR. The transcripts 

of interest included porcine orthologs of common phase I and phase II metabolic 

enzymes, enzymes involved in steroidogenesis, and transcripts previously shown to be 

differentially expressed in boars with high androstenone and boar taint levels. 

Transactivation of CAR, PXR, or FXR increased the expression of several genes 

involved in steroidogenesis, including cytochrome B5A (CYB5A) and cytochrome B5 

reductase 1 (CYB5R1), as well as hydroxysteroid (17-beta) dehydrogenase 4 (HSD17B4) 

and retinol dehydrogenase 12 (RDH12).    Treatment with (6-(4-
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chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime 

(CITCO), a CAR agonist, or rifampicin (RIF), a PXR agonist, resulted in significantly 

(p< 0.05) decreased sex steroid production and significantly (p< 0.05) increased 

production of 16-androstene steroids.  Treatment with the FXR agonist chenodeoxycholic 

acid (CDCA) resulted in significantly (p<0.05) decreased sex steroid production.  These 

results indicate that transactivation of these nuclear receptors may lead to increased levels 

of 16-androstene steroids, likely by altering the activity of CYP17A1 through CYB5A and 

CYB5R1 to the andien-β synthase reaction and away from the  17α-hydroxylase and C17, 

20 lyase reactions. 

Keywords: Leydig cells, 16-androstene, sex steroids, nuclear receptors 

 

(This chapter has been published as Gray and Squires, 2013A)  
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3.2 Introduction 

      Nuclear receptors are a large family of related transcription factors found in 

metazoans; in humans, 49 individual nuclear receptors have been identified (Francis et 

al., 2003).  These transcription factors control a variety of physiological processes, 

including lipid metabolism and energy homeostasis, bile acid and xenobiotic metabolism, 

steroidogenesis, reproduction and development, and central nervous system, circadian, 

and basal metabolic functions (Bookout et al., 2006).   Within the nuclear receptor super 

family there are several classes of nuclear receptors, defined by their method of 

dimerization and the response element structure they bind to (Mangelsdorf et al., 1995).  

The class II nuclear receptors form heterodimers with the retinoid X receptor (RXR) and 

bind to response elements arranged as either direct or symmetrical repeats.  Included in 

class II are the nuclear receptors that are transactivated by non-steroidal ligands, such as 

retinoids or bile acids, or by xenobiotic ligands (Mangelsdorf et al., 1995).  Two 

receptors that are primarily transactivated by xenobiotics are the constitutive androstane 

receptor (CAR) and pregnane x receptor (PXR).  CAR was originally identified as a 

protein involved in the response to retinoic acid and its metabolites (Baes et al., 1994), 

although further research found that CAR is responsive to xenobiotics (Baldwin and 

Roling, 2009).  Like CAR, PXR was originally identified as an orphan nuclear receptor, 

which was responsive to pregnane and various endogenous and synthetic hormones 

(Kliewer et al., 1998).  Together, CAR and PXR are responsible for co-ordinating the 

metabolism and clearance of xenobiotics and some endogenous compounds, by 

regulating the expression of various metabolic and transport proteins (Handschin and 

Mayer, 2003; Tien and Negishi, 2006).  A third member of the class II nuclear receptors, 



62 

 

farnesoid X receptor (FXR), is responsive to bile acids and their derivatives and regulates 

the cellular machinery in the liver and intestines that is involved in both bile acid 

production and clearance (Makishima et al., 1999).    

     Nuclear receptors have been poorly classified in pigs, although similarities in 

sequence homology and ligand complements between the human and pig orthologs of pig 

and human CAR (Gray et al., 2009), PXR, and FXR (Gray et al., 2010) have been 

reported.  These similarities between human and pig receptors suggest that pigs may be a 

viable model for humans in toxicological and pharmacological studies.  Of particular 

interest is the potential for porcine nuclear receptors to modulate specific pig phenotypes, 

including the accumulation of the malodorous compounds 5α-androst-16-en-3-one 

(androstenone, AND) and 3-methylindole (skatole, 3MI) in fat depots.  These two 

compounds are the major components of boar taint, an unpleasant odor and taste 

generated upon heating of fat from uncastrated male pigs (Patterson, 1968; Baek et al., 

1997).  AND is produced in the testes from 5,16-androstadien-3β-ol, which is produced 

from pregnenolone via the andien-β-synthase reaction, which is carried out by 

cytochrome P450 17A1 (CYP17A1) in conjunction with cytochrome B5 (Billen and 

Squires, 2009).  Alternatively, pregnenolone can be converted by CYP17A1, via the 17α-

hydroxylase reaction, to 17α-hydroxypregnenolone.  This product is further processed, 

via the C17,20-lyase reaction of CYP17A1, to dehydroepiandrosterone (DHEA).  Boar 

taint can be reduced by castration of male pigs, which removes the potential for 

androstenone production; however, due to animal welfare issues and decreases in 

production efficiency caused by castration, elimination of boar taint through alternative 

methods would be of great benefit to the pork industry.   
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     The transactivation of porcine CAR, PXR, and FXR by various ligands has been 

previously reported (Gray et al., 2009; Gray et al., 2010).  Both porcine CAR and porcine 

FXR were transactivated by a number of endogenous ligands, with CAR being inhibited 

by a few sex steroids and androstadienol, a precursor of AND. FXR was activated by the 

bile acid CDCA and progesterone.  PXR was transactivated by a number of endogenous 

compounds, including progesterone, several estrogenic compounds, several sex steroids, 

as well as androstadienone and 3α-AND (Gray et al., 2010).  This transactivation by 

endogenous compounds may result in extensive up-regulation of genes favouring AND 

formation and increase boar taint.  As well, it has been shown previously that 3MI is a 

potent inverse agonist of CAR, PXR, and FXR (Gray et al., 2010), and may modulate the 

production of AND by affecting nuclear receptor activity.  Therefore, various 

physiological factors could play a role in regulating AND production in the testes by 

altering nuclear receptor activity, and as such determining the downstream affects of 

CAR, PXR, and FXR transactivation may help elucidate what the effects of these 

alterations could be. 

     To better understand the potential role of nuclear receptors in the metabolism of boar 

taint compounds, the downstream effects of nuclear receptor transactivation in pigs is 

required.  Here we determined the effects of transactivation of CAR, PXR, and FXR on 

the transcription of key genes of interest and on the metabolism of pregnenolone in 

primary Leydig cells from mature boars, using known agonists for the three nuclear 

receptors of interest.  (6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-

(3,4-dichlorobenzyl)oxime (CITCO) is a commonly used synthetic CAR agonist, and has 

been shown to be effective at transactivating porcine CAR at a concentration of 1 µM 



64 

 

(Gray et al., 2009).  Rifampicin (RIF) is an antibiotic agent that has been shown to be a 

potent PXR agonist, and is commonly used in that capacity at a concentration of 10 µM, 

including in studies looking at porcine PXR (Gray et al., 2010).  Chenodeoxycholic acid 

(CDCA) is a primary bile acid that has been shown to be a potent FXR agonist; studies 

focusing on porcine FXR determined that it was the most effective agonist, at a 

concentration of 100 µM, in transactivating porcine FXR (Gray et al., 2010).  3MI was 

also used as a treatment to determine the direct effects it could have on the production of 

AND, and thus the generation of boar taint.  The transcripts selected include porcine 

orthologs of genes involved in endobiotic and xenobiotic metabolism in humans, genes 

involved in steroidogenesis, as well as genes that were differentially regulated in boars 

displaying high or low levels of boar taint (Moe et al., 2007; Leung et al., 2010).  The 

downstream effects of these transcriptional changes on the metabolism of pregnenolone 

to sex steroids and 16-androstene steroids were also determined.   

 

 3.3 Materials and Methods 

3.3.1 Research Animals 

     Animals for preparations of primary Leydig cells were a total of 9 Yorkshire boars 

weighing approximately 120 kg. They were acquired from the Arkell Swine Research 

Facility of the University of Guelph and used in accordance with the guidelines of the 

Canadian Council of Animal Care.  Testes were removed immediately following 

slaughter and transported whole and on ice to the lab for further processing.   
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3.3.2 Isolation of Primary Leydig Cells 

     Isolation of Leydig cells was performed as previously described (Sinclair et al., 

2005B), with slight modifications.  Briefly, testes were rinsed with cold water, 

decapsulated, and sliced to generate 1 cm
2
 pieces approximately 1 mm thick.  180 g of 

tissue was incubated at 37 C with 500 mL of TC 199 media (without phenol red) 

containing 0.1%  L-glutamine, 1% bovine serum albumin  (BSA),  1% glucose, 500 mg 

of  Type IA collagenase, 25 mg of DNAse, and 25 mg of trypsin inhibitor.  Digestion 

took place for 45-60 minutes with constant stirring and the mixture was then filtered 

through nylon mesh of 150 um pore size followed by 75 um pore size.  Leydig cells were 

then purified using Percoll gradients as previously described (Sinclair et al., 2005B) and 

cell viability was determined with a trypan blue exclusion test.  Typical cell viability was 

90%.  Cells were then seeded on 10 cm tissue culture dishes at a density of 7 million 

cells/plate in complete TC 199 media containing 0.1% L-glutamine, 1% BSA, and 1% 

glucose supplemented with 10% FBS and 1% penicillin /streptomycin. 

 

3.3.3 Treatment of Primary Cells, Isolation of Total RNA, and Hormone Quantitation 

     Four hours after plating the cells, the media was replaced with complete TC 199 

containing 0.05% (v/v) dimethyl sulfoxide (DMSO), 1 μM CITCO, 10 μM RIF, 100 μM 

CDCA, or 10 μM 3MI. Treatments were carried out in quadruplicate.  20 hours after 

ligand treatment the media was replaced with 12 ml complete TC 199 containing [7-

3
(H)N]-pregnenolone (20μM, 16 μCi/μmol) on 2 plates per treatment group.  The media 

was removed from the remaining plates and total RNA was extracted from the cells using 

Tri-Reagent (Sigma Chemical Co., St. Louis, MO, USA).   RNA quality was assessed 
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using the Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA).  

RNA was reverse transcribed to cDNA using SuperScript II reverse transcriptase with 

oligo dT primers (Invitrogen Corp., Burlington, ON, CAN) and used for real-time PCR as 

described below. The steroid metabolites were extracted from each 2 ml media sample 

with 2 x 4 ml ether and dried under a nitrogen stream.  Extracted steroids were dissolved 

in 85% acetonitrile:15% H2O and subjected to HPLC to determine the amount of total sex 

steroids as defined previously (Sinclair et al., 2005B).  This includes all steroids 

produced downstream of the cytochrome P450 17A1 (CYP17A1) reaction.  Sex steroids 

(SS), including androgens and estrogens, eluted between 3 and 7.5 minutes, and 16-

androstenes (16A) in each treatment group, eluted starting at 12 minutes, with 3β-

androstenol (3β-AND), 3α-androstenol (3α-AND), and AND eluting at 16.7, 17.5 and 

18.5 minutes, respectively.  Pregnenolone eluted at 7.6 minutes.  A media sample 

containing [7-
3
(H)N]-pregnenolone that had not been incubated with cells was used as a 

control and the percentages of pregnenolone remaining, SS produced, and 16A produced 

were calculated. 

 

3.3.4 Real-Time PCR 

      Real-time PCR was used to determine the relative amounts of transcript for the genes 

listed in Table 3-1.  PCR was carried out in 96 well plates as follows (per well): 10 μL 

Fast Supermix with ROX (Bio-Rad, Hurcules, CA, USA), 0.75 mM MgCl2, 0.6 pmol/μL 

total transcript forward primer(s), 0.6 pmol/μL total transcript reverse primer(s), 1.4 

pmol/μL FAM or HEX probe, 0.16 pmol/μL β-actin (ACTB) forward primer, 0.16 

pmol/μL ACTB reverse primer, 0.16 pmol/μL ACTB probe, 30 ng cDNA sample, and 
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3.32 μL H2O, for a total of 20 μL.  For cases where two transcripts were amplified 

simultaneously, one with a FAM probe and one with a HEX probe, 0.3 pmol/μL of 

forward primer, 0.3 pmol/μL of reverse primer, and 0.7 pmol/μL of probe were used.  All 

primers and probes, and the probe label were designed and tested by Laboratory Services 

(University of Guelph, Guelph, Ontario) and are listed in Table 3-2.  Cycling was carried 

out on an Applied Biosystems 7500 Fast Real-Time PCR system (Applied Biosystems, 

Carlsbad, CA, USA) with the following cycling parameters:  (94 C 30 sec [95 C 3 sec., 

59 C 30 sec.] x40) with detection occurring during the 59 C step.  Relative fold 

expression of each gene was calculated using the 2
-ΔΔCT

 method (Livak and Schmittgen, 

2001), normalizing to the internal ACTB reference, and comparing to the DMSO 

treatment.  Biological variation of the data from the different animals was standardized as 

described in Willems et al. (2008).  Briefly, normalized results were log transformed, 

followed by mean centering, which involved subtracting the mean of all treatments from 

a single biological replicate from the log transformed result for each treatment.  The 

results were then autoscaled by dividing the mean centered results by the standard 

deviation across all treatments for a single biological replicate, then multiplying these 

results by the average of the standard deviations for all replicates.  Averages and 95% 

confidence intervals for each treatment were found, and back-transformed to reverse the 

log transformation.  Final results were normalized to the DMSO control.        

     The effect of 3MI on the transcription of select genes was determined by real-time 

PCR using Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen Corp., Burlington, 

ON), in 10 μl reaction volumes containing 1 μl of cDNA template.  The transcripts 

measured were CYP2B22, CYP2E1, CYB5R1, CAR, SULT1A1, HSD17B4, and ACTB, 
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using the primers presented in Table 3-2.  These transcripts were also assayed in the 

samples from the DMSO, CITCO, RIF, and CDCA treatments, to ensure that relative 

expression between the different treatments was consistent with the results found using 

fluorescent probes.   All assays were conducted in duplicate using the Rotor-Gene 3000 

Real-Time Rotary Analyzer (Corbett Life Science, Concorde, NSW, Australia).  The 

qPCR program used was as follows: (94 C 10 min. [94 C 15 sec., 64 C 30 sec., 72 C 

30sec, 75 C 15 sec.] x40), with fluorescence recorded during the 75 C step, based on the 

manufacturer’s instructions for Platinum SYBR Green qPCR SuperMix-UDG.  Relative 

fold expression was determined using the -2
-ΔΔCT 

method as described above.   
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Table 3-1 Gene Symbols, Names, and Genebank Accession for Transcripts of Interest 

Gene 

Symbol 

Gene Name Refseq  ID Roleb Expression 

Changesc 

References 

AKR1C1 aldo/keto reductase 

1C1 

NM_001044618 Androstenone 

metabolism 
   (Leung et al., 

2010; 

Zamaratskaia 

and Squires, 

2009) 
CAR constitutive androstane 

receptor 

NM_001037996 Nuclear Receptor No data  

CYB5A cytochrome B5, type 

A 

NM_001001770 Steroidogenesis  (Billen and 

Squires, 2009; 

Leung et al., 

2010) 
CYB5R1 cytochrome B5 

reductase, type 1 

NM_016243a Steroidogenesis No data (Billen and 

Squires, 2009) 
CYB5R3 cytochrome B5 

reductase, type 3 

NM_000398a Steroidogenesis No data (Billen and 

Squires, 2009) 
CYP11A1 cytochrome P450 

11A1 

NM_214427 Steroidogenesis  (Moe et al., 

2007; Leung et 

al., 2010) 
CYP17A1 cytochrome P450 

17A1 

NM_214428 Steroidogenesis  (Leung et al., 

2010) 
CYP19A1 cytochrome P450 

19A1 

NM_214429 Steroidogenesis  (Moe et al., 

2007; Leung et 

al., 2010) 
CYP19A2 cytochrome P450 

19A2 

NM_214430 Steroidogenesis  (Moe et al., 

2007) 
CYP2A19 cytochrome P450 

2A19 

NM_214417 Skatole 

metabolism 
 (Zamaratskaia 

and Squires, 

2009; Moe et al., 

2008) 
CYP2B22 cytochrome P450 

2B22 

NM_214413 Phase I 

metabolism 

No Data (Goodwin et al., 

2001) 
CYP2C33 cytochrome P450 

2C33 

NM_214414 Phase I 

metabolism 
 (Moe et al., 

2008) 
CYP2C49 cytochrome P450 

2C49 

NM_214420 Phase I 

metabolism 
 (Moe et al., 

2008) 
CYP2E1 cytochrome P450 2E1 NM_214421 Skatole 

metabolism 
 (Zamaratskaia 

and Squires, 

2009; Moe et al., 

2008) 
DHRS4 dehydrogenase/reducta

se SDR family 

member 4 

NM_214019 Steroidogenesis  (Leung et al., 

2010) 

EPHX1 epoxide hydrolase 1 NM_214355 Phase I 

metabolism 
 (Leung et al., 

2010) 
FDX1 ferroredoxin 1 NM_214065 Steroidogenesis  (Moe et al., 

2007; Leung et 

al., 2010) 
FTL ferritin light chain NG_008152a Iron storage  (Moe et al., 

2007; Leung et 

al., 2010) 
FXR farnesoid X receptor NM_001038005 Nuclear Receptor No Data  
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GSTO1 glutathione s-

transferase omega-1 

NM_214050 Phase II 

metabolism 
 (Leung et al., 

2010) 
HSD17B4 hydroxysteroid (17-

beta) dehydrogenase 4 

NM_214306 Steroidogenesis  (Moe et al., 

2007; Leung et 

al., 2010) 
IDI1 isopentenyl-

diphosphate delta 

isomerase 1 

NM_004508a Steroidogenesis  (Leung et al., 

2010) 

KMO kynurenine 3-

monooxygenase 

NM_214076 Skatole synthesis  (Moe et al., 

2008) 
PRDX1 peroxiredoxin 1 NM_002574 Antioxidant 

enzyme 
 (Leung et al., 

2010) 
PXR pregnane X receptor NM_001038005 Nuclear Receptor No Data  

RDH12 retinol dehydrogenase 

12 

XM_001926075 Steroidogenesis  (Leung et al., 

2010) 
SULT1A1 sulfatransferase 1A1 NM_213765 Skatole 

metabolism 

No Data (Zamaratskaia 

and Squires, 

2009) 
SULT2A1 sulfatransferase 2A1 NM_001037150 Androstenone 

metabolism 
 (Leung et al., 

2010; 21] 
ACTB β-actin XM_003357928    

  
a
 These Refseq accession numbers are for the human orthologs of the given gene.  These sequences were 

used as a template upon which the sequence of the porcine ortholog was assembled from ESTs.   
b
 Gene roles given are those that pertain to steroid or boar taint compound synthesis or metabolism, unless 

no link is known.   
c
 The expression changes, up-regulation ( ) or down-regulation ( ), are those seen with increased 

androstenone and boar taint levels in intact boar.
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Table 3-2 Primers and Probes for Real-Time PCR 

Transcript Forward Primer Reverse Primer Probe Label 

AKR1C1 CAGTTCTTCATGCCATTGC

TAAA 

GATCCGCCTCTTATTGTAA

CTCTTG 

AAACCTCAGCCGTAATTGC

CCTTCGC 

FAM 

CAR CCGCCATATGGGCACTATG

T 

GCGAAATGCATGAGCAGA

GA 

CAGTTTGTGCAGTTCAGGC

CTCCAGC 

HEX 

CYB5A CCAGAAGCACAACAACAG

CA 

CCTCCAGCTTGTTCCCTTA

AGA 

CTGGCTAATCCTGCACCAC

AAAGTGTACG 

FAM 

CYB5R1 CATCTCCCTGTGATGCAAG

GT 

GAAGAGTATGAGGCTATC

CAGGAACT 

TCAGGCCCACAGAGCAGT

ACCC 

FAM 

CYB5R3 CCCGAGCTGGAGGAACTG

A' 

CCCGGATCATCTCCTCGTT CATTCTGCGCGCTTCAAGC

TCTGG 

FAM 

CYP11A1 CCTCGTGAATGACTTGGTC

TTC 

GGGTCAAACTGGCCTGGAT

T 

CCTGCCAAGACATTGGTAC

AAGTGGCC 

FAM 

CYP17A1 GTGGGCACTGCATCACAAT

G 

CGAAGGGCAAGTAGCTCA

A 

CGACCTGTTCATGCCTGAG

CGCTT 

HEX 

CYP19A1 GATGACATGCAAAAACTC

GAAGTG 

CGGGTAGCCATCGATGAC

AT 

TACCAGCCTGTCGTGGACC

TCGTCA 

FAM 

CYP19A2 CCCTCTGGAAAGCCGTTAG
A 

CGGACCTCCTCCAGCTTGT CTTACTTTATGAAAGCTCT
GTCCGGCCCTG 

FAM 

CYP2A19 TGAACACGGAGCAGATGT
ACAAC 

CTCCTTCACCGCGTCGTAT
C 

CGCTATGGCCCTGTGTTCA
CCGTC 

HEX 

CYP2B22 AAGGACCCGGCTTGTTCAC GCCTGAGCTAAGTTTCCCC
TTT 

AATCCCCGGCCCACGCCAT HEX 

CYP2C33 TTGGATAAAGATGGCAGCT
TCAG 

AATGGTGGTGAAGAACAG
GAAGA 

CGGAATACTTCGTGCCTTT
CTCCATTGG 

FAM 

CYP2C49 TCCCCAACCCAGAGGTGTT CCTTCTCCCACACAAATTC

GTT 

ACCCTGGCCACTTCCTGGA

TGAGAGT 

FAM 

CYP2E1 TGCTCCACTACAAGAATGA

GTTCTCT 

GGGAGAACCGCCGAGTGT TCCCCACGTTCCAAGTGCA

CAAGG 

HEX 

DHRS4 GAGGCGGCTCAGTGTTGAT

C 

GCTCTACGGCCAGGTTCTT

G 

TATCCTCCGTTGGAGCCTA

CCACCCA 

FAM 

EPHX1 CTGCTGACAGTCATCATGC

TCTACT 

GTGGACCTTGATCGCCTCA

T 

ACAACGGGCACCATCACCT

CCTCC 

FAM 

FDX1 TGAGGAGAATGACATGCT

GGAT 

CAGGCACTCGAACGGTCAT

A 

ATCACGGCTGGGCTGCCAA

ATC 

FAM 

FTL GGTTCGGAGCGTCTCTTGA

A 

AAGGGCGGCTTCCATAGC CGGTGGCCGCGCCCTCTT HEX 

FXR CCTGGGTCGCCTGACTGA CACTGCACATCCCAGACTT

CA 

CGGACATTCAACCATCACC

ACGCA 

HEX 

GSTO1 GAGGGCCTGATCCGTGTCT AGGCTTATTTTTCAGGTTG

ATGTTG 

AGCATGAGATTCTGTCCTT

TCGCCCAG 

FAM 

HSD17B4 TGCCATGAGAGTTGTGAGG
AAA 

CCTCAGGAGTCATTGGCTG
ATT 

AGCAGACAGGAGAGACAG
AGCACCAGGA 

FAM 

IDI1 GCTGGCGGAGATGTGCAT ACACTAAAAGCCCGGTGC
AA 

CTCATCGACGAGAACGAC
CGCAGG 

HEX 

KMO GTTGCCCTCAGCACCACCT
A 

GGGAGATGCGTCCTATATT
TTGG 

CTCCTTACCGGCCCCACGT
TTCG 

FAM 

PRDX1 TCTGTGGATTCTCACTTCT
GTCATCT 

CGTAGTCCTGCGCAATGGT ATCAACACCCCCAAGAAG
CAAGGAGGA 

FAM 

PXR CACCAGCAGGTGCATTAAT

GTC 

ATGCCCAGAAGGTAGGAA

GGA 

AGAGGCCAGAAGGCCCAC

ACCAA 

FAM 

RDH12 TCCCTGCTTTGATTCTCCTG

AT 

ACTCTGCAAGTCTTCAAGG

ACGAT 

CTTGGAAAACCTCCCCACA

CCTAACCC 

HEX 

SULT1A1 GAACAACGCCATGACCAA

CTAC 

TTCTGGGCCCACTGTGAAG

GT 

CACCCTCCCCTCCGACCTC

CTG 

FAM 

SULT2A1 ACACGAGAAGCGCCGTAG

AG 

TGGACATGTTGTTTTCTTTC

ATGA 

GGAAGGAGCTGTTTTCGAC

GACCGAG 

HEX 

ACTB GGACCTGACCGACTACCTC

ATG 

CGTAGCAGAGCTTCTCCTT

GATG 

CTACAGCTTCACCACCACG

GCCG 

TAMRA 
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3.3.5 Statistical Analysis  

     Data from the effects of CAR, PXR, or FXR transactivation on gene expression and 

the metabolism of pregnenolone were analysed with the Statistical Analysis System, 

version 9.1 (SAS institute, Cary, NC, USA).  The analysis of variance was performed 

using the general linear model (GLM) procedure.  Differences between the DMSO 

control and each treatment group were determined using Dunnett’s test.  Significant 

differences in experimental treatments were analyzed using Tukey’s test for paired 

comparisons.  Data collected from real-time PCR assays was standardized by the method 

described in Willems et al. (2008) to account for biological variation caused by different 

animals, and the standardized  and autoscaled data was analysed using the method as 

described above.  The results are presented as back transformed means and 95% 

confidence intervals. 

 

3.4 Results 

3.4.1 Effects of Nuclear Receptor Activation on Gene Expression  

     Twenty-three of the 28 transcripts assayed were detectable in Leydig cells. The 

relative expression of each of these transcripts was determined as 2
ΔCt

, compared against 

ACTB, from the DMSO control treated cells (Table 3-3).  The most prevalent transcript 

was DHRS4 at 119.47 ± 25.05 times the level of ACTB, while the transcript that was least 

expressed was CYP2C33, at 0.08 ± 0.01 times the ACTB expression level. 
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Table 3-3 Expression Levels of Transcripts of Interest Relative to Levels of ACTB 

Transcript Fold Difference
a 

Standard Error 

CYP2C33 0.08 0.01 

KMO 0.10 0.02 

CYP2E1 0.13 0.01 

CYP2A19 0.17 0.01 

CYP2B22 0.31 0.01 

SULT2A1 0.32 0.02 

CYB5R1 0.34 0.01 

CAR 0.61 0.20 

HSD17B4 0.92 0.31 

RDH12 1.03 0.17 

SULT1A1 1.19 0.26 

IDI1 1.52 0.71 

CYB5R3 1.86 0.19 

GSTO1 2.26 0.63 

FDX1 2.80 0.12 

CYP17A1 2.90 0.15 

EPHX1 3.02 0.45 

FTL 3.42 0.26 

CYB5A 13.05 2.33 

CYP11A1 14.21 2.90 

CYP19A1 48.31 17.81 

PRDX1 55.12 3.25 

DHRS4 119.47 25.05 

 

a 
Fold difference for each transcript of interest compared to ACTB from the DMSO 

  control treated cells. 
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      The effects of CAR, PXR, and FXR transactivation on the expression of the 

transcripts of interest are summarized in Table 3-4.  The expression of 6 of these genes 

(CYB5R3, CYP11A1, CYP17A1, FDX1, FTL, and IDI1) was not affected by treatment 

with CITCO, RIF or CDCA compared to the DMSO control, although the expression of 

CYB5R3 was significantly different (p<0.05) between CDCA and CITCO treatments.  

Treatment with CITCO significantly up-regulated 7 transcripts and significantly down-

regulated 7 transcripts, with CYP2B22 being the most extensively up-regulated and 

SULT2A1 being the most extensively down-regulated.  Treatment with RIF also 

significantly up-regulated 7 genes, while it significantly down-regulated 9.  CAR and 

CYB5A were both the most extensively up-regulated, while SULT2A1 and CYP2C33 were 

the most extensively down-regulated.  CDCA treatment resulted in significant up-

regulation of 5 transcripts and the significant down-regulation of 11; HSD17B4 was the 

most extensively up-regulated and SULT2A1 the most extensively down-regulated.  Four 

of the transcripts of interest were significantly up-regulated by all three experimental 

treatments, being CYB5A, HSD17B4, RDH12, and SULT1A1, while 6 transcripts were 

significantly down-regulated by all three, being CYP19A1, CYP2A19, CYP2C33, KMO, 

PRDX1, and SULT2A1.  The effects of 3MI treatment on gene transcription are given in 

Figure 3-1; the genes selected were those most greatly affected by transactivation of each 

nuclear receptor, based on Table 3-4.  3MI significantly decreased (p<0.05) transcription 

of CYP2B22 and CYB5R1 compared to the DMSO control treatment.     
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Table 3-4 Fold Differences in Transcript Expression in Treated Leydig Cells 
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a Expression levels, as fold differences compared to the expression from the DMSO control group, for each 

experimental treatment with 95% confidence intervals of lower and upper values in parenthesis.  
b Significant fold changes (p <0.05) for each treatment for a given transcript, compared to DMSO control for the same 

transcript, are indicated as (*). Cells with shared letters (A, B, C) within a given row indicate a significant fold change 

(p <0.05) between these treatment groups for a given transcript.   
c Transcripts in each protein class (Phase I and II metabolism, Steroidogenesis, or Other) are grouped as follows: 

generally down regulated ( ), generally unchanged (NC) generally up regulated ( ), and differentially changed ( ).  

(n=4) 
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Figure 3-1. Effects of treatment with skatole (3MI) on the expression of key genes.  

Values are compared to the dimethyl sulfoxide (DMSO) treatment, which is normalized 

to 1.  Results are mean ± 95% confidence interval of 5 experiments carried out in 

duplicate.  Significant differences compared to the DMSO control (p<0.05) are denoted 

by (*).
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3.3.2 Effects of Nuclear Receptor Activation on Steroidogenesis  

    We next determined the effects of CAR, PXR, and FXR transactivation on the 

metabolism of [7-
3
(H)N]-pregnenolone to generate 16A and SS. Treatment with receptor 

agonists CITCO, RIF, or CDCA, or with 3MI, did not significantly affect the overall 

amount of metabolism of [7-
3
(H)N]-pregnenolone (p<0.05; Figure 3-2A); however, the 

production of both SS and 16A were affected by some treatments.  Treatment with 

CITCO, RIF or CDCA resulted in significant decreases (p<0.05) in SS production to 40.8 

± 2.6%, 40.2 ± 1.9%, and 46.2 ± 3.9% of total radioactivity respectively, compared to 

58.8 ± 4.7% for the DMSO control (Figure 3-2B).  3MI treatment had no significant 

effect on SS production. Treatment with CITCO and RIF both significantly (p<0.05) 

increased 16A production by Leydig cells, to 25.1 ± 2.7% and 26.3 ± 2.8% of total 

radioactivity respectively, compared to 16.0 ± 2.2% for DMSO treatment (Figure 3-2B).  

None of the experimental treatments significantly altered the percentage of 16A 

converted to AND or further metabolized from AND to 3α-AND or 3β-AND (Figure 3-

3).  

  



78 

 

 

 

 

0 

5 

10 

15 

20 

25 

30 

DMSO CITCO RIF CDCA 3MI 

%
 I

n
it

ia
l 

[7
-3

(H
)N

]-
p

re
g

n
en

o
lo

n
e 

re
m

a
in

in
g

 

Treatment 

0.0 

10.0 

20.0 

30.0 

40.0 

50.0 

60.0 

70.0 

DMSO CITCO RIF CDCA 3MI 

%
 C

o
n

v
er

te
d

 [
7
-3

(H
)N

]-
p

re
g
n

en
o
lo

n
e 

Treatment 

SS 

16A 

* * 

* 

* * 

A 

B 



79 

 

 

 

 

Figure 3-2. Effects of experimental treatments on the metabolism of [7-
3
(H)N]-

pregnenolone.  HPLC was used to determine the percentage of initial [7-
3
(H)N]-

pregnenolone remaining after the different treatments (A)   as well as the percentage of 

metabolised [7-
3
(H)N]-pregnenolone converted to sex steroids (SS; white) or 16-

androstenes (16A; grey) (B) after pre-treatment of primary Leydig cells with dimethyl 

sulfoxide (DMSO), 6-(4-Chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde O-

(3,4-dichlorobenzyl)oxime (CITCO), rifampicin (RIF), chenodeoxycholic acid (CDCA) , 

or skatole (3MI).  Data is the mean ± standard error of 5 experiments, carried out in 

duplicate.  Significant differences compared to the DMSO control (p<0.05) are denoted 

by (*). 

  



80 

 

 

 

 

Figure 3-3. Effects of pre-treatments on the formation and metabolism of 

androstenone. Values represent the percentage of total 16A converted to androstenone 

(AND, diagonal lines), 3α-androstenol (3α-AND, white), or 3β-androstenol (3β-AND, 

grey) after pre-treatment of primary Leydig cells with dimethyl sulfoxide (DMSO), 6-(4-

Chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime 

(CITCO), rifampicin (RIF), chenodeoxycholic acid (CDCA) , or skatole (3MI).  Data is 

the mean ± standard error of 5 experiments, carried out in duplicate.  Significant 

differences compared to the DMSO control (p<0.05) are denoted by (*). 
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3.5 Discussion 

     This study was designed to determine the downstream effects of CAR, PXR, and FXR 

transactivation on the expression of various genes of interest, and to determine the 

potential effects of these changes on the relative production and subsequent metabolism 

of 16A in Leydig cells.  The genes of interest were porcine orthologs of genes encoding 

enzymes involved in general metabolic processes in humans, including metabolism and 

clearance of xenobiotics and steroid hormones, nuclear receptors, and genes found to be 

differentially expressed in boars exhibiting different levels of boar taint (Moe et al., 

2007; Leung et al., 2010).  Of particular interest is the effect of activating CAR, PXR or 

FXR on the accumulation of 16-androstene steroids, and whether these receptors could be 

potential therapeutic targets to decrease the generation of 16A in the testes. 

     There was a wide range in expression levels of the transcripts in Leydig cells, from 

0.08 to about 120 fold relative to ACTB expression.  Genes involved in steroidogenesis, 

such as DHRS4, CYP11A1, CYP19A1, and CYB5A, were highly expressed, while those 

genes involved in processes generally localized to other parts of the body, such as 

xenobiotic metabolism carried out by CYP2C33, CYP2E1, and CYP2A19, exhibited 

lower levels of transcription in Leydig cells.  However, several accessory proteins, 

including FDX1, CYB5R1, and CYB5R3, that modulate the activity of various 

steroidogenic processes, have expression levels that are lower than the proteins that they 

interact with.  Thus, alterations in the expression of these accessory genes can potentially 

play an important role in modulating metabolic processes.  Alterations in the expression 

levels of the metabolic proteins will affect the downstream metabolism of steroid 

products, which may be important in controlling AND levels, since the deposition of 
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AND in fat is highly correlated to the extent of its metabolism in the testes (Sinclair and 

Squires, 2005).  Any change in the expression of these metabolic enzymes may be 

important in modulating circulating levels of free AND, and thus controlling boar taint. 

     In pigs, the conversion of pregnenolone, generated from cholesterol by CYP11A1 

activity, to either the 16A or the SS is carried out by CYP17A1 (Billen and Squires, 

2009).  The transactivation of CAR, PXR, or FXR did not affect the expression of 

CYP11A1, CYP17A1, or FDX1; this suggests that these three receptors do not play a role 

in regulating overall pregnenolone metabolism in boars.  However, several accessory 

proteins involved in the activity of CYP17A1, including CYB5A and its reductase 

CYB5R1 (Sinclair et al., 2005B; Meadus et al., 1993) are up-regulated by transactivation 

of some of the nuclear receptors.  Previous research has indicated that increased CYB5A 

shifts the activity of CYP17A1 in favour of synthesis of 16A, via the andien-β synthase 

reaction,  instead of 17α-hydroxylase and C17,20 lyase activities (Billen and Squires, 

2009; Meadus et al., 1993), resulting in decreased sex steroid synthesis. The increase in 

CYB5R1 by CAR and PXR may be responsible for the significant increase in the 

synthesis of 16A, while treatment with the FXR agonist CDCA did not result in a 

significant increase in 16A synthesis, even though the expression of CYB5A increased.  

CYB5R, also known as NADH-cytochrome b5 reductase, has been shown to significantly 

increase the effect of CYB5A on increasing the andien-β synthase activity of CYP17A1 

(Meadus et al., 1993).  The up-regulation of these two genes, CYB5A and CYB5R1, is in 

agreement with the shift in products generated from pregnenolone after treatment with 

CAR or PXR agonists. 
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     The most significantly affected transcript, being highly down-regulated by all three 

receptors, was SULT2A1.  This has the potential of increasing the accumulation of boar 

taint in fat, for SULT2A1 has been shown to be a key enzyme in the testicular 

sulfoconjugation of AND (Sinclair et al., 2006), resulting in upwards of 70% of the AND 

generated in the testes being sulfoconjugated (Sinclair and Squires, 2005).  The 

significant down-regulation of the SULT2A1 transcript by all three receptors likely would 

result in significant decreases in the percentage of AND that is sulfoconjugated in the 

testes, which would result in increased deposition of AND in fat and decreased bodily 

clearance.  Future experiments should determine if tranasactivation of CAR, PXR, and 

FXR results in decreased testicular sulfoconjugation of AND, and test whether 

antagonists for these three receptors results in increased sulfoconjugation by promoting 

SULT2A1 transcription. 

    None of the experimental treatments significantly altered the relative production of 

AND and its metabolites 3α-AND and 3β-AND.  This indicates that transactivation of 

CAR, PXR, or FXR does not significantly alter the expression of the genes responsible 

for the steps required for production of AND and its metabolism downstream of 

CYP17A1, including AKR1C1, which was not detected in this work, and HSD3B 

(Sinclair et al., 2005A).  Therefore, these nuclear receptors do not appear to affect the 

testicular metabolism of AND, and are not viable targets for increasing AND removal in 

the testes.  Rather, these receptors primarily act further upstream of AND in its 

production pathway, acting to increase AND production.  

     Transactivation of the nuclear receptors resulted in altered expression of some 

transcripts, similar to that seen in boars with increased levels of boar taint.  Elevated 
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AND levels have been associated with the up-regulation of CYB5A, EPHX1, HSD17B4, 

and RDH12 (Moe et al., 2007; Leung et al., 2010; Grindflek et al., 2010).  The up-

regulation of HSD17B4 in high boar taint animals could be a mechanism to ensure the 

maintenance of testosterone levels, which would otherwise drop due to the increased 

synthesis of 16A due to elevated CYB5A levels.  The same may be true of CYP19A1, 

which encodes aromatase; high boar taint animals may have increased aromatase 

expression to maintain estrogen levels (Moe et al., 2007; Leung et al., 2010).  In this 

study, the transactivation of each of the nuclear receptors increased the expression of 

HSD17B4, as is seen in high boar taint animals, while decreasing CYP19A1 expression.  

Future studies should investigate how levels of individual sex steroids are affected by 

treatment with agonists for CAR, PXR, or FXR. 

     Interestingly, we have shown previously that the second component of boar taint, 3MI, 

acts as an inverse agonist of all three receptors (Gray et al., 2010).  3MI potently 

decreased the transactivation of porcine CAR, PXR, and FXR in reporter assays, and we 

have now shown that it significantly decreased expression of CYP2B22 and CYB5R1 in 

Leydig cells, confirming its role as an inverse agonist for CAR and PXR.  However, 3MI 

did not affect the expression of several other genes that were significantly up-regulated 

by treatment with agonists for each of the receptors and had no effect on the formation of 

16A or the production of sex steroids.  The levels of AND and 3MI are often positively 

correlated with each other (Babol et al., 1999).  This correlation appears to be primarily 

based on altered hepatic metabolism of 3MI due to elevated AND levels (Doran et al., 

2002; Tambyrajah et al., 2004; Zamaratskaia et al., 2007), for here we have shown that 

3MI does not affect AND production.  Research into how transactivation of other 
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receptors, such as the androgen and estrogen receptors, affects steroidogenesis and boar 

taint metabolism would determine if targeting other nuclear receptors can help reduce 

AND production.  As well, other inverse agonists or antagonists of the nuclear receptors 

targeted in this work should be tested to determine how they affect gene expression and if 

they inhibit the formation of AND in the testes.  

       In summary, transactivation of CAR, PXR, and FXR in primary porcine Leydig cells 

resulted in the up-regulation of several genes previously shown to be elevated in boars 

exhibiting elevated AND levels, one of the primary indicators of boar taint.  Most 

significantly, each receptor increased the expression of CYB5A, and increased AND 

production by CYP17A1.  Transactivation of all receptors resulted in increased 

production of 16-androstene steroids, while transactivation of both CAR and PXR also 

significantly reduced sex steroid production.  Future studies should investigate the use of 

antagonists or inverse agonists for these receptors as potential therapeutic agents for the 

control of boar taint. 
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Chapter 4: Effects of nuclear receptor transactivation on boar 

taint metabolism and gene expression in porcine hepatocytes 

[This chapter has been published as (Gray and Squires, 2013B)] 

4.1 Abstract 

     The accumulation of the testicular steroid androstenone (AND) and tryptophan 

degradation product skatole (3MI) in fat results in boar taint, an off odor and flavour in 

boar meat.   Increasing boar taint metabolism in the liver may help limit the deposition of 

AND and 3MI in fat, thereby improving meat quality.  The effects of the nuclear 

receptors constitutive androstane receptor (CAR), pregnane X receptor (PXR), and 

farnesoid X receptor (FXR) transactivation on the expression levels of several transcripts 

of interest and metabolism of AND and 3MI in primary porcine hepatocytes were tested.  

Primary cells were isolated from mature boars, and transcript expression levels were 

assayed using real-time PCR. The transcripts of interest included porcine orthologs of 

common phase I and phase II metabolic enzymes and transcripts previously shown to be 

differentially expressed in boars with high boar taint levels. Transactivation of CAR, 

PXR, or FXR resulted in altered expression of several transcripts, including increased 

expression of cytochrome P450 (CYP) 2B22 by CAR, of CYP2A19, CYP2B22, 

CYP2C33, and CYP2C49 by PXR, of CYP2C33 and CYP2E1 by FXR, and of CYP19A2 

by all three receptors.  Only transactivation of PXR had a significant effect on AND 

metabolism, resulting in 7.5 ± 1.5% of the initial level of AND remaining compared to 

21.4 ± 3.1% remaining with DMSO treatment.  FXR had the greatest effect on 3MI 

metabolism, increasing the expression of CYP2E1 by 1.29 fold and increasing the 
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production of the key metabolite 6-hydroxy-3-methylindole (6-OH-3MI), while 

decreasing 5-hydroxy-3-methylindole (5-OH-3MI) production.  3-hydroxy-3-

methyloxindole (HMOI) production was increased by CAR transactivation, while indol-

3-carbinol (I3C) production was increased by PXR and FXR transactivation, and by 

treatment with 5β-dihydrotestosterone (5β-DHT).  From this, it can be concluded that 

selective transactivation of PXR and FXR may be a viable means of decreasing boar taint 

by increasing the hepatic metabolism of AND and 3MI.      

Keywords: Hepatocytes, androstenone, skatole, nuclear receptors, metabolism 

 

(This chapter has been published as Gray and Squires, 2013A)  
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4.2 Introduction 

     The accumulation of 5α-androst-16-en-3-one (androstenone, AND) and 3-

methylindole (skatole, 3MI), in the fatty tissue of boars results in boar taint, which is an 

unpleasant odour and taste in the meat (Patterson 1968; Baek et al., 1997).  AND is a 

naturally occurring steroid synthesized in the testes from pregnenolone by the activities 

of CYP17A1; from there AND is transported to the submaxillary salivary gland, where it 

is released into the saliva to act as a pheromone that influences sow reproduction 

(Sinclair et al., 2006; Mattioli et al., 1986; Babol et al., 1996).  In the salivary gland and 

hepatocytes, AND is converted to two other 16-androstene steroids, 3β-androstenol and 

3α-androstenol (Mason et al., 1997; Penning et al., 1997), with 3β-androstenol as the 

major product produced by the 3-hydroxysteroid dehydrogenase enzymes present in the 

liver (Sinclair et al., 2005A).  Both of the androstenols are further metabolized to phase II 

metabolites through conjugation with polar groups.   

     3MI is a tryptophan degradation product generated by gut microflora and is absorbed 

into the bloodstream from the gut and deposited in fatty tissues (Jensen et al., 1995).  

3MI is extensively metabolized in the liver, with seven different metabolites identified.  

These metabolites include the primary metabolites 3-hydroxy-3-methylindolenine (HMI) 

and 3-hydroxy-3-methyloxindole (HMOI), indole-3-carbinol (I3C), 2-

aminoacetophenone (2AAP), 3-methyloxyindole (3MOI), 5-hydroxy-3-methylindole (5-

OH-3MI) and 6-hydroxy-3-methylindole (6-OH-3MI) (Friis, 1995; Diaz et al, 1999; Diaz 

and Squires 2000).  The sulfoconjugate of 6-OH-3MI was shown to be the major 

circulating 3MI metabolite in pigs that exhibit low 3MI levels in fat, whereas HMOI was 

major metabolite in pigs that exhibited high levels (Baek et al., 1997).  This suggests that 
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metabolism of 3MI through 6-OH-3MI is the major pathway for 3MI clearance.  Several 

porcine cytochrome P450s (CYP) have been implicated in the metabolism of 3MI, 

including CYP1A1, CYP2A19, CYP2C33v4, CYP2C49, CYP2E1 and CYP3A, with 

CYP2A19, CYP2E1, and CYP2C49 potentially being the most physiologically important 

due to their ability to generate 6-OH-3MI (Wiercinska et al., 2012).  Of the in vitro tested 

porcine P450s, CYP2A19 was shown to be the most extensive metabolizer of 3MI; 

however, in vivo expression levels of individual P450s may result in CYP2E1 in having a 

more extensive role than CYP2A19, due to higher hepatic expression levels (Wiercinska 

et al., 2012). 

     Boar taint is usually prevented by castrating male piglets at a very young age. This 

directly reduces the production of AND, which in turn is thought to increase hepatic 

metabolism of 3MI; 3MI metabolism is negatively affected by the presence of AND 

through both decreased CYP2E1 expression (Doran et al., 2002; Tambyrajah et al., 2004) 

and direct inhibition CYP2E1 enzyme activity (Zamaratskaia et al., 2007).  However, 

castrates have decreased growth rate, feed efficiency, and lean meat production compared 

to intact boars due to the loss of testicular steroids, so castrates are economically less 

favourable (Lundström et al., 2009).  Physical castration is also an animal welfare 

concern, for it is commonly done without anaesthetics, which is stressful and painful to 

the piglet, and can lead to infections at the incision site.  As such, alternate methods to 

physical castration are required; one option for reducing boar taint would be maximizing 

the metabolic clearance of the two primary boar taint compounds. 

   The nuclear receptor family of transcription factors, which are modulators of ligand 

induced transcription of key genes, have been implicated in controlling a variety of 
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physiological processes, including lipid metabolism and energy homeostasis, bile acid 

and xenobiotic metabolism, steroidogenesis, reproduction and development, and CNS, 

circadian, and basal metabolic functions (Bookout et al., 2006).  Two receptors that are 

primarily transactivated by exogenous compounds, and are therefore important targets in 

toxicological studies, are the constitutive androstane receptor (CAR) and pregnane x 

receptor (PXR).  Both are highly expressed in the liver and are responsible for co-

ordinating the metabolism and clearance of both exogenous and endogenous compounds 

through regulation of the expression of various metabolic and transport proteins 

(Handschin and Meyer, 2003; Tien and Negishi, 2006).  Both phase I metabolic enzymes, 

including the cytochrome P450 class of monooxygenases, and phase II metabolic 

enzymes are differentially regulated through the transactivation of CAR and PXR, and 

may aid in the metabolic clearance of AND and 3MI from boars.  

     A third member of the nuclear receptor family, the farnesoid X receptor (FXR), is 

highly expressed in the liver and intestinal tract, and is responsive to bile acids and their 

derivatives.   FXR regulates both bile acid production and clearance in the liver and 

intestines, and is therefore one of the key components in bile acid homeostasis 

(Makishima et al., 1999).  FXR has also been shown to play a role in hepatic metabolism, 

by up regulating hydroxysteroid sulfotransferase (SULT2A1) (Sinclair et al., 2006; Song 

et al., 2001).  FXR also binds to a motif in the promoter region of the Pxr gene (Jung et 

al., 2006), and therefore may play a role in hepatic metabolic processes through up-

regulation of PXR.    

     Nuclear receptors have been poorly classified in pigs, though recent research has 

determined partial ligand complements for pig CAR (Gray et al., 2009), PXR, and FXR 
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(Gray et al., 2010).  As such, their potential as pharmacological targets for the control of 

boar taint is largely unexplored.  To better understand the potential of nuclear receptors 

as modulators of boar taint, a better understanding of the downstream effects of nuclear 

receptor transactivation in pigs is required.  This study was designed to determine the 

effects of transactivation of CAR, PXR, and FXR on the regulation of specific transcripts 

of interest in primary porcine hepatocytes, using known agonists for the three nuclear 

receptors of interest.  (6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-

(3,4-dichlorobenzyl)oxime (CITCO) is a commonly used synthetic CAR agonist, and has 

been shown to be effective at transactivating porcine CAR at a concentration of 1 µM 

(Gray et al., 2009).  Rifampicin (RIF) is an antibiotic agent that has been shown to be a 

potent PXR agonist, and is commonly used at a concentration of 10 µM, including 

studies with porcine PXR (Gray et al., 2010).  Chenodeoxycholic acid (CDCA) is a 

primary bile acid that has been shown to be a potent FXR agonist; studies focusing on 

porcine FXR determined that it was the most effective agonist, at a concentration of 100 

µM, in transactivating porcine FXR (Gray et al, 2010).  3MI was also used as a treatment 

to determine the direct effects it could have on the metabolism of AND, and thus the 

extent of boar taint.  The transcripts selected include porcine orthologs of genes involved 

in endobiotic and xenobiotic metabolism in humans, and genes that are differentially 

regulated in livers of boars with high or low levels of boar taint (Moe et al., 2007; Moe et 

al., 2008; Leung et al., 2010).  The effects of receptor transactivation on the metabolism 

of AND and 3MI by primary porcine hepatocytes were also studied, to determine if the 

changes in gene expression induced by receptor transactivation affect the metabolism of 

boar taint compounds.  The effects of 5α-dihydrotestosterone (5α-DHT), 5β-DHT, and 
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estradiol (E2) on the metabolism of 3MI were also tested, since they were previously 

shown to alter porcine nuclear receptor activity, with 5α-DHT and 5β-DHT significantly 

decreasing CAR activity, and all three steroids significantly increasing PXR activity 

(Gray et al., 2009; Gray et al., 2010).   

 

4.3 Materials and Methods 

3.3.1 Research Animals 

     Animals used for preparations of primary hepatocytes were acquired from the Arkell 

Swine Research Facility of the University of Guelph and used in accordance with the 

guidelines of the Canadian Council of Animal Care.  Animals were a total of 10 

uncastrated Yorkshire boars weighing approximately 120 kg.  Livers were removed 

immediately following slaughter for further processing.   

 

3.3.2 Isolation of Primary Hepatocytes 

    Primary hepatocytes were isolated as described previously (Sinclair et al., 2005A) with 

slight modifications.   Briefly, a liver lobe was cannulated and blanched with Hanks’ 

balanced salt solution (without Ca
+
, Mg

2+
, HCO3

-
, and phenol red) containing1 mM 

EGTA and 10 mM HEPES pH 7.4.  Blanching occurred for 10 minutes at 37 C with a 

flow rate of 25 mL/minute, and the liver was then rinsed of the blanch solution with 

Hanks’ balanced salt solution containing 10 mM HEPES.  The lobe was then digested for 

30 minutes at 37 C using Williams’ Media E, pH 7.4, containing 10 mM HEPES and 0.5 

mg/mL Type I collagenase. 
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     After digestion, the lobe was gently dissected in a sterile hood to liberate the 

hepatocytes from the collagen matrix. Cells were collected in Williams’ media E, pH 7.4, 

containing 10 mM HEPES, 0.02 units/mL insulin, 1% penicillin/streptomycin, and 10% 

Fetal Bovine Serum (FBS),  filtered through sterile nylon mesh, and then centrifuged at 

15 x g for 3 minutes.  The cells were rinsed with the collection media, and then re-

centrifuged at 15 x g for 3 minutes.  The cells were counted using a hemocytometer, and 

cell viability determined using exclusion of 0.04% trypan blue.  Cells were then plated in 

collection media in 10 cm tissue culture dishes at a seeding density of 12 million 

cells/plate. 

 

3.3.3 Treatment of Primary Hepatocytes and Isolation of Total RNA 

     The primary hepatocytes were treated 4 hours after plating by replacing the media 

with Williams’ media E, pH 7.4, containing 10 mM HEPES, 0.02 units/mL insulin, 1% 

penicillin/streptomycin, 10 mM pyruvate, and 0.35 mM L-proline and either 0.05 % (v/v) 

dimethyl sulfoxide (DMSO) as control, 1 μM 6-(4-Chlorophenyl)imidazo[2,1-

b][1,3]thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime (CITCO), 10 μM rifampicin 

(RIF), or 100 μM chenodeoxycholic acid (CDCA).  Treatments were carried out in 

duplicate.  Twenty hours after treatment, the cells were lysed and total RNA extracted 

using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s 

instructions.  RNA quality was assessed using the Agilent Bioanalyzer 2100 (Agilent 

Technologies, Santa Clara, CA, USA). The total RNAs were reverse transcribed using 



94 

 

SuperScript II reverse transcriptase with oligo dT primers (Invitrogen Corp., Burlington, 

ON, CAN) and used for real time PCR analysis as described below. 

     To determine the effects of nuclear receptor transactivation on the hepatic metabolism 

of AND, primary hepatocytes were plated and treated with either DMSO, CITCO, RIF, 

or CDCA as previously described.  Additional cells were treated with 10 μM 3MI, in 

duplicate.  Twenty hours after plating, the medium was replaced with 12 ml medium 

containing 20 μM AND. Twenty-four hours after AND treatment, the media was 

collected and steroids were extracted from the media with 2 x 8 ml ether per 4 ml media. 

Extracts were dried under a nitrogen stream and then dissolved in 85% acetonitrile:15% 

H2O and separated via HPLC as previously described (Billen and Squires, 2009) using a 

UV detector at 210 nm. 

     To determine the effects of nuclear receptor transactivation on the hepatic metabolism 

of 3MI, primary hepatocytes were plated and treated with either DMSO, CITCO, RIF, or 

CDCA as described above.  Additional cells were treated with 20 μM AND, 10 μM 

estradiol (E2), 10 μM 5α-dihydrotestosterone (5α-DHT), or 10 μM 5β-DHT, with each 

treatment in duplicate.  Twenty hours after plating, the media was replaced with media 

containing 200 μM 3MI.  Every 4 hours, for 24 hours after 3MI treatment, a 500 μl 

aliquot of media was taken from each plate and mixed with 500 μl cold acetonitrile.  The 

metabolites of 3MI were quantified by HPLC using a C18 column (100 x 4.6, 3 μm) with 

a solvent system of buffer A: 90% 10 mM potassium phosphate and 10% acetonitrile, and 

buffer B: 100% acetonitrile.  Separation was achieved using the following gradient: 0 min 

– 100% A, 5 min – 88% A, 9 min – 77% A, 17 min – 33% A, 17.1 min 0% A, 21 min – 

0% A, 21.1 min - 100% A, and 25 min – 100% A, with a flow rate of 1 mL/min.  UV 
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absorbance at 250 nm was used to detect 3-hydroxy-3-methylindole (HMOI), 3-

methoxyindole (3MOI), 2-aminoacetophenone (2AAP), and 3MI, which had retention 

times of 7.0 min, 11.5 min, 13.2 min, and 17.5 min respectively.  Fluorescence detection, 

with an excitation wave length at 285 nm and emission wavelength of 350 nm, was used 

to monitor levels of indol-3-carbinol (I3C), 5-hydroxy-3-methylindole (5-OH-3MI), and 

6-hydroxy-3-methylindole (6-OH-3MI), which had retention times of 9.4 min, 11.2 min, 

and 13.4 min respectively (Wiercinska et al., 2012).       

     Additional hepatocytes were plated for real-time PCR analysis, and treated with either 

DMSO, CITCO, RIF, CDCA, AND, 3MI (10 μM), E2, 5α-DHT, or 5β-DHT as described 

above.  20 hours after treatment, cells were collected and the RNA extracted and reverse 

transcribed as described above.  These samples were used in real-time PCR employing 

Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen Corp., Burlington, ON) as 

described below.     

 

3.3.4 Real-Time PCR 

      Real-time PCR was carried out to determine the relative amounts of the transcripts 

expressed that are listed in Table 3-1.  PCR conditions were carried out in 96 well plates 

as follows (volumes per well): 10 μL Fast Supermix with ROX (Bio-Rad, Hurcules, CA, 

USA), 0.75 mM MgCl2, 0.6 pmol/μL total transcript forward primer(s), 0.6 pmol/μL total 

transcript reverse primer(s), 1.4 pmol/μL FAM or HEX probe, 0.16 pmol/μL β-actin 

(ACTB) forward primer, 0.16 pmol/μL ACTB reverse primer, 0.16 pmol/μL ACTB probe, 

30 ng cDNA sample, and 3.32 μL H2O, for a total of 20 μL.  For cases where two 
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transcripts were amplified simultaneously, one with a FAM probe and one with a HEX 

probe, 0.3 pmol/μL of forward primer for each transcript, 0.3 pmol/μL of reverse primer 

for each transcript, and 0.7 pmol/μL of probe for each transcript were used.  All primers 

and probes, and probe label are listed in Table 3-2.  Cycling was carried out on an 

Applied Biosystems 7500 Fast Real-Time PCR system (Applied Biosystems, Carlsbad, 

CA, USA) with the following cycling parameters:  (94 C 30 sec [95 C 3 sec., 59 C 30 

sec.] x40) with detection occurring during the 59 C step.  Relative fold expression of 

each gene was calculated using the 2
-ΔΔCT

 method (Livak and Schmittgen, 2001), 

normalizing to the internal ACTB reference, and comparing to the DMSO treatment.  

Biological variation of the data from the different animals was standardized as described 

in (Willems et al., 2008).  Briefly, normalized results were log transformed, followed by 

mean centering, which involved subtracting the mean of all treatments from a single 

biological replicate from the log transformed result for each treatment.  The results were 

then autoscaled by dividing the mean centered results by the standard deviation across all 

treatments for a single biological replicate, then multiplying these results by the average 

of the standard deviations for all replicates.  Averages and 95% confidence intervals for 

each treatment were found, and back-transformed to reverse the log transformation.  Final 

results were normalized to the DMSO control.           

     The effects of all treatments, including AND, 3MI, E2, 5α-DHT, and 5β-DHT, on 

gene transcription were determined using RNA collected from the cells harvested at 20 

hour post-treatment.  Real-time PCR was carried out using Platinum SYBR Green qPCR 

SuperMix-UDG (Invitrogen Corp., Burlington, ON), in 10 μl reaction volumes 

containing 1 μl of cDNA template.  The genes tested were CYP2B22, EPHX1, CYP2C49, 
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CYP19A2, CYP2C33, CYP2E1, and ACTB, using the primers presented in Table 3-2.  All 

measurements were done in duplicate using the Rotor-Gene 3000 Real-Time Rotary 

Analyzer (Corbett Life Science, Concorde, NSW, Australia).  The PCR program used 

was as follows: (94 C 10 min. [94 C 15 sec., 64 C 30 sec., 72 C 30sec, 75 C 15 sec.] 

x40), with fluorescence recorded during the 75 C step, based on the manufacturer’s 

instructions for Platinum SYBR Green qPCR SuperMix-UDG.  Relative fold expression 

was determined using the -2
-ΔΔCT 

method as described above.          

 

3.3.5 Statistical Analysis  

     Data from the effects of CAR, PXR, or FXR transactivation on gene expression and 

the metabolism of AND and 3MI were analysed with the Statistical Analysis System, 

version 9.1 (SAS institute, Cary, NC, USA).  The analysis of variance was performed 

using the generalized linear model (GLM) procedure.  Differences between the DMSO 

control and each treatment group were determined using Dunnett’s test.  Significant 

differences in experimental treatments were analyzed using Tukey’s test for paired 

comparisons.  Data collected from real-time PCR assays was standardized by the method 

described in (Willems et al., 2008) to correct for any biological variation and the 

standardized data, at the autoscaled stage, was analysed using the method as described 

above.  The results are presented as back transformed means and 95% confidence 

intervals. 
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4.4 Results 

4.4.1 Effects of Nuclear Receptor Activation on Gene Expression  

     The amount of expression of each of the transcripts of interest in primary hepatocytes 

was determined relative to ACTB, from the DMSO control treated cells (Table 4-1).  

Nineteen of the 28 transcripts of interest were detected in the cDNA samples from the 

primary hepatocytes. The most abundant transcript was FTL at 3.00 ± 0.08 times the level 

of ACTB.  The transcript that was least expressed was AKR1C1, at 0.02 ± 0.01 fold the 

ACTB expression level. 

     The effects of transactivation of either PXR, CAR, or FXR on the transcription of 

various genes are summarized in Table 4-2. Of the transcripts assayed, only the 

expression of FTL was not affected by any of the experimental treatments.  Treatment 

with the CAR agonist CITCO resulted in significant up regulation of 3 transcripts and 

significant down regulation of 12 transcripts, with CYP2B22 being the most extensively 

up regulated and CYP17A1 the most extensively down regulated.  Treatment with the 

PXR agonist RIF resulted in significant up regulation of 7 transcripts, with CYP2C49 

being the most extensively up regulated.  RIF treatment also resulted in down regulation 

of 9 transcripts, affecting CYP17A1 transcription the most extensively.  Treatment with 

the FXR agonist CDCA resulted in up regulation of 3 transcripts and down regulation of 

13 transcripts.  CDCA treatment most extensively affected the transcription of CYP2C33 

and PXR, up regulating the first and down regulating the second.  Only CYP19A2 was 

significantly up regulated by all three experimental treatments, while AKR1C1, 

CYP17A1, CYP19A1, FDX1, FXR, GSTO1, and PXR were significantly down regulated 

by all three experimental treatments. 
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     The effects of 3MI, AND, E2, 5α-DHT, and 5β-DHT treatments on transcription of 

key genes are given in Figure 4-1.  The genes selected were key genes affected by 

transactivation of each nuclear receptor based on the results in Table 4-2.  3MI treatment 

significantly decreased (p<0.05) transcription of CYP2B22, EPHX1, CYP2C49, 

CYP19A2, and CYP2C33, while it significantly increased expression of CYP2E1.  AND 

treatment significantly (p<0.05) decreased the expression of CYP2E1.  E2 treatment 

significantly increased the expression of CYP2B22, CYP2C49, and CYP19A2.  5α-DHT 

and 5β-DHT treatments both significantly increased the expression of CYP2C49 and 

CYP19A2, while both significantly decreasing the expression of CYP2B22 and EPHX1.        
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Table 4-1 Expression Levels of Transcripts of Interest Relative to Levels of ACTB 

Transcript Fold Difference
a 

Standard Error 

AKR1C1 0.02 0.01 

DHRS4 0.02 0.01 

CYP2C33 0.02 0.01 

PXR 0.02 0.01 

EPHX1 0.03 0.01 

CYP2C49 0.03 0.01 

CYP2A19 0.04 0.01 

FXR 0.04 0.01 

CYB5R3 0.04 0.01 

CYP2B22 0.08 0.02 

CYP19A1 0.08 0.01 

FDX1 0.14 0.01 

CAR 0.15 0.02 

CYP2E1 0.16 0.02 

GSTO1 0.18 0.02 

CYP17A1 0.20 0.01 

CYP19A2 0.25 0.06 

PRDX1 0.70 0.08 

FTL 3.00 0.08 

 

a 
Fold difference for each transcript of interest compared to ACTB, from the DMSO 

control treated cells. 
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Table 4-2 Fold Differences in Transcript Expression in Treated Hepatocytes 
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a Expression levels, as fold differences compared to the expression from the DMSO control group, for each 

experimental treatment with 95% confidence intervals of lower and upper values in parenthesis.  
b Significant fold changes (p <0.05) for each treatment for a given transcript, compared to DMSO control for the same 

transcript, are indicated as (*). Cells with shared letters (A, B, C) within a given row indicate a significant fold change 

(p <0.05) between the treatment groups for a given transcript.   
c Transcripts in each protein class (Phase I and II metabolism, Steroidogenesis, or Other) are grouped as follows: 

generally down regulated ( ), generally unchanged (NC) generally up regulated ( ), and differentially changed ( ).  

(n=4) 
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Figure 4-1. Effects of various treatments on expression of key reporter transcripts in 

primary hepatocytes. Hepatocytes were treated with skatole (3MI, black), androstenone 

(AND, white), estradiol (E2, diagonal stripes), 5α-dihydrotestosterone (5α-DHT, grey), 

or 5β-DHT (vertical stripes). Values are compared to the dimethyl sulfoxide (DMSO) 

treatment, which is normalized to 1.  Results are mean ± 95% confidence interval of 4 

experiments carried out in duplicate.  Significant differences compared to the DMSO 

control (p<0.05) are denoted by (*). 
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4.4.2 Effects of Nuclear Receptor Transactivation on Metabolism of AND 

     The effects of transactivation of CAR, PXR and FXR, as well as the effect of 

treatment with 3MI, on the hepatic metabolism of AND are shown in Figure 4-2A.   Only 

treatment with RIF resulted in significant (p<0.05) increases in AND metabolism, 

resulting in 7.5 ± 1.5% of the initial level of AND remaining after 24 hr of incubation, 

compared to 21.4 ± 3.1% remaining with DMSO treatment.  Treatment with CITCO, 

CDCA, or 3MI resulted in no significant changes in the amount of AND remaining 

compared with DMSO treatment, though AND levels with CITCO treatment were 

significantly different from levels with RIF, CDCA, and 3MI treatments, and levels from 

RIF treatment were significantly different from levels with all other treatments. 

    The production of the major AND metabolites, 3α-androstenol (3α-AND) and 3β-

androstenol (3β-AND), were also determined for each of the experimental treatments 

(Figure 4-2B).  Only treatment with 3MI altered production of 3α-AND, significantly 

(p<0.05) increasing the amount of this metabolite produced compared to hepatocytes 

treated with the DMSO control, as well as all other treatments.  Each of the experimental 

treatments affected the amount of 3β-AND produced; CITCO treatment significantly 

increased (p<0.05) the level of 3β-AND produced while treatment with RIF, CDCA, and 

3MI each significantly decreased (p<0.05) the amount of 3β-AND produced, compared to 

the DMSO control.  Levels of 3β-AND with CITCO treatment were also significantly 

different to levels with all other treatments.          
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Figure 4-2. Effects of experimental treatments on the metabolism of androstenone 

by primary hepatocytes.  HPLC was used to determine the percentage of initial 

androstenone (AND) remaining after 24 hours incubation (A)  as well as the amount of 

3α-androstenol (3α-AND, black) and 3β-androstenol (3β-AND, white)  produced after 

pre-treatment of primary hepatocytes with dimethyl sulfoxide (DMSO), 6-(4-

Chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime 

(CITCO), rifampicin (RIF), chenodeoxycholic acid (CDCA) , or skatole (3MI), presented 

as a percentage of the DMSO control (B). Data is the mean ± standard error of 5 

experiments, carried out in duplicate.  Significant differences compared to the DMSO 

control (p<0.05) are denoted by (*).   
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4.4.3 Effects of Nuclear Receptor Transactivation on Metabolism of 3MI 

     The effects of CAR, PXR, or FXR transactivation, and treatment with AND, E2, 5α-

DHT, or 5β-DHT on the overall metabolism of 3MI were determined.  The overall 

metabolism of 3MI for each treatment group increased with time (p<0.001) with 40% of 

the initial 3MI remaining after 24 hrs, as exhibited by the data from the DMSO control 

(Figure 4-3).  The overall metabolism of 3MI from these treatments was not significantly 

(p>0.05) different from the DMSO control (data not shown).   

      The production of HMOI from 3MI was significantly (p<0.05) increased by treatment 

with CITCO, with HMOI levels at 8, 12, 16, 20, and 24 hours of incubation being 1.72, 

1.81, 2.02, 1.72, and 1.49 fold higher than the DMSO control (Figure 4-4).  Treatment 

with CDCA delayed the production of HMOI, with no significant metabolism occurring 

until the 16 hour time-point, although maximal production at 24 hours was not 

significantly different than the DMSO control. All other treatments did not significantly 

alter the production of HMOI (data not shown).  Levels with CITCO treatment were 

significantly different compared to all other treatments, at 12 to 24 hours for AND, 5α-

DHT, and CDCA, at 16 to 24 hours for E2, and at 20 to 24 hours for 5β-DHT (data not 

shown).  The production of 3MOI was not significantly (p>0.05) different from the 

DMSO control (Figure 4-5) for any of the experimental treatments.   2AAP was not 

produced by primary hepatocytes at levels high enough to allow for detection.   
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Figure 4-3 Overall metabolism of skatole by primary hepatocytes over time by 

dimethyl sulfoxide control treated cells. Data is the mean of the skatole (3MI) 

concentration ± standard error of 4 experiments, carried out in duplicate, expressed as a 

percentage of initial skatole (3MI) (0 hr time point). 
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Figure 4-4 Effects of three pre-treatments on the production of 3-hydroxy-3-

methyloxindole by primary hepatocytes over time.  Data for dimethyl sulfoxide 

(DMSO, diagonal lines), 6-(4-Chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde 

O-(3,4-dichlorobenzyl)oxime (CITCO, white), and chenodeoxycholic acid (CDCA, grey) 

is presented as the mean of the concentration of 3-hydroxy-3-methyloxindole (HMOI)  ± 

standard error for 4 experiments carried out in duplicate.  Time points for a given 

treatment that are significantly different (p<0.05) than the same time point for the DMSO 

control are denoted by (*).         
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Figure 4-5 Production of 3-methyloxyindole by primary hepatocytes over time by 

dimethyl sulfoxide control treated cells.  Data is the mean of the concentration of 3-

methyloxyindole (3MOI) ± standard error for 4 experiments carried out in duplicate. 
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     Treatment with RIF, CDCA, or 5β-DHT resulted in increased production of I3C 

compared to the DMSO control (Figure 4-6).  RIF treatment significantly (p<0.05) 

increased the level of I3C produced at the 20 and 24 hour time points, by 1.45 and 1.48 

fold respectively compared to the DMSO control.  CDCA treatment increased I3C levels 

at the 16, 20, and 24 hour time points by 1.49, 1.53, and 1.56 fold respectively, while 5β-

DHT treatment increased the production of I3C at the 20 and 24 hour time points by 1.54 

and1.58 fold respectively, compared to the DMSO control.  All other treatments did not 

significantly alter I3C production (data not shown).   Treatment with RIF, CDCA, and 

5β-DHT resulted in significant differences in I3C production compared to 5α-DHT, 

AND, and CITCO, with RIF being significantly different from CITCO at 4 and 24 hours, 

5α-DHT at 8 hours, and AND at 8 to 24 hours.  Levels with 5β-DHT treatment were 

significantly different from AND at 16 to 24 hours and CITCO at 20 to 24 hours, while 

levels with CDCA treatment were significantly different from AND at 8 to 24 hours and 

CITCO at 20 to 24 hours. 

     Treatment with CDCA resulted in significantly (p<0.05) increased production of 6-

OH-3MI at the 12, 16, 20, and 24 hour time points, increasing production by 2.06, 1.76, 

1.72, and 1.86 fold respectively compared to the DMSO control(Figure 4-7).  No other 

treatment significantly altered 6-OH-3MI production compared to the DMSO control 

(data not shown).  Levels with CDCA treatment were significantly different than all other 

treatments between 12 and 14 hours, while RIF treatment was significantly different from 

CDCA treatment between 16 and 24 hours.  CDCA treatment also affected the production 

of 5-OH-3MI, significantly (p<0.05) decreasing the level of 5-OH-3MI at the 16, 20, and 

24 hour time points by 2.51, 2.60, and 1.95 fold respectively, compared to the DMSO 
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control (Figure 4-8).  CITCO and RIF treatments both significantly decreased the 

production of 5-OH-3MI compared to the DMSO control, but only at the 20 hour time 

point, by 2.04 and 1.71 fold respectively (data not shown).   All other treatments did not 

significantly alter 5-OH-3MI production compared to the DMSO control (data not 

shown), though levels with AND treatment were significantly different from CDCA 

treatment between 16 and 24 hours, and CITCO treatment at 24 hours. 
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Figure 4-6 Effects of the four pre-treatments on the production of indole-3-carbinol 

by primary hepatocytes over time.  Data for dimethyl sulfoxide (DMSO, diagonal 

lines), rifampicin (RIF, white), chenodeoxycholic acid (CDCA, horizontal lines), and 5β-

dihydrotestosterone (5β-DHT, grey) is presented as the mean of the concentration of 

indole-3-carbinol (I3C) ± standard error for 4 experiments carried out in duplicate.  Time 

points for a given treatment that are significantly different (p<0.05) than the same time 

point for the DMSO control are denoted by (*). 
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Figure 4-7 Effects of the two pre-treatments on the production of 6-hydroxy-3-

methylindole by primary hepatocytes over time.  Data for dimethyl sulfoxide (DMSO, 

white) and chenodeoxycholic acid (CDCA, grey) is presented as the mean of the 

concentration of 6-hydroxy-3-methylindole (6-OH-3MI) ± standard error for 4 

experiments carried out in duplicate.  Time points for a given treatment that are 

significantly different (p<0.05) than the same time point for the DMSO control are 

denoted by (*). 
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Figure 4-8 Effects of two pre-treatments on the production of 5-hydroxy-3-

methylindole by primary hepatocytes over time.  Data for dimethyl sulfoxide (DMSO, 

white) and chenodeoxycholic acid (CDCA, grey) is presented as the mean of the 

concentration of 5-hydroxy-3-methylindole (5-OH-3MI) ± standard error for 4 

experiments carried out in duplicate.  Time points for a given treatment that are 

significantly different (p<0.05) than the same timepoint for the DMSO control are 

denoted by (*).  
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4.5 Discussion 

     This study was designed to determine the effects of CAR, PXR, and FXR 

transactivation on both gene expression and boar taint metabolism in pig hepatocytes.  

The genes quantified after receptor transactivation encoded porcine orthologs of enzymes 

involved in general metabolic processes in humans, including metabolism and clearance 

of xenobiotics and steroid hormones, nuclear receptors, and genes found to be 

differentially expressed in boars exhibiting different levels of boar taint (Moe et al., 

2007; Moe et al., 2008).  Of particular interest was whether transactivation of either 

CAR, PXR, or FXR affects the metabolism of the boar taint compounds, and thus 

whether these receptors could be viable therapeutic targets for modulation of boar taint in 

intact boars. 

     In humans, transactivation of CAR and PXR in the liver alters the expression of a 

variety of phase I and II metabolic enzymes and transport proteins (Tirona and Kim, 

2005; Maglich et al., 2002; Maglich et al., 2003).  These target genes are predominantly 

up regulated by CAR and PXR, allowing for increased metabolic clearance of 

xenobiotics and endogenous compounds.  Classically, CYP2B6 has been used as a marker 

for CAR transactivation in humans; we found that CYP2B22, the porcine ortholog of 

CYP2B6, was up regulated by CAR transactivation.  This transcript was also up regulated 

by PXR, which has also been implicated in CYP2B6 up regulation in humans due to the 

ability of PXR to bind to the same phenobarbital-responsive enhancer module (PBREM) 

that CAR binds (Goodwin et al., 2001).  The human gene CYP2A6 is controlled by both 

CAR and PXR (Tirona and Kim, 2005), while we found that its porcine ortholog 

CYP2A19 was only up regulated by PXR, with CAR transactivation not significantly 
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affecting CYP2A19 expression.  In pigs, PXR may be the more prominent receptor in 

xenobiotic metabolism, for it up regulated a larger number of phase I metabolic enzymes 

than did CAR.  In fact, CAR down regulated the expression of many porcine orthologs of 

phase I genes that it up regulates in humans (Tirona and Kim, 2005) indicating it may 

play a lesser role in xenobiotic metabolism in pigs than in humans. 

     Transactivation of FXR, nominally a modulator of bile acid synthesis and metabolism, 

also resulted in up regulation of three cytochrome P450s in primary porcine hepatocytes.  

The regulation of the CYP19A family by FXR has been shown in humans, specifically in 

regulation of CYP19A activity in breast cancer (Swales et al., 2006).  Up regulation of 

CYP2C33 and CYP2E1 by transactivation of FXR may indicate a role in bile acid 

metabolism or hepatoprotection (Liu et al., 2003).   

     The altered expression of several of these transcripts in treated hepatocytes suggests 

how CAR, PXR, and FXR may regulate boar taint metabolism.  Several of the transcripts 

differentially regulated in this study were also differentially regulated in animals with 

varying AND levels (Moe et al., 2008).  CYP2C33 and CYP2C49 were both up regulated 

in high AND animals in previous studies, while in this study both were significantly up 

regulated by PXR transactivation and CYP2C33 by FXR transactivation.  Interestingly, 

CYP2E1, whose gene product is a known metabolizer of xenobiotics, was down regulated 

by the xenobiotic responsive receptors CAR and PXR, although it was up regulated by 

FXR transactivation.   CYP2E1 has been implicated in the metabolism of 3MI (Wiecinska 

et al., 2012; Squires and Lundström, 1999), and thus FXR may be an important 

modulator of boar taint levels, as evidenced by the altered production of 5-OH-3MI and 

6-OH-3MI by hepatocytes treated with CDCA. The production of 6-OH-3MI has been 
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implicated in improved clearance of 3MI, and thereby reduced boar taint levels (Baek et 

al., 1997; Friis, 1995).  CYP2E1 has been shown to generate 6-OH-3MI (Wiercinska et 

al., 2012), and this explains the increased generation of 6-OH-3MI in CDCA treated 

hepatocytes, while other treatments, which did not affect CYP2E1 expression, did not 

alter production of this metabolite.  Although CYP2C49 and especially CYP2A19 have 

been shown to generate 6-OH-3MI (Wiercinska et al., 2012), treatment with RIF, which 

resulted in up regulation of these two transcripts, did not alter 6-OH-3MI production.  

This may be due to the lower level of expression of both of these transcripts compared to 

CYP2E1 in pig hepatocytes (Table 4-1); as well it may be due to changes in the 

expression of accessory proteins.  The activities of several porcine cytochrome P450’s, 

including CYP2E1, CYP2C49, CYP2A19, and CYP2C33 are affected by the presence of 

cytochrome b5A (CYB5A) (Wiercinska et al., 2012) and the activity of CYB5A is 

modulated by its reductase CYB5R3.  Only CDCA treatment did not result in a significant 

decrease in CYB5R3 expression; as such CYB5A activity would not be decreased in this 

treatment group, and cytochrome P450 activities would not be negatively affected.  This, 

coupled with increased CYP2E1 expression likely explains why only CDCA treatment 

affected 6-OH-3MI production by hepatocytes.    

     The production of several major metabolites which are produced in higher levels than 

6-OH-3MI, but are less important in the metabolic clearance of 3MI (Diaz et al., 1999), 

were altered by some treatments.  HMOI was produced at almost twice the control level 

in hepatocytes induced with CITCO.  This suggests that a gene predominately regulated 

by CAR, such as CYP2B22, is responsible for the increased production of HMOI. Other 

CYPs can also generate HMOI (Wiercinska et al., 2012), including CYP2A19 and 
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CYP2C49; both are regulated by PXR, while CYP2C33 is regulated by both PXR and 

FXR.  However, transactivation of PXR and FXR did not significantly alter HMOI 

production, indicating that the genes regulated by these receptors are not the major source 

of HMOI.  CAR may also exert its effect through regulation of aldehyde oxidase (AOX1); 

this enzyme has been shown to convert the transient 3MI metabolite 3-OH-MI to HMOI 

(Diaz and Squires, 2000).  Therefore, a possible link between CAR transactivation and 

AOX1 expression should be studied to determine if this is the mechanism by which CAR 

transactivation increases HMOI levels.   CDCA, RIF, and 5β-DHT treatments each 

increased the production of I3C, with CDCA resulting in the most significant changes.  

This metabolite, however, is a minor metabolite of 3MI (Wiercinska et al., 2012), and has 

not been implicated as a major pathway for 3MI clearance. 

     Previous research has shown that the levels of 3MI and AND are positively correlated 

(Babol et al., 1999).  The metabolism of 3MI has been shown to be negatively affected 

by the presence of AND, both through down regulation of CYP2E1 expression (Doran et 

al., 2002; Tambyrajah et al., 2004) as well as direct inhibition of the CYPE1 enzyme 

(Zamaratskaia et al., 2007).  In this study, we also found that 3MI increased the 

expression of CYP2E1, while AND significantly decreased the expression of CYP2E1.  

Thus, AND treatment would be expected to decrease the production of the key metabolite 

6-OH-3MI, as reported previously (Babol et al., 1999); however, we found that AND 

treatment did not significantly alter production of 6-OH-3MI relative to the DMSO 

control.  The previous research indicating that AND affected 6-OH-3MI production was 

carried out in liver microsomes and AND treatment may not have a similar effect on 6-

OH-3MI production in intact cells.          
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     Our results suggest that the metabolism of AND is regulated by different receptors 

than the metabolism of 3MI, with PXR transactivation having a significant effect on 

overall AND metabolism.  Although PXR significantly altered overall AND metabolism, 

it did not alter the level of 3α-AND, and significantly decreased the level of 3β-AND.   

Since PXR, CAR, and FXR transactivation all significantly decreased the expression of 

AKR1C1, which is involved in the conversion of AND to 3α-AND (Sinclair et al., 

2005A), transactivation of all three receptors would be expected to decrease 3α-AND 

production relative to the DMSO control.  This was not the case, indicating that factors 

other than ARK1C1 can influence 3α-AND production.  Transactivation of PXR did 

result in decreased levels of 3β-AND, as did transactivation of FXR.  The increased 

levels of 3β-AND seen with CAR transactivation may be due to decreased phase II 

metabolism of 3β-AND, but not 3α-AND, for levels of this metabolite were unaffected.  

Future studies should investigate how transactivation of the nuclear receptors affects 

phase II metabolism of 3α-AND and 3β-AND.  

     Interestingly, treatment with 3MI resulted in increased production of 3α-AND and 

decreased production of 3β-AND relative to the DMSO control.  Thus, 3MI treatment 

altered the ratio of the two primary phase I AND metabolites, although not affecting 

overall metabolism.  We have shown in previous studies that 3MI acts as an inverse 

agonist of CAR, PXR, and FXR (Gray et al., 2010), and it would be expected to decrease 

the effects of CAR, PXR, and FXR transactivation.  However, this effect must be due to a 

pathway other than the nuclear receptors studied here, for none of the receptors 

significantly altered 3α-AND production. 
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     The agonists employed in this study to induce transactivation of CAR, PXR, and FXR 

are not ideal agents to activate these receptors in vivo.  CITCO is a selective CAR agonist 

(Maglich et al., 2003), but its potential toxicity in a whole animal system is poorly 

characterised, and this would have to be determined before it could be used in a whole 

animal system.  The toxicity of RIF is no better understood, despite its extensive use in 

the treatment of tuberculosis; high dose toxicity studies have not been carried out 

(Steingart et al., 2011), and the potential side effects of short term, high dose treatments 

in pigs cannot be predicted.  CDCA treatment has been shown to result in hepatotoxicity 

through its conversion to lithocholic acid in several species, including rabbit, rhesus 

monkey and baboon, although it is non-toxic in humans (Hoffman, 2004).  Inclusion of 

CDCA in the diet at a level of 0.3% over a 7 day period induced hepatotoxicity in mice 

(Song et al., 2011); as such, dietary treatment of pigs with CDCA as a means of 

transactivating hepatic FXR requires toxicity studies to be carried out in pig.  Natural 

products that are capable of transactivating nuclear receptors may be viable compounds 

to decrease boar taint by stimulating hepatic metabolism.  Various traditional medicines, 

including St. John’s Wort and Ginko biloba, have been shown to transactivate CAR and 

PXR (Chang, 2009), and may be capable of stimulating AND metabolism through PXR.   

     In summary, transactivation of CAR, PXR, and FXR in primary porcine hepatocytes 

resulted in the altered regulation of several genes.  Transactivation of FXR led to 

increased expression of CYP2E1, and increased production of 6-OH-3MI, a key 

metabolite in 3MI clearance.  PXR transactivation resulted in a significant increase in 

AND metabolism, which potentially can be attributed to increased CYP2C49 levels, 

although further studies are required to also determine the enzymes responsible for the 
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phase II metabolism of AND and its metabolites. Changes in the expression of some 

enzymes previously linked to AND metabolism, such as AKR1C1, were not reflected in 

changes in metabolism of AND.  This work suggests that a treatment that transactivates 

both PXR and FXR may increase the hepatic clearance of both 3MI and AND, thus 

decreasing the prevalence of boar taint.  However, we have also shown in other work 

(submitted) that transactivation of these two receptors, as well as CAR, results in 

increased AND production in porcine Leydig cells.  Future studies should investigate 

whether transactivation will more predominately affect hepatic metabolism of 3MI and 

AND or testicular synthesis of AND, and quantify the overall effects that selective 

transactivation of these nuclear receptors have on the overall levels of boar taint 

compounds.   
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Chapter 5: Determination of the molecular basis of the 

dominant negative effect of porcine constitutive androstane 

receptor (CAR) splice variant 2 

5.1 Abstract 

     It was previously found that pCAR-SV2 exerted a dominant negative effect on the 

activity of pCAR-WT in dual-luciferase reporter assays, significantly reducing 

transcription when transfected at low levels alongside the wild-type receptor.  This study 

was designed to build on this work by determining the molecular mechanism of the 

pCAR-SV2 dominant negative effect.  Based on the expected protein structure, which 

lacks much of the ligand binding domain (LBD), it was hypothesized the dominant 

negative effect was dependent on DNA binding.  To test this, a point mutation was 

introduced into the P-box in the first zinc-finger of the DNA binding domain (DBD) of 

both pCAR-WT and pCAR-SV2 to generate pCAR-WT-PM and pCAR-SV2-PM, 

respectively.  This mutation was expected to disrupt the DNA binding capabilities of the 

receptors, which was confirmed through pCAR-WT-PM being unable to induce 

significant transcription in a reporter assay; the P-box mutation also significantly 

disrupted the pCAR-SV2 dominant negative effect.  Electrophoretic mobility shift assays 

(EMSAs) using the NR1 sequence confirmed that the P-box mutation disrupted pCAR-

WT DNA binding to NR1, with individual binding reduced by 90% and binding as a 

dimer with hRXRα reduced by 39%.  pCAR-SV2 individually bound NR1 at 40% of the 

level of binding of pCAR-WT.  The mutant pCAR-SV2-PM bound the NR1 probe at 

48% of the binding seen with pCAR-SV2, though binding as a dimer with hRXRα was 
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improved to 126% of the binding seen with pCAR-SV2/hRXRα.  This suggests that the 

pCAR-SV2 dominant negative effect may be due to both individually binding DNA and 

blocking the response elements, and potentially to a greater extent by binding RXR, 

forming transcriptionally inactive dimers. 

Keywords: CAR, dominant negative, P-Box, point mutation 

  



124 

 

5.2 Introduction 

     The role of CAR as a modulator of metabolism in the liver makes it an attractive 

target for ligand induced changes in metabolism.  In pig primary hepatocytes, activation 

of porcine CAR (pCAR) activity led to increased expression of several metabolic gene 

transcripts, including phase I enzymes CYP2B22 and EPHX1 (Gray and Squires, 2013B), 

and potentially the phase II metabolic gene transcripts UGT2B, 3β-HSD, and SULT2A, 

though these transcripts need to be reconfirmed (Peacock, 2005).   These expression 

changes do not significantly alter the overall metabolism of either androstenone (AND) 

or skatole (3MI), though there were significant increases in production of 3β-androstenol 

(3β-AND) and 3-hydroxy-3-methyloxindole (HMOI) (Gray and Squires, 2013B).  These 

increases may be sufficient for reducing boar taint levels, a possibility that should be 

studied further. 

     The potential for pCAR to induce significant changes in the metabolism of boar taint 

compounds may be reduced due to the presence of pCAR splice variants.  During the 

initial cloning of pCAR five alternatively spliced mRNA variants were isolated with the 

wild-type receptor (pCAR-WT), each with various deletions or insertions of coding 

sequence (Gray et al., 2009).  These alterations in coding sequence are expected to give 

rise to altered protein structures.  Of these variants, only the product generated by both 

pCAR-SV2 and pCAR-SV3 was found to affect the activity of pCAR-WT.  This protein 

variant significantly reduced both the constitutive and ligand induced activity of pCAR-

WT by up to 40% of the activity of the wild-type receptor in the absence of the variant 

(Gray et al., 2009).  The variant produced a significant effect at levels of inclusion as low 

as 0.5% of the pCAR-WT expression level; this is within the physiological expression 
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levels of pCAR-SV2.  The expression of pCAR-SV3 was much lower, and as such the 

potential for this variant to exert a significant effect is unlikely.  Therefore, further testing 

on the protein variant carried out in this chapter will refer to the protein variant as pCAR-

SV2, and will be generated from the pCAR-SV2 sequence. 

   Though pCAR-SV2 was shown to cause a significant dominant negative effect on 

pCAR-WT in vitro, the mechanism by which it exerts these effects remains unknown.  

The expected pCAR-SV2 protein structure lacks some of the LBD and the entire 

activation function 2 domain (AF-2), though the DBD is retained normally. The artificial 

deletion of AF-2 has been shown to induce a dominant negative effect in several nuclear 

receptors, including rat CAR, indicating that this effect is possible with orthologs of this 

receptor (Kocarek et al., 2002).  Naturally occurring dominant negative variants have 

been isolated for ten nuclear receptors in several species, including human thyroid 

hormone receptor α (hTRα), human peroxisome proliferator-activated receptors α and δ 

(hPPARα and hPPAR δ), rat vitamin D receptor (rVDR), and human glucocorticoid 

receptor (hGR) (van der Vaart and Schaaf, 2009; Bastie et al., 2000).  The mechanisms 

by which several of these receptor variants induce their dominant negative effect have 

been studied, and three primary mechanisms have been suggested.  The first, exhibited by 

the hTR and rVDR variants, is through occupation of the DNA recognition element (RE) 

by the variant; since these variants are unable to induce transcription on their own, 

binding of the RE’s prevents binding of the wild-type receptor (van der Vaart and Schaaf, 

2009).  Alternatively, dominant negative effects can be generated through protein-protein 

interactions, either through dimerization or through interactions with accessory proteins.  

For example, the GR variant, GRβ, is thought to be able to form a non-functional 
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heterodimer with wild-type GRα, thereby disrupting transcriptional activity (Yudt et al., 

2003).  Interaction of the variants with transcription co-activator proteins reduces the 

number of these proteins that are available for interactions with the wild-type receptor, 

leading to reduced transcription (van der Vaart and Schaaf, 2009). 

     Based on the structure of pCAR-SV2, which lacks the AF-2 domain and a large 

portion of the LBD, it is not expected that it exerts its effect through sequestering of co-

activator proteins, for interactions with these proteins are primarily through the AF-2 

domain (Latchman, 2008).  Therefore, it has been hypothesized that the pCAR-SV2 

dominant negative effect arises in a DNA-binding dependent manner, for the DBD 

remains intact (Gray et al., 2009).  To test this hypothesis, the effect that disruption of the 

DBD has on the pCAR-SV2 dominant negative effect is determined in this work.  This 

type of disruption can be generated through a point mutation in the P-box, which consists 

of residues at the C-terminal end of the first zinc-finger of the DBD (Pardee et al., 2011).  

These residues are responsible for co-ordinating the DBD-DNA interactions within the 

major groove of the DNA response element (RE), and are responsible for proper RE 

recognition.  A naturally occurring mutant of the orphan receptor steroidogenic factor-1 

(SF1) with a glycine residue changed to glutamic acid within the P-Box did not have 

altered nuclear translocation but had reduced activity (Ozisik et al. 2003).  This suggests 

that DNA binding was abolished, a conclusion supported through EMSAs.  As such, we 

propose that causing the same point mutation in pCAR-SV2 will abolish DNA binding 

activity, thus eliminating the dominant negative effect.     
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5.3 Materials and Methods 

5.3.1 Generation of Mutant Plasmids 

     Mutant plasmids of pCAR-WT and pCAR-SV2 were generated from pcDNA 3.1 

plasmids containing the coding sequences for each, as have been previously used to 

characterize pCAR-WT and pCAR-SV2 (Gray et al., 2009).  Mutants were generated 

using Change-IT Multiple Mutation Site Directed Mutagenesis Kit (USB Corporation, 

Cleveland, Ohio) following the manufacturer’s instructions.  P-Box mutants (PM) for 

each plasmid were generated by mutating glycine 33 to glutamic acid (G33E) using the 

primer 5’-PO4- GTGAGGGCTGCAAGGAATTCTTCAGGCGAAC-3’, generating 

pCAR-WT-PM and pCAR-SV2-PM. 

 

5.3.2 Effects of P-Box mutations on pCAR-WT and pCAR-SV2 activities  

     To test the effect of the P-Box mutation on the activity of pCAR-WT, HepG2 cells 

(ATCC, Manassas, VA) were cultured in Eagle MEM (Earle’s balanced salt solution, 

non-essential amino acids, 1mM sodium pyruvate, 2mM L-glutamine, 1500 mg sodium 

bicarbonate/L)  and supplemented with 10% FBS and 1% v/v penicillin/streptomycin 

(Invitrogen Corp., Burlington, ON) on 24-well plates at 1.0 x10
6
 cells/well.  After 24 

hours, the cells were transfected using Lipofectamine 2000 (Invitrogen Corp.) with 

plasmids as follows: pCAR-WT or pCAR-WT-PM (250 ng/well), (NR1)5-luciferase 

reporter plasmid (Wang et al., 2003), (250 ng/well), and pRL-tk control plasmid (5 

ng/well), following the manufacturer’s instructions for 24-well plates. Non-template 

control cells were transfected with empty pcDNA3.1 plasmid (250 ng/well) in place of 

the pCAR-WT and pCAR-WT-PM.  Cells were incubated for 24 h before ligand 
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supplemented media was applied, either CITCO or DMSO control.  CITCO (6-(4-

chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime;  

BIOMOL International, L.P., Plymouth Meeting, PA) was dissolved in DMSO then 

diluted in plating media to 1 μM.  DMSO was applied at 0.05% (v/v) and both treatments 

were carried out in triplicate.  After 24 hours of ligand treatment, cells were washed once 

with  PBS and lysed following the Dual-luciferase assay protocol (Promega, Madison, 

WI). Luminescence was detected using a Sirus single tube luminometer with dual 

injectors (Berthold Detection Systems, Oak Ridge, TN). 

To test the effects of the P-Box mutation on pCAR-SV2, pCAR-WT and pCAR-

SV2-PM were co-transfected.  Cells were seeded as above.  24 hours after plating, cells 

were transfected as follows: pCAR-WT (125 ng/well), (NR1)5-luciferase reporter plasmid 

(250 ng/well), pRL-tk (5 ng/well), pCAR-SV2 or pCAR-SV2-PM (6.25, 3.13, 1.25, 0.63, 

or 0.31 ng/well), and pcDNA 3.1 empty vector for a total amount of 500 ng plasmid/well. 

Cells were treated with 1 μM CITCO or 0.05% DMSO (v/v) and the dual luciferase assay 

carried out as previously described.   

 

5.3.3 Electrophoretic mobility shift assays 

     The DNA binding ability of the different variants of pCAR was tested through 

EMSAs.  pCAR-WT, pCAR-WT-PM, pCAR-SV2, and pCAR-SV2-PM were each 

amplified from the plasmids used for the dual-luciferase assays using Platinum Taq DNA 

Polymerase High Fidelity (Invitrogen) with the following program: (94
o
C 2min [ 94

o
C 30 

sec, 63
o
C 30 sec, 68

o
C 1.5 min ] x 35 cycles, 68

o
C 10 min).  Each was amplified using 

primers that removed the stop codon, to generate V5/His tagged constructs.  pCAR-WT-
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V5 and pCAR-WT-PM-VR were amplified using the forward and reverse primers 5’-

GCCATGGCCAGCGGGGAAGA-3’ and 5’-GCTGCAGATCTCCTGGAGCA-3’ 

respectively.  pCAR-SV2-V5 and pCAR-SV2-PM-V5 were amplified using the forward 

and reverse primers 5’-GCCATGGCCAGCGGGGAAGA-3’ and 5’-

ATCTCCTTCCTCTGGGTTACCC-3’, respectively.  The resulting PCR product was gel 

extracted and ligated into the pcDNA3.1/V5-His TOPO vector (Invitrogen) following the 

manufacturer’s instructions. 

    The protein products of each of the V5/His plasmids were expressed using the TNT T7 

Quick Coupled Transcription/Translation System (Promega, Madison, WI) following the 

manufacturer’s instructions.  Additionally, human retinoid X receptor α (hRXRα) was 

expressed from pGEM-hRXRα (received as a gift from Dr. Masahiko Negishi, NIEHS, 

Research Triangle Park, North Carolina).  Binding incubations were carried out using 1.5 

μl of either pCAR-WT, pCAR-WT-PM, pCAR-SV2, or pCAR-SV2-PM in vitro 

expression reactions, in 5 mM tris-HCl, 25 mM NaCl, and 0.25 mM DTT with 10% 

glycerol, 0.05 μg dI-dC, 0.05% NP-40, and 1 μM CITCO.  The NR1 probe used was 

generated by annealing the sequences 5’-GATCTCTGTACTTTCCTGACCTTG-3’ and 

5’-GATCCAAGGTCAGGAAAGTACAGA-3’, which were then labelled with 
32

P-dATP 

(PerkinElmer, Waltham, Massachusetts) using Klenow fragments (Thermo Scientific).  

Labelled probe was added at 30000 cpm in each binding reaction.  Individual reactions 

for each protein being tested included either no hRXRα, 1.5 μl of hRXRα expression 

reaction, 1.5 μl hRXRα and 500 ng of unlabelled NR1, or 1.5 μl hRXRα and 500 ng of 

unlabelled non-specific probe, which contained the sequence 5’-

GTGATGACTCTATCCCTCCTGTCAGACAAC-3’. Reactions were incubated 20 
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minutes at room temperature, then separated on a 5% non-denaturing acrylamide gel at 

180/V for 1.5 hours.  Gels were dried and X-ray film was exposed overnight at -70°C 

with an intensifying screen.   Individual bands were scanned using Northern Eclipse 

(Empix) and their densities quantified by Image J (NIH). 

 

 5.3.4 Statistical Analysis 

     Statistical analysis was carried out using the Statistical Analysis System, version 9.1 

(SAS institute, Cary, NC, USA). Differences between pCAR-WT-PM and pCAR-WT 

activities were analyzed by Dunnett’s test; differences between the dominant negative 

effects of pCAR-SV2-PM and those of pCAR-SV2 were also analyzed by Dunnett’s test.   

 

5.4 Results 

5.4.1 Effects of P-Box mutation on pCAR-WT and pCAR-SV2 transcription initiation 

activities 

     A P-box mutation was introduced into pCAR-WT to disrupt DNA binding and this 

was tested using a dual-luciferase assay.  Introduction of P-box mutation to pCAR-WT 

was found to significantly reduce both the constitutive and ligand induced transactivation 

activities of pCAR-WT (Figure 5-1) to 4.0 ± 0.2% and 6.0 ± 0.4% of initial activity 

respectively (P< 0.05). These activity levels of the pCAR-WT-PM mutant were not 

significantly different than the non-template controls (data not shown).  This indicates the 

P-Box mutation was able to completely disrupt pCAR-WT activity. 

     Before testing the ability of the P-Box mutation to disrupt the dominant negative 

effect of pCAR-SV2, the dual-luciferase assays were carried out to validate the dominant 
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negative effects of pCAR-SV2 previously reported (Gray et al., 2009) were re-run, to 

ensure that results were consistent.  Since the results were consistent with previously 

found results, so the effect of introducing the P-Box mutation to pCAR-SV2 was tested 

by using pCAR-SV2-PM in the same experiment.  pCAR-SV2-PM did not elicit a 

dominant negative effect on the wild-type receptor, with no significant change (p<0.05) 

in activity compared to the wild-type receptor on its own for both the constitutive 

activity, seen with DMSO control (Figure 5-2A), as well as the CITCO induced activity 

(Figure 5-2B).  Significant differences (p<0.05) were found between pCAR-SV2 and 

pCAR-SV2-PM at inclusion levels of 0.25% and above for the constitutive activity, and 

at inclusion levels of 0.5% and above for the ligand induced activity. 
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Figure 5-1 Effects of introduction of a P-box mutation (G33E) to pCAR-WT.  Dual 

luciferase ratios for pCAR-WT (white) and the mutant pCAR-WT-PM (grey) with 

DMSO control and CITCO treatments.  pCAR-WT-PM dual luciferase ratios that are 

significantly different (p<0.05) from the pCAR-WT ratio with the same treatment are 

denoted by (*).  (n=12).  
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Figure 5-2 Effects of introduction of a P-box mutation (G33E) to pCAR-SV2.  

Luciferase ratios, normalized to the 0% inclusion level, for pCAR-WT (black), pCAR-

SV2 (white) and the mutant pCAR-SV2-PM (grey) transfected at various inclusion levels 

alongside pCAR-WT are shown.  Cells were treated with (A) DMSO control or (B) 

CITCO.  Normalized luciferase ratios that are significantly different (p<0.05) from the 

0% inclusion level are denoted by (*).  pCAR-SV2-PM inclusion levels that result in 

significantly different (p< 0.05) normalized luciferase ratio compared to pCAR-SV2 at 

the same inclusion level are denoted by (♦).  (n=12).   
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5.4.2 DNA binding abilities of pCAR-WT and pCAR-SV2 

     The abilities of pCAR-WT and pCAR-SV2 to bind to the NR1 response element were 

tested using EMSAs.  pCAR-WT was capable of binding to the NR1 probe in the absence 

of hRXRα, though addition of hRXRα increased the binding or probe by pCAR-WT by 

159±16% (Figure 5-3).  Introduction of the P-Box mutation to pCAR-WT (pCAR-WT-

PM) disrupted individual binding to the probe, reducing it to 13±2% that seen with pCAR 

only.  The ability of hRXRα to aid in probe binding by pCAR-WT-PM was reduced to 

62±5% of the binding seen with pCAR-WT/hRXRα, though the mutation did not abolish 

pCAR-WT-PM/hRXRα dimer binding completely (Figure 5-3).  In the presence of a non-

specific DNA probe, pCAR-WT/hRXRα was able to maintain binding to the NR1 probe, 

while pCAR-WT-PM/hRXRα  had reduced NR1 binding in the presence of excess non-

specific probe, at 42±6% that seen in the absence of the non-specific probe.  The addition 

of excess unlabelled NR1 probe disrupted pCAR-WT/hRXRα and pCAR-PM/hRXRα 

binding completely. 

    pCAR-SV2 bound to NR1 in the absence of hRXRα, though at 47±6% of the 

binding of pCAR-WT (Figure 5-3).  Addition of hRXRα increased binding by 272±31%, 

and binding was 80±7% that seen with pCAR-WT/hRXRα.  With the addition of the non-

specific probe, the binding reduced to 57±4% of that seen with pCAR-SV2/hRXRα in the 

absence of the non-specific probe.  Introduction of the P-Box mutation to pCAR-SV2 

reduced the ability to bind NR1 without RXR to 49±17% that seen with pCAR-SV2.  

With the addition of hRXRα, pCAR-SV2-PM bound the probe at 120±10% of pCAR-

SV2/hRXRα, which was similar to the binding by pCAR-WT/hRXRα.  The P-Box 

mutation did allow pCAR-SV2-PM/hRXRα to maintain binding of NR1 in the presence 



136 

 

of excess non-specific probe, with binding being very similar to binding in the absence of 

the non-specific probe.  Addition of excess unlabelled NR1 completely disrupted binding 

of labelled NR1 by both pCAR-SV2/hRXRα and pCAR-SV2-PM/hRXRα.   
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pCAR-WT pCAR-WT-PM pCAR-SV2 pCAR-SV2-PM 

Density SE Density SE Density SE Density SE 

- hRXRα 9357 685 1248 206 4396 475 2168 716 

+ hRXRα 14912 1089 9249 358 11962 453 14376 1075 

Non-

Specific 

Probe 

15528 1097 3877 317 6814 422 14765 1140 

Excess NR1 680 79 282 66 524 249 366 83 

 

Figure 5-3 EMSAs of in vitro translated pCAR-WT, pCAR-SV2, and P-Box mutants of 

each, binding to radiolabelled NR1 probe. (A) EMSAs of reactions with in vitro 

translated hRXRα, excess non-specific probe, and excess unlabelled NR1 probe added as 

indicated.  Figure representative of three independent experiments. (B) Average 

densitometry data, with standard errors, for three sets of EMSAs.   

hRXRα 

Non-Specific Probe 

Excess NR1 
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5.5 Discussion 

     This study was designed to determine the molecular mechanism underlying the 

dominant negative effect of pCAR-SV2 on wild-type pCAR in vitro (Gray et al., 2009).  

Determination of this mechanism allows for some insight into the potential physiological 

role pCAR-SV2 may play, and its potential as a target for modulation of gene expression 

and metabolism.  The physiological implications of alternate nuclear receptor splicing 

have not been investigated extensively, though a C-terminal splice variant of the human 

GR, GRβ, is thought to be able to form a non-functional heterodimer with wild-type 

GRα, thereby disrupting transcriptional activity (Yudt et al., 2003).  This activity has 

been linked to reduced response to glucocorticoid treatments for a variety of immune-

related diseases (van der Vaart and Schaaf, 2009).  Based on the mechanism of action 

determined for pCAR-SV2, a similar physiological effect may be postulated. 

     Three primary mechanisms have been determined for the dominant negative effects 

exhibited by C-terminal nuclear receptor splice variants.  The first, as exhibited by GRβ, 

is through hybridization, whereby the variant forms a dimer with the wild-type monomer 

or RXR that has reduced function or is non-functional (van der Vaart and Schaaf, 2009).  

The second mechanism of a dominant negative effect is through altered interactions with 

co-regulatory proteins.  This primarily occurs when the variant forms protein complexes 

with co-regulatory elements that interact with the intact activation function 1 (AF-1) 

domain; this effect can be compensated for by over-expression of the co-regulatory 

proteins (van der Vaart and Schaaf, 2009).  The third mechanism of a dominant negative 

effect is through binding to the DNA response elements; the variant binds to the response 

element but does not initiate transcription.  Therefore, it occupies the DNA response 
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element, preventing the binding of transcriptionally active receptor dimers, thereby 

inhibiting transcription (van der Vaart and Schaaf, 2009).  Based on the expected protein 

structure of pCAR-SV2, it was hypothesized that this third mechanism was the basis of 

the pCAR-SV2 dominant negative effect. 

     To test the hypothesis that DNA binding was the basis of the pCAR-SV2 dominant 

negative effect, point mutations in the DBD of pCAR-WT and pCAR-SV2 were 

generated.  The mutation to pCAR-WT, which was done as a positive control to ensure 

the mutation was effective, abolished both the constitutive and ligand dependent activities 

in dual-luciferase assays, indicating the mutation was successful.  This success was 

supported by the results of the EMSAs, in which the ability of pCAR-WT to bind to the 

NR1 probe, both individually and as a dimer with hRXRα, were diminished by the 

inclusion of the P-box mutation.  The individual activity was disrupted completely, while 

the binding of the pCAR-WT-PM/hRXRα dimer was reduced extensively.  Additionally, 

DNA binding was reduced in the presence of excess non-specific probe.  This suggests 

that the mutation may act by reducing binding as well as decreasing specificity, allowing 

for the non-specific probe to disrupt binding.  

     When the P-Box mutation is introduced to pCAR-SV2, the dominant negative effect 

was entirely disrupted, both on the constitutive and ligand induced activities of pCAR-

WT, as the luciferase activity was not significantly different than the activity seen with 

pCAR-WT in the absence of pCAR-SV2.  The EMSAs showed that pCAR-SV2 was 

capable of binding to the NR1 probe in the absence of hRXRα, albeit to a lesser extent 

than pCAR-WT.  This binding was augmented in the presence of hRXRα; again, this 

association was less than was seen with pCAR-WT.  Unlike pCAR-WT, binding of 
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pCAR-SV2/hRXRα to NR1 was not maintained in the presence of the non-specific 

competitive probe as extensively as it was with the pCAR-WT/hRXRα dimer.  This 

suggests that pCAR-SV2 may interact with hRXRα, but doing so disrupts RXR’s 

specificity, allowing for the non-specific probe to disrupt binding to NR1.  The 

introduction of the P-box mutation to pCAR-SV2 resulted in the loss of NR1 binding in 

the absence of hRXRα, though binding increased compared to pCAR-SV2 when hRXRα 

was present.   

      The differences in NR1 binding between pCAR-SV2 and pCAR-SV2-PM, 

specifically in that pCAR-SV2-PM is unable to bind the NR1 probe in the absence of 

hRXRα, supports the hypothesis that the dominant negative effect of pCAR-SV2 arises 

from DNA binding.  However, it appears that this alone may not be the entire basis of the 

effect, for pCAR-SV2 is unable to bind the NR1 probe as strongly as pCAR-WT.  

Additionally, it appears that the mutation of the P-Box stabilized interactions between 

hRXRα and the NR1 probe.  The basis of this effect likely arises through the dimerization 

interface contained within the DBD (Helsen et al., 2012).  This dimerization, which is 

secondary to the dimerization induced by the LBD, is required to ensure proper dimer 

positioning on the DNA response element, and is mediated by interactions between the 

D-box of the second zinc finger in the receptor DBD.  These interactions have been 

shown to occur in both homodimeric and heterodimeric nuclear receptor family members, 

including RXR (Zechel et al., 1994).  The P-box mutation introduced into pCAR-SV2-

PM may alter the tertiary structure of the splice variant DBD, altering dimerization with 

hRXRα, allowing for improved DNA binding. 
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     Though the hypothesis that pCAR-SV2 is capable of binding the CAR DNA response 

elements was shown to be true, it was found that dimerization with RXR may also play a 

role in the pCAR-SV2 dominant negative effect.  The EMSA results showed reduced 

NR1 probe binding by pCAR-SV2 in the presence of hRXRα, a reduction that was 

alleviated by the introduction of the P-box mutation.  Direct evidence of pCAR-

SV2/hRXRα interactions needs to be measured and the effects of the P-box mutation on 

these interactions studied, perhaps via GST pull-down assays or co-

immunoprecipitations.  These assays will be able to show if there are protein-protein 

interactions, and may give some insights into the relative strengths of the interactions, 

though other tests would have to be carried out to determine more precisely how well the 

RXR is bound.       
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Chapter 6: Determination of the molecular basis of the 

dominant positive effect of porcine pregnane X receptor (PXR) 

splice variant 1 

6.1 Abstract 

     During initial cloning of pPXR, an alternatively spliced variant, termed pPXR-SV1, 

was isolated and determined to have a dominant positive effect on pPXR-WT in 

luciferase reporter assays.  This study was designed to help determine the molecular 

mechanisms of the pPXR-SV1 dominant positive effect.  Based on the expected protein 

structure, with an altered ligand binding domain (LBD) and intact DNA binding domain, 

it was hypothesized the dominant positive effect arises from alterations in protein-protein 

interaction.  To determine if DNA binding plays a role in the dominant positive effect, a 

point mutation was introduced into the P-box in the first zinc-finger of the DNA binding 

domain (DBD) of pPXR-SV1; this mutation reduced the dominant positive effect of 

pPXR-SV1 to 78.9 ± 0.4% the activity seen with unmutated pPXR-SV1.  Electrophoretic 

mobility shift assays (EMSAs) using the DR3 sequence showed that the P-box mutation 

disrupted pPXR-WT DNA binding, with individual binding reduced by 88%, though 

binding as a dimer with hRXRα was unaffected.  pPXR-SV1 was unable to bind to the 

probe individually, and introduction of the P-box mutation did not affect dimer binding.  

Mutations were also made to residues in the charged clamp region of pPXR-SV1, which 

is a region involved in co-regulatory protein interactions.  The mutation of lysine 246 to 

alanine (K246A) completely abolished the pPXR-SV1 dominant positive effect, while 

not affecting the ability of pPXR-SV1/hRXRα to bind to DR3 in an EMSA.  Mutation of 
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lysine 264 to alanine (K264A) had no affect on the pPXR-SV1 dominant positive effect, 

though it did reduce the ability of both pPXR-WT and pPXR-SV1 to bind to the DR3 

probe as dimers with hRXRα.  It therefore appears that the dominant positive effect of 

pPXR-SV1 is dependent primarily on protein/protein interactions, specifically those that 

involve K246 of the charged clamp region that is involved in interactions with co-

regulatory proteins, however more research is needed to determine the specific co-

regulatory proteins involved in these interactions. 

Key words: PXR, splice variant, charged clamp, dominant positive  
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6.2 Introduction 

     The nuclear receptor pregnane X receptor (PXR) is one of the primary modulators of 

hepatic metabolism, co-ordinating the expression of a large number of hepatic enzymes.  

PXR co-ordinates expression of genes involved in all aspects of hepatic metabolism, 

allowing for effective metabolism and clearance of a large array of xenobiotics, as well as 

a significant number of endogenous compounds.  PXR controls phase I metabolism by 

regulating the expression of a large number of cytochrome P450s (CYPs), including 

members of the CYP2A, 2B, 2C, 2E, and 3A families (Blumberg et al., 1998; Kliewer et 

al., 2002).  The expression levels of a variety of phase II enzymes, responsible for 

conjugation of the compounds metabolized by the phase I enzymes, are also controlled by 

PXR, with transactivation of this nuclear receptor resulting in up-regulation of 

sulfotransferases 1A1 and 2A1 (SULT1A1, SULT2A1), a large number of glutathione-S-

transferases, and several UDP- glucuronosyltransferases, such as UGT1A1 (Duanmu et 

al., 2002; Knight et al., 2008; Sugatani et al., 2008).  These metabolic processes give rise 

to compounds with increased polarity, allowing for increased absorption into the blood 

and increased bodily clearance.  The movement from the liver to the blood stream is 

facilitated by several hepatic export pumps, several of which have their expression 

controlled by PXR, including organic anion transport protein 2 (OATP2), multidrug 

associated protein 2 (MRP2), and multidrug resistance protein 1 (p-glycoprotein, MDR1) 

(Song et al., 2004; Kliewer et al., 2002).  Due to its role in co-ordinating the expression 

of proteins at all levels of hepatic metabolism and bodily clearance, PXR is a potentially 

important target for altering hepatic metabolism leading to clearance of unwanted 

compounds. 
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     In pigs, the control of boar taint, which is the accumulation androstenone and skatole, 

is one of the potential targets for transactivation of PXR.  Transactivation of PXR results 

in a significant increase in hepatic androstenone metabolism (Gray and Squires, 2013B); 

however it also results in increased testicular production of androstenone (Gray and 

Squires, 2013A).  As such, the potential for PXR transactivation to alter boar taint levels 

through hepatic metabolism may be negatively offset by induction of testicular 

androstenone formation.  The effects of PXR transactivation may also be affected by the 

generation of alternatively spliced variants that are able to alter the activity of the wild-

type receptor.  In pigs, five alternatively spliced variants were cloned alongside the wild-

type receptor (Pollock et al., 2007); testing of these receptor variants revealed they were 

present at varying percentages of total pPXR.  These pPXR splice variants could not 

induce transcription; however co-transfection of pPXR-SV1 alongside the wild-type 

receptor (pPXR-WT) increased pPXR-WT activity at inclusion levels found in vivo (Gray 

et al., 2010).  Therefore, the ability of pPXR transactivation to induce changes in boar 

taint may be affected by the level of expression of pPXR-SV1. 

     The molecular mechanism by which pPXR-SV1 exerts its dominant positive effect is 

currently unknown.  Unlike the dominant negative effect shown by pCAR-SV2 (Gray et 

al., 2009), which is present in several nuclear receptor splice variants, dominant positive 

receptor variants, like pPXR-SV1, have been rarely isolated.  Several dominant positive 

receptor variants have been isolated for the human estrogen receptor α (ERα).  One of 

significant interest is termed the exon-5 ERα splice variant (Δ5ERα) since it lacks the 

fifth exon of the receptor (Chaidarun and Alexander, 1998).   The loss of this exon 

generates a truncated protein lacking the ligand binding domain and AF-2 domain; in 
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receptors reliant on forming heterodimers with the retinoid X receptor (RXR), this type of 

deletion generally generates a dominant negative effect (Kocarek et al., 2002).  In the 

case of ERα, the formation of a heterodimer with wild-type ERα results in a dominant 

positive effect; it is thought that this arises from increased DNA binding ability and 

increased interactions with transcription co-activator proteins (Chaidarun and Alexander, 

1998).  These increased interactions may also be the basis of the pPXR-SV1 dominant 

positive effect. Although the loss of the AF-2 domain and part of the ligand binding 

domain might result in a dominant negative effect, there is evidence of the formation of 

PXR-RXR heterotetramers (Noble et al., 2006).  Thus, the pPXR-SV1 splice variant may 

stabilize the heterotetramer in the same manner as Δ5ERα is thought to stabilize its 

heterodimer with wild-type ERα, allowing for more efficient transcription initiation. 

     The dominant positive effect of pPXR-SV1 may also arise through altered co-

regulatory protein binding within a hypothetical pPXR-WT/pPXR-SV1/RXR 

heterotetramer.  Ligand bound PXR has been shown to interact with a wide array of co-

regulatory proteins, both those that promote gene transcription, such as peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) and steroid receptor 

coactivator 1 (SRC-1), and those that inhibit transcription, such as silencing mediator for 

retinoid or thyroid-hormone receptors (SMRT) and nuclear receptor co-repressor 1 

(NcOR-1) (Nuclear Receptor Signaling Atlas (NURSA), 2013).  The presence of pPXR-

SV1 may alter the ability of the hypothetical heterotetramer to recruit and bind co-

regulator proteins, resulting in the alterations in transcription seen in vitro.  Alternatively, 

pPXR-SV1 may exert its effect through sequestering of co-regulatory factors that would 
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decrease initiation of transcription by pPXR-WT, thereby allowing for increased 

transcription of genes targeted by pPXR-WT.     

     In order to test the hypothesis that pPXR-SV1 exerts its dominant positive effect 

through protein-protein interactions, mutations were made to key residues that are 

involved in interacting with other proteins.  Specifically, mutations were made to residues 

that are part of the “charged clamp” that are involved in binding of co-activator proteins, 

primarily SRC-1 (Watkins et al., 2003), with lysines 246 and 264 being mutated.  These 

residues are conserved between human and pig PXRs, and are present in both the wild-

type receptor and pPXR-SV1.   

 

6.3 Materials and Methods 

6.3.1 Generation of Mutant Plasmids 

     Mutant plasmids of pPXR-WT and pPXR-SV1 (Gray et al., 2010) were generated 

using the Change-IT Multiple Mutation Site Directed Mutagenesis Kit (USB 

Corporation, Cleveland, Ohio) following the manufacturer’s instructions.  P-Box mutants 

(PM) for each plasmid were generated by mutating glycine 49 to glutamic acid by using 

the primer pPXR-GC146AA-F (5’-PO4- 

CATGTGAAGGATGCAAGGAATTTTTCAGGAGGGCCATC-3’), generating pPXR-

WT-PM and pPXR-SV1-PM.  Mutations to the charged clamp region of pPXR-WT or 

pPXR-SV1 were generated by individually mutating lysine 246 (K246) or lysine 264 

(K264) to alanine (A), using the primers pPXR-AA736GC (5’-PO4-

GCATTATCAACTTTGCCGCAGTCATCTCCTACTTC-3’) or pPXR-AA790GC (5’-

PO4-GATCTCTCTGCTGGCGGGGGCCACCTTTG-3’), respectively. 
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6.3.2 Effects of P-Box mutations on pPXR-WT and pPXR-SV1 activities  

     To test the effects of each mutation on the activity of pPXR, human carcinoma 

(HepG2) cells were cultured in Eagle MEM (Earle’s balanced salt solution, non-essential 

amino acids, 1mM sodium pyruvate, 2mM L-glutamine, 1500 mg sodium bicarbonate/L) 

(ATCC, Manassas, VA) and supplemented with 10% FBS and 1% v/v 

penicillin/streptomycin (Invitrogen Corp., Burlington, ON) on 24-well plates at 1.0 x10
6
 

cells/well.  After 24 hours, the cells were transfected using Lipofectamine 2000 

(Invitrogen Corp., Burlington, ON) with plasmids as follows: pPXR-WT, pPXR-WT-PM, 

pPXR-WT-K246A, or pPXR-WT-K264A (250 ng/well), the XREM-3A4-tk-luciferase 

reporter plasmid (Goodwin et al., 1999) (250 ng/well), and the pRL-tk control plasmid (5 

ng/well), following the manufacturer’s instructions for 24-well plates.  Cells were 

incubated for 24 h before ligand supplemented media was applied, either rifampicin 

(RIF) (Sigma-Aldrich) or DMSO control.  RIF was dissolved in DMSO to 20 mM, and 

then diluted in plating media to 10 μM; DMSO was applied at 0.05% (v/v).  Both 

treatments were carried out in triplicate.  After 24 hours of ligand treatment, cells were 

washed with 1X PBS and lysed following the Dual-luciferase assay protocol (Promega, 

Madison, WI). Luminescence was detected using a Sirus single tube luminometer with 

dual injectors (Berthold Detection Systems, Oak Ridge, TN). 

To test the effects of the each of the mutations on pPXR-SV1, pPXR-WT and 

individual pPXR-SV1 mutants were co-transfected.  Cells were seeded as above and 24 

hours later transfected as follows: pPXR-WT (125 ng/well), XREM-3A4-tk-luciferase 

reporter plasmid (250 ng/well), pRL-tk (5 ng/well), and pPXR-SV1, pPXR-SV1-PM, 

pPXR-SV1-K246A, or pPXR-SV1-K264A (0.63, 0.875, 1.0, 1.125, 1.25, or 3.13 ng/well) 
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and pcDNA 3.1 empty vector for a total of 500 ng plasmid/well. Cells were treated with 

10 μM RIF or 0.05% DMSO (v/v) and the dual luciferase assay carried out as previously 

described.  

 

6.3.3 Electrophoretic mobility shift assays 

     The DNA binding abilities of pPXR-WT, pPXR-SV1, and their mutants were tested 

through EMSAs.  pPXR-WT, pPXR-WT-PM, pPXR-SV1, pPXR-SV1-PM, pPXR-WT-

K246A, pPXR-WT-K264A, pPXR-SV1-K246A, and pPXR-SV1-K264A were each 

amplified from the plasmids used for the dual-luciferase assays using Platinum Taq DNA 

Polymerase High Fidelity (Invitrogen Corp., Burlington, ON) with the following 

program: (94
o
C 2min [ 94

o
C 30 sec, 63

o
C 30 sec, 68

o
C 1.5 min ] x 35 cycles, 68

o
C 10 

min).  Each was amplified using primers that removed the stop codon, to generate V5/His 

tagged constructs.  pPXR-WT-V5, pPXR-WT-PM-V5, pPXR-WT-K246A-V5, and 

pPXR-WT-K264A-V5 were amplified using the forward and reverse primers 5’-

GCCATGCAATGCAATGAAACAGA-3’ and 5’-GCTTTCTGTGATGCTGAATAAC-

3’ respectively.  pPXR-SV1-V5, pPXR-SV1-PM-V5, pPXR-SV1-K246A-V5, and 

pPXR-SV1-K264A-V5 were amplified using the forward and reverse primers 5’-

GCCATGCAATGCAATGAAACAGA-3’ and 5’-GCATGGGCTGCAGGAGAA-3’ 

respectively.  The resulting PCR product was gel extracted and ligated into the 

pcDNA3.1/V5-His TOPO vector (Invitrogen Corp., Burlington, ON) following the 

manufacturer’s instructions. 

     The protein products of each of the V5/His plasmids were expressed using the TNT 

T7 Quick Coupled Transcription/Translation System (Promega, Madison, WI) following 
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the manufacturer’s instructions.  Additionally, human retinoid X receptor α (hRXRα) was 

expressed from pGEM-hRXRα (received as a gift from Dr. Masahiko Negishi, NIEHS, 

Research Triangle Park, North Carolina).  Binding incubations were carried out using 1.5 

μl of one of the in vitro expression reactions, in 5 mM tris-HCl, 25 mM NaCl, and 0.25 

mM DTT with 10% glycerol, 0.05 μg dI-dC, 0.05% NP-40, and 10 μM rifampicin.  The 

DR3 probe used was generated by annealing the sequences 5’-

GATCCTAGATGAACTTCATGAACTGTCTA-3’ and 5’-

GATCTAGACAGTTCATGAAGTTCATCTAG-3’, which were then labelled with 
32

P-

dATP (PerkinElmer, Waltham, Massachusetts) using Klenow fragment (Thermo 

Scientific).  Labelled probe (termed DR3) was added at 30000 cpm of activity in each 

binding reaction.  Individual reactions for each protein being tested included either no 

hRXRα, 1.5 μl of hRXRα expression reaction, 1.5 μl hRXRα and 500 ng of unlabelled 

DR3, or 1.5 μl hRXRα and 500 ng of unlabelled non-specific probe, which contained the 

sequence 5’-GTGATGACTCTATCCCTCCTGTCAGACAAC-3’. Reactions were 

incubated 20 minutes at room temperature, then separated on a 5% non-denaturing 

acrylamide gel at 180/V for 1.5 hours.  Gels were dried and X-ray film was exposed 

overnight at -70°C with an intensifying screen.   Individual bands were scanned using 

Northern Eclipse (Empix) and their densities quantified by Image J (NIH). 

 

6.3.4 Statistical Analysis 

     Statistical analysis was carried out using the Statistical Analysis System, version 9.1 

(SAS institute, Cary, NC, USA). Differences between pPXR-WT mutants and pPXR-WT 

activities were analyzed by Dunnett’s test; differences between the dominant positive 
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effects of the pPXR-SV1 mutants and those of pPXR-SV1 were also analyzed by 

Dunnett’s test.   

 

6.4 Results 

6.4.1 Effects of P-Box mutation on pPXR-SV1 gene transcription activities 

     A P-box mutation was introduced into pPXR-WT to ensure that this mutation disrupts 

DNA binding.  Introduction of the P-box mutation to pPXR-WT significantly reduced 

(p<0.05) transcription in a reporter assay, decreasing the luciferase ratio to the same level 

as the non-template control (Data not shown).  To test the ability of the P-Box mutant to 

disrupt the dominant positive effect of pPXR-SV1, dual-luciferase assays where pPXR-

WT and pPXR-SV1-PM were co-transfected were carried out. The introduction of the P-

Box mutation to pPXR-SV1 resulted in a significant difference between pPXR-SV1 and 

pPXR-SV1-PM at the 2.5% inclusion level, with a significant (p<0.05) reduction in the 

dominant positive effect to 78.9 ± 0.4% of the pPXR-SV1 effect (Figure 6-1). 
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Figure 6-1 Effects of introduction of a P-box mutation (G49E) to pPXR-SV1.  Luciferase 

ratios were normalized to the 0% inclusion level for pPXR-SV1 (white) and the mutant 

pPXR-SV1-PM (grey) transfected at various inclusion levels alongside pPXR-WT.  Cells 

were treated with RIF.  Normalized luciferase ratios that are significantly different 

(p<0.05) to the 0% inclusion level are denoted by (*).  pPXR-SV1-PM inclusion levels 

that result in significantly different (p <0.05) normalized luciferase ratio compared to 

pPXR-SV1 at the same inclusion level are denoted by (♦).  
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6.4.2 Effects of charged clamp mutations on pPXR-WT and pPXR-SV1 

       Introduction of each of the charged clamp mutations to pPXR-WT resulted in 

significant (p<0.05) decreases in receptor activity in a dual luciferase assay (Figure 6-2).  

The presence of the K246A mutation resulted in a complete loss of pPXR-WT activity, 

with 7.5 ± 3.0% of the activity seen with pPXR-WT; this level of activity is the same as 

is seen with the non-template controls.  The introduction of the K264A mutation to 

pPXR-WT resulted in a decrease of activity to 24.9 ± 6.4% of pPXR-WT activity. 

     The effects of the charged clamp mutations on pPXR-SV1 were studied by co-

transfecting the mutated pPXR-SV1 plasmids alongside pPXR-WT.  The introduction of 

the K246A mutation to pPXR-SV1 resulted in a complete loss of the dominant positive 

effect, with significant (p<0.05) differences to the pPXR-SV1 dominant positive effects 

being seen at inclusion levels of 0.9, 1.0, and 2.5 percent inclusion rates (Figure 6-3).  

The normalized luciferase ratios for pPXR-SV1-K246A were never significantly 

different from the 0% inclusion level.  Introduction of the K264A mutation to pPXR-SV1 

had no effect on the pPXR-SV1 dominant positive effect (Figure 6-3). 
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Figure 6-2 Effects of introduction of charged clamp mutations to pPXR-WT.  Dual 

luciferase rations for pPXR-WT, pPXR-WT-K246A, and pPXR-WT-K264A with RIF 

treatments.  Mutant dual luciferase ratios that are significantly different (p<0.05) to the 

pPXR-WT ratio with the same treatment are denoted by (♦).    
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Figure 6-3 Effects of introduction of charged clamp mutations to pPXR-SV1.  Luciferase 

ratios were normalized to the 0% inclusion level for pPXR-SV1 (white), pPXR-SV1-

K246A (grey), and pPXR-SV1-K264A (diagonal lines) transfected  at various inclusion 

levels alongside pPXR-WT.  Cells were treated with RIF.  Normalized luciferase ratios 

that are significantly different (p<0.05) from the 0% inclusion level are denoted by (*).  

Mutant pPXR-SV1 inclusion levels that result in significantly different (p> 0.05) 

normalized luciferase ratio compared to pPXR-SV1 at the same inclusion level are 

denoted by (♦). 
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6.4.3 DNA binding ability of pPXR-WT, pPXR-SV1, and their mutants 

     The abilities of pPXR-WT, pPXR-SV1, and their mutants to bind to the DR3 response 

element were tested using EMSAs.  pPXR-WT bound the DR3 probe in the absence of 

hRXRα, while addition of hRXRα increased the binding to 161±18% of the binding seen 

with pPXR-WT alone; this was maintained in the presence of the non-specific probe 

(Figure 6-4).  Introduction of the P-Box mutation to pPXR-WT (pPXR-WT-PM) reduced 

individual binding to the probe to 12±1% that seen with pPXR-WT only, though with the 

addition of hRXRα pPXR-WT-PM was able to bind the probe at the same level as seen 

with pPXR-WT/hRXRα (Figure 6-4).    The addition of excess unlabelled DR3 probe 

disrupted pPXR-WT/hRXRα and pPXR-PM/hRXRα binding completely. 

    pPXR-SV1 was unable to bind to DR3 probe, though the addition of hRXRα 

increased binding to the same level as seen with pPXR-WT/hRXRα; addition of the non-

specific probe did not alter this binding (Figure 6-4).  Introduction of the P-Box mutation 

to pPXR-SV1 had no effect on the binding of the DR3 probe in the presence of hRXRα.  

Addition of excess unlabelled DR3 completely disrupted binding of labelled DR3 by both 

pPXR-SV1/hRXRα and pPXR-SV1-PM/hRXRα.   

     The effects on DNA binding of the two mutations made to the co-activator interacting 

residues of pPXR-WT and pPXR-SV1 were also tested by EMSA, to determine if the 

activity seen in the luciferase assays was correlated with DNA binding.  The K246A 

mutation had no effect the ability of either pPXR-WT or pPXR-SV1 to bind to the DR3 

probe in the presence of hRXRα, though pPXR-WT-K246A was unable to bind to the 

probe individually (Figure 6-5).  The introduction of the K264A mutation had a greater 

effect on the binding of the DR3 probe.  pPXR-WT-K264A was unable to bind to the 
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probe individually.  In the presence of hRXRα, binding of the probe was not altered from 

that seen with pPXR-WT/hRXRα; however binding was reduced in the presence of the 

non-specific probe to 21±3% of the binding seen in the absence of the non-specific probe 

(Figure 6-5).  When introduced to pPXR-SV1, this same mutation reduced binding of the 

probe in the presence of hRXRα to 69±6% of that seen with pPXR-SV1/hRXRα.  The 

presence of the non-specific probe further reduced binding to 84±8% that seen with 

pPXR-SV1-K264A/hRXRα in the absence of the non-specific probe. 
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 pPXR-WT pPXR-WT-PM pPXR-SV1 pPXR-SV1-PM 
Density SE Density SE Density SE Density SE 

- hRXRα 5627 392 687 62 481 31 804 53 

+ hRXRα 9067 815 8399 755 9045 591 9612 628 
Non-

Specific 

Probe 
8716 783 8924 802 8874 580 9209 602 

Excess 

DR3 
251 23 561 50 228 15 549 36 

 

Figure 6-4 EMSAs of in vitro translated pPXR-WT, pPXR-SV1, and P-box mutations of 

each, binding to radiolabelled DR3 probe. (A) Gel shift of reactions with in vitro 

translated hRXRα, excess non-specific probe, and excess unlabelled DR3 probe added as 

indicated.  Figure representative of three independent experiments. (B) Average 

densitometry data, with standard errors, for three sets of EMSAs. 
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 pPXR-WT-

K246A 
pPXR-WT-

K264A 
pPXR-SV1-

K246A 
pPXR-SV1-

K264A 
Density SE Density SE Density SE Density SE 

- hRXRα 924 83 470 42 585 38 544 36 
+ hRXRα 9605 863 8462 760 9491 620 6264 409 

Non-

Specific 

Probe 8844 795 1795 161 8867 579 5233 342 
Excess 

DR3 310 28 45 4 485 32 100 7 

 

Figure 6-5 EMSAs of in vitro translated pPXR-WT-K246A, pPXR-WT-K264A, pPXR-

SV1-K246A, and pPXR-SV1-K264A, binding to radiolabelled DR3 probe.  (A) Gel shift 

reactions with in vitro translated hRXRα, excess non-specific probe, and excess 

unlabelled DR3 probe added as indicated.  Figure representative of three independent 

experiments. (B) Average densitometry data, with standard errors, for three sets of 

EMSAs. 

  

B 
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6.5 Discussion 

     During initial cloning of pPXR, a total of 6 alternatively spliced variants were 

isolated, of which 5 were expressed at significant levels (Pollock et al., 2007).  These 5 

variants were further tested to determine how the alternative splicing affected the ability 

to induce transcription in a luciferase assay (Gray et al., 2010) and it was found that all of 

the pPXR variants lacked transcription activity.  This is as would be expected based on 

the proposed protein structures of the variants, which all had alterations in the majority of 

the LBD, or lacked the LBD completely; as such, the variants would not be expected to 

bind to ligands.  The variants were further investigated to determine if they could affect 

the activity of pPXR-WT.  It was found that three of the variants affected pPXR-WT 

transcription in a dominant positive manner, significantly increasing the transcription in a 

luciferase assay (Gray et al., 2010).  Of these variants, only pPXR-SV1 was found to 

exert a dominant positive effect at an inclusion level that was within the range of 

expression seen in liver.  

     Though the dominant positive effect of pPXR-SV1 has been shown, the molecular 

mechanism by which it exerts this effect has yet to be described.  This work was designed 

to determine what structural elements are required in pPXR-SV1 for it to alter the activity 

of pPXR-WT.  Based on the proposed protein structure of pPXR-SV1, it was 

hypothesized that the dominant positive effect arises through protein-protein interactions, 

potentially with co-regulatory proteins.  Though it maintains an intact DBD, it was not 

expected that binding of DNA plays a role in the generation of the dominant positive 

effect of pPXR-SV1, since C-terminal variants of nuclear receptors that are capable of 

interacting with DNA generate a dominant negative effect (van der Vaart and Schaaf, 
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2009).  This was tested by introducing a mutation to the P-box of the DBD, which would 

disrupt the DBD and inhibit DNA binding.  The introduction of this mutation to pPXR-

WT disrupted its ability to induce transcription in a luciferase assay, and disrupted the 

binding of pPXR-WT to DNA individually.  It had no effect on the DNA binding of the 

pPXR-WT/RXR dimer, suggesting that the loss of transcriptional activity arises from 

altered dimer conformation, for DNA binding is maintained through the RXR 

component.  When introduced to pPXR-SV1, which was unable to bind to DNA 

individually, there was a significant 20% reduction in the dominant positive effect, 

though it did not appear to be completely abolished.  Like pPXR-WT, the binding of the 

pPXR-SV1/RXR dimer was not disrupted by the P-box mutation; this suggests that DNA 

binding of the dimer but not of pPXR-SV1 itself may play a role in the dominant positive 

effect.  Rather, the conformation of the dimer, which can be disrupted by the P-box 

mutation, is important and the DNA binding through RXR may be a means of situating 

pPXR-SV1 in the correct DNA region to exert its effect.   

     pPXR-SV1 maintains many of the protein interaction domains that do not rely on 

ligand binding, including dimerization interfaces and several co-regulatory interacting 

regions.  Based on sequence homology between pPXR and human PXR, it was found that 

two conserved residues involved in interactions with SRC-1 were maintained in pPXR-

SV1, being K246 and K264.  These residues correspond to K259 and K277, respectively, 

in the charged clamp of hPXR, which have been shown to be involved in interactions 

with SRC-1 (Watkins et al., 2003).  Both K246 and K264 were individually mutated to 

alanine in both pPXR-WT and pPXR-SV1, to determine their effects on pPXR-WT 

transcription and the pPXR-SV1 dominant positive effect.  In pPXR-WT, it was found 
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that the K246A mutation reduced luciferase activity to the same level as the non-template 

control, while the K264A mutation reduced transcription to 24.9 ± 6.4% that seen in 

pPXR-WT.  This suggest that K246 is the more important residue in interactions with co-

regulatory proteins, which is supported by the fact K259 in hPXR has been shown to 

make contacts with many SRC-1 residues, while K277 makes a single contact (Watkins 

et al., 2003).  Therefore, it would be expected that the K246A mutation would have a 

greater effect on the pPXR-SV1 dominant positive effect than the K264A mutation, if the 

effect was dependent on interactions with co-regulatory proteins; it was found that this 

was the case. Interestingly, the K264A mutation reduced the ability of pPXR-SV1/RXR 

to bind to the DR3 probe in an EMSA, and decreased the ability of pPXR-WT/RXR to 

maintain probe binding in the presence of excess non-specific probe.  This suggests that 

the K264 may play a role in protein stability on the DNA, and the mutation of this residue 

decreases this stability. 

     The hypothesis that protein-protein interactions, potentially with co-regulatory 

proteins, are the basis of the pPXR-SV1 dominant positive effect was confirmed in this 

work, but the nature of these interactions has yet to be determined.  The effect could arise 

through stabilization of the transcriptional machinery complexes via interactions with co-

activator proteins, or through interactions with pPXR-WT itself.  There has been some 

evidence that PXR can potentially form homodimers, or even heterotetramers with RXR 

(Noble et al., 2006).  The PXR homodimer is generated through the formation of a weak 

tryptophan zipper, which could potentially be maintained in the presence of RXR, for the 

PXR/RXR dimerization interface is distinct from the PXR/PXR dimerization interface.  

The residues involved in the PXR/PXR dimer interface are not lost in pPXR-SV1, and it 
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could potentially interact with pPXR-WT.  These interactions may occur in a DNA-

binding independent fashion, for the presence of a PXR/RXR heterotetramer was not 

indicated in EMSAs previously (Noble et al., 2006).  Therefore, the presence of pPXR-

SV1 may allow for increased recruitment of co-activator proteins to pPXR-WT through a 

pPXR-SV1/pPXR-WT dimer, and disruption in the ability to interact with co-activator 

proteins by the K246A mutation is sufficient to negate the dominant positive effect. 

     The potential protein-protein interactions, both to pPXR-WT and to co-activator 

proteins, by pPXR-SV1 need to be experimentally confirmed.  This can be determined 

through either GST-pull downs or co-immunoprecipitation assays.  For interactions 

between pPXR-SV1 and other proteins, such as pPXR-WT or SRC-1, the proteins could 

be generated in vitro and their interactions studied.  This should be carried out with both 

pPXR-SV1 as well as with the pPXR-SV1-K246A mutant, to determine how the 

interactions alter with the K246A mutation.  It may also be beneficial to carry out a two-

hybrid assay employing the LBD from pPXR-WT and the alternative LBD from pPXR-

SV1 to determine if they are able to interact through the proposed PXR/PXR 

dimerization interface.  A pPXR-WT/pPXR-WT two-hybrid could be used as a control, 

to determine if the interactions with pPXR-SV1 are stronger than seen in the pPXR-WT 

dimer. 

     This work was carried out to determine the potential molecular mechanisms by which 

pPXR-SV1 exerts its dominant positive effect on pPXR-WT.  It was found that disruption 

of the P-box in the DBD of pPXR-SV1 did reduce the dominant positive effect 

somewhat, though mutation of K246 to alanine was able to completely abolish the 

dominant positive effect.  This suggests that interactions with co-regulatory proteins via 
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the charged clamp region, which K246 is an important residue in, plays an important role 

in the dominant positive effect of pPXR-SV1.  The interactions with co-activator 

proteins, such as SRC-1, as well as potential interactions with pPXR-WT, need to be 

studied further, to help to fully determine the molecular basis of the pPXR-SV1 dominant 

positive effect. 
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Chapter 7: Determination of the molecular basis of the 

dominant positive effect of porcine farnesoid X receptor (FXR) 

splice variant 1 

7.1 Abstract 

     During initial cloning of pFXR several alternatively spliced were isolated alongside 

the wild-type receptor.  It was found that one of these variants, pFXR-SV1, was 

transcriptionally active, and also exerted a significant dominant positive effect on pFXR-

WT in a luciferase reporter assay.  This study was designed to determine how the four 

amino acid (MYTG) insert that differentiates pFXR-SV1 from pFXR-WT causes the 

dominant positive effect.  Individual point mutations were introduced into the insert, 

mutating each of the first three amino acids to alanine.  Mutations of each of the amino 

acids reduced individual transcription ability, with mutations of the tyrosine or threonine 

to alanine generating the greatest effects.  The tyrosine was also mutated to 

phenylalanine, which is a phosphonegative mimic of tyrosine; this also reduced the 

ability of pFXR-SV1 to induce transcription.  Each of the mutations carried out also 

affected the ability of pFXR-SV1 to exert its dominant positive effect on pFXR-WT.  The 

mutations of the methionine or threonine to alanine reduced the dominant positive effect, 

but did not fully abolish it.  The mutations to the tyrosine residue, to both alanine and 

phenylalanine, completely abolished the dominant positive effect.  The loss of the 

dominant positive effect with the tyrosine to phenylalanine mutation suggests the effect is 

dependent on the phosphorylation status of this tyrosine.  

Keywords: FXR, dominant positive, point mutation, tyrosine phosphorylation 
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7.2 Introduction 

     Bile acid homeostasis is regulated by the farnesoid X receptor (FXR), a member of the 

nuclear receptor family of transcription factors.  This orphan receptor was initially 

identified using probes corresponding to the P-box sequence that is highly conserved in 

all nuclear receptor family members (Forman et al., 1995).   This receptor, when tested in 

in vitro luciferase assays, was initially found to be transactivated by farnesols; further in 

vitro testing identified bile acids as the primary FXR ligands, with both primary and 

secondary bile acids being able to transactivate FXR (Makishima et al., 1999; Parks et 

al., 1999).  As it was further investigated, the functional role of FXR was uncovered:  the 

primary co-ordinator of bile acid homeostasis.  It fulfills this role by regulating 

expression of the enzymes that metabolize bile acids, and inducing export and bodily 

clearance of the resulting metabolites (Wang et al., 2008B).   

     Due to its role in regulating bile acid metabolism, FXR is highly expressed in the 

liver.  This extensive expression in the liver has led to FXR being involved in several 

hepatic processes, including hepatoprotection through inhibition of inflammation 

pathways that can lead to tumor formation, and regeneration of damaged hepatic tissue 

(Wang et al., 2008B).  The role of FXR has also been expanded to include control of the 

metabolism of a variety of compounds, which it does through regulation of expression of 

enzymes such as cytochrome P450 3A4 (CYP3A4), hydroxysteroid sulfotransferase 

(SULT2A1), and UDP-glucuronosyltransferase 2B4 (UGT2B4) (Zollner et al., 2010).  

Though the expression of these genes is up regulated by FXR due to their roles in bile 

acid metabolism, they are not restricted to functioning in this capacity; for instance, 

CYP3A4 is responsible for metabolizing greater than 30% of clinical drugs, as well as a 
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large array of other xenobiotics and several endogenous steroids (Zanger and Schwab, 

2013).  As such, FXR may be able to control the metabolism of many compounds, both 

xenobiotic and endogenous. 

     In pigs, controlling the hepatic metabolism of several compounds is of interest to 

producers, to help improve meat quality.  Two such compounds, 5α-androstenone and 

skatole, which are responsible for boar taint, are partially controlled through hepatic 

metabolism.  Activation of pFXR increases the production of 6-hydroxyskatole (6-OH-

3MI), a metabolite that is correlated with skatole clearance and decreased boar taint 

levels (Gray and Squires, 2013B).  This metabolism may be affected by the production of 

alternative splice variants of pFXR during mRNA processing.  During initial pFXR 

cloning, five alternatively spliced variants were identified; of these, only pFXR-SV1 was 

found to be able to affect wild-type pFXR (pFXR-WT) activity, doing so in a dominant 

positive fashion (Gray et al., 2010).   

      While the pFXR-SV1 dominant positive effect has been exhibited in vitro, the 

potential in vivo effects have not been investigated, and neither have the molecular 

mechanisms that are the basis of this effect.  Since pFXR-SV1 differs from pFXR-WT by 

only 4 amino acids, the basis for the dominant positive effect must be within the inserted 

amino acids.  This insert has also been identified in splice variants of both human and 

mouse FXR.  In human FXR, the insert causes a 10 fold decrease in the splice variants 

ability to transactivate a luciferase reporter containing the FXR response element from 

the human ileal bile acid binding protein (I-BABP) gene (Huber et al., 2002).  This 

reduction in activity may be gene dependent, because the mouse variant FXR containing 

the 4 amino acid insert was found to have a similarly reduced ability to initiate 
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transcription of a reporter containing the mouse I-BABP response element, though the 

reduction in transcription of a mouse bile salt export pump (BSEP) reporter was less 

severe, as was transcription of a small heterodimer partner (SHP) reporter (Zhang et al., 

2003).  The reduced activity due to the four amino acid insert, including that seen with 

pFXR-SV1 (Gray et al., 2010), may be target gene dependent. This suggests that the 

insert may play a role in preferential gene control; this role may be further aided by the 

dominant positive effect described for pFXR. 

     The molecular basis for how pFXR-SV1 exerts a dominant positive effect on pFXR-

WT may be dependent on stabilizing or increasing protein-protein interactions between 

FXR and transcription co-activator proteins.  In order for this to result in a dominant 

positive effect, the variant has to interact with the wild-type receptor in a protein 

complex; potentially they could form a heterotetramer with RXR, as has been exhibited 

for the human pregnane X receptor (hPXR) (Noble et al., 2006).  Disruption of the ability 

of hPXR to form heterotetramers was found to reduce recruitment of steroid receptor co-

activator 1 (SRC-1), one of the primary co-activator proteins for many nuclear receptors.  

To test the role of the four amino acid insert plays in the dominant positive effect of 

pFXR-SV1, each of the first three amino acids will be mutated to alanine; the fourth, 

glycine, already has the same charge and polarity as alanine, and as such a mutation is not 

necessary.  The second amino acid, tyrosine, will be also mutated to phenylalanine, to 

reserve the bulk of the benzyl ring, while being a phosphonegative mimic for tyrosine.  

Each of these mutants will be tested in a luciferase reporter assay, being transfected 

alongside the wild-type receptor, to determine the effect each amino acid change has on 

the dominant positive effect of pFXR-SV1.   
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7.3 Materials and Methods 

7.3.1 Generation of Mutant Plasmids 

     Mutant plasmids of pFXR-WT and pFXR-SV1 were generated from plasmids 

previously generated (Gray et al., 2010) using the Change-IT Multiple Mutation Site 

Directed Mutagenesis Kit (USB Corporation, Cleveland, Ohio) following the 

manufacturer’s instructions.  Mutations to the unique 4 amino insert (MYTG) of pFXR-

SV1 were generated by individually mutating methionine 207 (M), tyrosine 208 (Y), or 

threonine 209 (T) to alanine (A), using the primers pFXR-SV1-AT619GC (5’-PO4-

GAATGTTGGCTGAATGTGCGTATACAGGCTTGTTAAC-3’), pFXR-SV1-

TA622GC (5’-PO4-GTTGGCTGAATGTATGGCTACAGGCTTGTTAACTG-3’), or 

pFXR-SV1-A625G (5’-PO4-GGCTGAATGTATGTATGCAGGCTTGTTAACTG-3’), 

respectively, generating pFXR-SV1-AYTG, pFXR-SV1-MATG, and pFXR-SV1-

MYAG.  An additional mutant plasmid was generated by mutating tyrosine 208 to a 

phenylalanine (F) using the primer pFXR-SV1-A623T (5’-PO4-

GTTGGCTGAATGTATGTTTACAGGCTTGTTAACTG-3’), generating pFXR-SV1-

MFTG. 

 

7.3.2 Effects of MYTG mutations on pFXR-SV1 

     To test the effects of the each of the mutations on the activity of pFXR-SV1, pFXR-

WT and individual pFXR-SV1 mutants were co-transfected.  Human carcinoma (HepG2) 

cells were cultured in Eagle MEM (Earle’s balanced salt solution, non-essential amino 

acids, 1mM sodium pyruvate, 2mM L-glutamine, 1500 mg sodium bicarbonate/L) 

(ATCC, Manassas, VA) and supplemented with 10% FBS and 1% v/v 
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penicillin/streptomycin (Invitrogen Corp., Burlington, ON) on 24-well plates at 1.0 x10
6
 

cells/well.  After 24 hours, the cells were transfected using Lipofectamine 2000 

(Invitrogen Corp., Burlington, ON) with plasmids as follows: pFXR-WT (125 ng/well), 

IR-1-tk-luciferase reporter plasmid (250 ng/well), pRL-tk (5 ng/well), an individual 

pFXR-SV1 mutant plasmid (0.63, 0.875, 1.0, 1.125, 1.25, 3.13 ng/well), and pcDNA 3.1 

empty vector for a total amount of 500 ng plasmid/well, following the manufacturer’s 

instructions for 24-well plates.  Cells were incubated for 24 h before ligand supplemented 

media was applied, either chenodeoxycholic acid (CDCA) (Sigma-Aldrich Inc., St. 

Louis, MO) or DMSO control.  CDCA was dissolved in DMSO to 200 mM, and then 

diluted in plating media to 100 μM; DMSO was applied at 0.05% (v/v).  Both treatments 

were carried out in triplicate.  After 24 hours of ligand treatment, cells were washed with 

1X PBS and lysed following the Dual-luciferase assay protocol (Promega, Madison, WI). 

Luminescence was detected using a Sirus single tube luminometer with dual injectors 

(Berthold Detection Systems, Oak Ridge, TN). 

 

4.3.7 Statistical Analysis 

    Statistical analysis was carried out using the Statistical Analysis System, version 9.1 

(SAS institute, Cary, NC, USA). Differences between the effects of each mutation on the 

activity of pFXR-SV1, as well as the differences between the dominant positive effects of 

each pFXR-SV1 mutant and the dominant positive effect for un-mutated pFXR-SV1, 

were analyzed by Dunnett’s test.   
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7.4 Results 

7.4.1 Effects of MYTG mutations on pFXR-SV1 gene transcription activities 

     The individual amino acids that make up the insert (MYTG) in pFXR-SV1 were 

mutated to alanine, in order to determine which were required to elicit the pFXR-SV1 

dominant positive effect.  Additionally, the tyrosine (Y) was mutated to phenylalanine 

(F), which is a non-phosphoralatable mimic for tyrosine.  It was found that each of the 

individual mutations resulted in significant (p<0.05) decreases in the ability of pFXR-

SV1 to initiate transcription when each mutant protein was expressed individually 

(Figure 7-1). The methionine mutation (AYTG) reduced transcription to 73.7 ± 5.3% of 

that seen with un-mutated pFXR-SV1, the tyrosine mutation (MATG) to 52.3 ± 8.1%, 

and the threonine mutation (MYAG) to 46.9 ± 8.9%.  Mutation of the tyrosine to 

phenylalanine (MFTG) reduced transcription to 79.8 ± 3.7% of that seen with the un-

mutated pFXR-SV1.  

     Each individual pFXR-SV1 MYTG mutations were tested to determine if they 

affected the ability of pFXR-SV1 to have a dominant positive effect on pFXR-WT.  It 

was found that each of the mutations did significantly alter the dominant positive effect, 

though each did so differently (Figure 7-2).  The AYTG mutation significantly (p<0.05) 

reduced the dominant positive effect at inclusion levels of 0.7%, 0.8%, and 0.9%, but by 

1.0% inclusion the dominant positive effect had returned at a level not significantly 

different than seen with pFXR-SV1 at the same inclusion level.  The MATG and MFTG 

mutations significantly decreased the dominant positive effect at all inclusion levels, with 

no significant difference from the 0.0% inclusion level.  The MYAG mutation had 

significant reductions in the dominant positive effect for the inclusion levels 0.8% 
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through 2.5%, compared to pFXR-SV1, though at the 2.5% inclusion level the 

normalized luciferase ratio was significantly (p<0.05) higher than the 0.0% inclusion 

level.    
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   Figure 7-1 Effects of introduction of individual mutations to the pFXR-SV1 MYTG 

insert.  Luciferase ratios for each mutation were normalized to the luciferase ratio for 

pFXR-SV1 (MYTG).  Normalized luciferase ratios for mutants that are significantly 

different (p<0.05) from the pFXR-SV1 ratio are denoted by (*).  (n=12). 
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Figure 7-2 Effects of individual mutations to the MYTG insert on the dominant positive 

effect of pFXR-SV1.  Luciferase ratios, normalized to the 0% inclusion level, for pFXR-

SV1 (MYTG)) and the individual pFXR-SV1 mutations transfected at various inclusion 

levels alongside pFXR-WT.  Cells were treated with CDCA.  Normalized luciferase 

ratios for mutations that are significantly different (p<0.05) from the 0% inclusion level 

are denoted by (*).  pFXR-SV1 mutations that result in significantly different (p< 0.05) 

normalized luciferase ratio compared to pFXR-SV1 at the same inclusion level are 

denoted by (♦).  (n=12).   
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7.5 Discussion 

     This work was carried out to determine the molecular mechanisms by which pFXR-

SV1 exerts a dominant positive effect on pFXR-WT.  This splice variant is differentiated 

from pFXR-WT by the addition of only 4 amino acids at the C-terminal end of the DNA 

binding domain.  This insert is also found in FXR of both humans and mice (Huber et al., 

2002; Zhang et al., 2003).  In humans the inclusion of this insert results in a significantly 

reduced ability of FXR to initiate transcription of a luciferase reporter (Huber et al., 

2002); in mouse, this loss of transcriptional activity was shown to be dependent on the 

promoter used for the luciferase assay (Zhang et al., 2003).  However, the potential 

effects of the variants on the wild-type receptors were assessed in mouse or human; the 

porcine pFXR-SV1 dominant positive effect has not been identified in other species. 

     The MYTG insert is located within the C-terminal extension (CTE) of the DBD of 

pFXR-SV1.  In Class II nuclear receptors, such as FXR, this section of the DBD forms an 

α-helix that makes contact with the DNA backbone and helps to stabilizes the nuclear 

receptor dimer on the DNA (Melvin et al., 2002). This region of the receptor is also 

involved in dimerization with RXR, ensuring proper dimer conformation for positioning 

on the DNA RE.  The introduction of the MYTG mutation, and the resulting extension to 

the CTE, may result in an altered dimer conformation which affects DNA binding 

properties and co-regulatory protein recruitment.  These alterations may explain the 

differences in the activities of hFXR and mFXR isoforms containing the insert in 

luciferase assays employing reporters containing REs from different FXR target genes.  

     The effects of the MYTG insert were investigated initially by individually mutating 

each of the first three residues to alanine.  This was done to remove any charges or 
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polarity, to assess the importance of these particular residues on the dominant positive 

effect.  This mutation to alanine was not applied to glycine at the C-terminal end of the 

insert, since it already lacks a charge and specific polarity.  Additionally, the tyrosine 

residue was mutated to phenylalanine; this mutation was carried out to maintain the 

molecular bulk of tyrosine's phenyl ring, while removing the hydroxyl group that can act 

as a phosphorylation point.  It was found that mutations to the tyrosine residue resulted in 

loss of the dominant positive effect of pFXR-SV1on pFXR-WT.  The mutation to alanine 

was the more disruptive mutation, suggesting that the loss of the phenyl ring disrupts 

protein folding sufficiently to inhibit the dominant positive effect.  This type of disruption 

likely also explains the decreased dominant positive effect seen with the AYTG mutant 

and the MYAG mutant, though the phosphorylation status of the threonine may also play 

a role.  These mutations indicate that the entire structure of the insert is important for 

pFXR-SV1 to fully exert its dominant positive effect, though the presence of the tyrosine 

phosphorylation site may potentially play an important role. 

     The potential importance of phosphorylation of pFXR-SV1 to generate the dominant 

positive effect suggests that protein-protein interactions may be the basis of this effect.  

These interactions may involve the phosphorylated species of pFXR-SV1 interacting 

directly with pFXR-WT.  This would explain how the dominant positive effect appears to 

be pFXR-WT specific; if the interactions were with co-regulatory proteins or the basal 

transcriptional machinery, the effect would be expected to affect pFXR-SV1 

transcriptional activation as well.  Since the dominant positive effect is exerted on pFXR-

WT specifically, this suggests that pFXR-SV1 interacts more favourably with pFXR-WT 

than pFXR-SV1.  There is some evidence that the phosphorylated pFXR-SV1 species 
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may exert an effect on unphosphorylated pFXR-SV1, in that there was a significant loss 

in transcription of the luciferase reporter when the tyrosine was mutated to phenylalanine.  

It may be that the phosphorylated species of pFXR-SV1 may exert a less potent dominant 

positive effect on non-phosphorylated pFXR-SV1 than it does on pFXR-WT.  To test if it 

does affect pFXR-SV1 activity, the MFTG mutant could be substituted for pFXR-WT in 

the luciferase assays used to test the dominant positive effect, then pFXR-SV1 expressed 

at the same inclusion levels used previously, in the presence of protein tyrosine 

phosphatase inhibitors, to ensure pFXR-SV1 phosphorylation.  This would indicate the 

potential effect phosphorylated pFXR-SV1 has on non-phosphorylated pFXR-SV1.  The 

potential protein-protein interactions need to be investigated further to determine if these 

speculations are true.  Either GST pull-down assays or co-immunoprecipitation assays 

could be carried out to study these interactions, though phosphorylation of the tyrosine 

would have to be ensured.  This could be accomplished by incubating purified pFXR-

SV1 with a protein tyrosine kinase, or by expressing the splice variant in a mammalian 

cell system along with inhibitors of protein tyrosine phosphatases or by co-expressing 

active phosphatase. 

     It is possible that the hypothetical protein-protein interactions that are required for the 

dominant positive effect of pFXR-SV1 occur after DNA binding.  For this to occur, 

phosphorylated pFXR-SV1 would have to bind to the DNA alongside a pFXR-WT/RXR 

dimer, in close enough proximity to allow for direct contact.  This mechanism could 

occur in the reporter assays carried out previously (Gray et al., 2010) for the reporter 

plasmid contained a tandem repeat of the IR-1 RE.  In vitro, these interactions could 

occur through a similar mechanism, where two FXR REs in close proximity allow for 
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assembly of the pFXR-SV1 and pFXR-WT complex; alternatively, in other genes, the 

binding of distal REs by pFXR-SV1 may allow for interactions upon DNA bending, 

bringing the distal response elements into contact with the proximal REs.  The issue with 

this theory is that DNA binding by phosphorylated pFXR-SV1 is expected to be unstable. 

This effect has been shown in nuclear receptors before, where phosphorylation of specific 

residues within the CTE disrupts DNA binding, eliminating DNA binding (Hirata et al., 

1993).    In order to help determine the viability of this theory, the ability of 

phosphorylated pFXR-SV1 to bind DNA would have to be tested; as with the protein-

protein interaction studies, phosphorylation of the tyrosine would have to be ensured 

through incubation with a protein tyrosine kinase or inhibitor of phosphoprotein 

phosphatase.  Additionally, the potential for the dominant positive effect to be exerted 

through distal promoters should be tested.  This could be done through luciferase assays 

employing a reporter plasmid containing distant enhancer modules, though due to the 

distance many of these enhancer modules (>10 kb) from the transcriptional start site, an 

artificial construct with the distal and proximal promoters closer together would have to 

be generated. 

     This work was designed to determine what role each pFXR-SV1 insert amino acid 

plays in the pFXR-SV1 dominant positive effect.  Mutations of each amino acid to 

alanine reduced the dominant positive effect, with mutations to the tyrosine residue being 

the most significant, completely disrupting the dominant positive effect.  Mutation of the 

tyrosine to phenylalanine also completely disrupted the dominant positive effect, 

suggesting that the dominant positive effect is dependent on phosphorylation of the 

tyrosine residue.  The dominant positive effect may be due to protein interactions 
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between phosphorylated pFXR-SV1 and pFXR-WT, which should be studied in the 

future through protein interaction assays.  

 

  



180 

 

Chapter 8: Expression of Nuclear Receptors in Relation to 

Target Genes and Boar Taint, and the Effects of Receptor 

Splice Variants 

8.1 Abstract 

     The effects that transactivation of three nuclear receptors, pCAR, pPXR, and pFXR, 

have on transcription of key genes and boar taint metabolism in isolated hepatocytes have 

been studied in previous work.  This work was designed to build on this previous work to 

determine if expression of these three nuclear receptors correlates with, and has an effect 

on, the expression of several target genes in vivo, and whether this in turn results in 

altered boar taint levels.  Additionally, this work investigated if the expression of 

alternatively spliced variants of these receptors, being the dominant negative pCAR-SV2 

and dominant positive pPXR-SV1 and pFXR-SV1, had an effect on any gene expression 

changes the wild-type receptors induced.  It was found that the level of expression of 

each receptor was highly correlated to the expression of their corresponding splice 

variant, as well as the expression of several of the target genes; only the expression of 

CYP2A19 was not correlated to expression of any of the receptors.  However, the 

concentrations of the boar taint compounds androstenone and skatole in both plasma and 

fat were not correlated with receptor expression.  The dominant negative effect of pCAR-

SV2 on the expression of key target genes, except CYP2A19, was shown to exist in vivo, 

while the dominant positive effects of pPXR-SV1 and pFXR-SV1 were not found.  

Therefore, the levels of expression of the nuclear receptors are not an indicator of boar 

taint levels, and other target genes may be needed to be used as indicators of receptor 
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activity.  The effects of the pCAR-SV2 dominant negative effect is likely to affect overall 

hepatic metabolism, through decreases in hepatic gene expression, which needs to be 

studied further to determine the in vivo effects of pCAR-SV2 expression.   

Keywords: Splice variants, gene expression, real-time PCR, boar taint      
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8.2 Introduction 

     The generation of the eukaryotic proteosome is a complex process, with multiple 

layers of control.  The initial layer of control is at the point of transcription of target 

genes, with alterations in transcription being largely under control of the activities of 

transcription factors.  The activities of the transcription factors are controlled through a 

variety of means, including alterations in protein structure through post-translational 

modifications, altered expression at the point of transcription, and in the case of nuclear 

receptors, altered protein conformations due to binding of lipophilic compounds.  The 

activities of transcription factors are also regulated through the limiting of their access to 

DNA binding elements, which is controlled through the generation of higher order 

chromatin structures (Latchman, 2010).  Through alterations in post-translation 

modifications of histones, and methylation of the DNA itself, the DNA can be compacted 

into heterochromatin, or relax to euchromatin, altering access to the DNA strands by 

transcription factors. 

     Classically, control of transcription was viewed as the only means of controlling the 

make-up of the proteosome; however, it has since been shown that several post-

transcriptional events can influence the final makeup of the proteosome.  One of the 

events that has been shown to be important in increasing the diversity of proteins that 

make up a proteosome is alternative splicing; this is when exons are retained or lost, or in 

the case of some diseases, introns are retained, during the processing of pre-mRNA to 

mRNA (Watson et al., 2004).  These events result in the formation of proteins with 

altered structures, which can in turn alter their activity, allowing for diversification of 

actions seen from the proteosome.  Alternative splicing can alter a wide array of cellular 

process, including cell proliferation and apoptosis, cellular localization of proteins, active 
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cellular transport, and altered enzymatic properties (Kelemen et al., 2013).  These altered 

protein activities indicate that alternative splicing is more than just a random set of 

events, for although protein activity is often abolished through alternative splicing, there 

are incidences where there is simply a change in function.  For example, 9 separate UDP-

glucurononsyltransferase 1A (UGT1A) enzymes are generated through alternative 

splicing of the pre-mRNA transcribed from a single UGT1 gene (Girard et al., 2007).  

This gene has 13 different mutually exclusive exons, which are included into mRNA, 

resulting in alterations in the N-terminal substrate binding domain.  These alterations 

allow for various substrate-specific UGTs to be generated from a single gene; the 

alternative splicing of the transcripts from this gene is also tissue specific.  

Evolutionarily, alternative splicing is linked to organism complexity, with more 

alternative splicing occurring in vertebrates than in invertebrates, indicating that the 

generation of new alternative exons is used as a means of creating species-specific 

differences (Kelemen et al., 2013). 

     Alternative splicing has been shown to occur in transcription factors, and represents an 

additional means of controlling transcription through the formation of transcription 

factors with altered activity levels.  One class of transcription factors that has many 

members that are alternatively spliced are nuclear receptors.  Three nuclear receptors that 

are of interest in our lab, being CAR, PXR, and FXR, have been shown to be 

alternatively spliced in various species.  CAR is alternatively spliced extensively in 

humans, with more than 22 variants with both N- and C-terminal deletions isolated in a 

single study (Lamba et al., 2004), while other studies isolated variants with sequences 

retained at the ends of exons 7 and 8 (Auerbach et al., 2003; Savkur et al., 2003; Arnold 
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et al., 2004).  PXR variants have been described for both human and mouse PXR 

orthologs, with several variants with alterations to the LBD present in both species and 

several deletions conserved between the two species (Matic et al., 2010).  Variants of 

both human and mouse FXR have also been shown to share a conserved insert consisting 

of four amino acids in the C-terminal end of the DBD (Huber et al., 2002; Zhang et al., 

2003).  The conservation in splicing of these receptors, including the conservation of 

several of the elements deleted or added to the variants, suggests that alternative splicing 

may play a role in regulating the activities of these receptors in vivo. 

     Alternatively spliced variants of CAR, PXR, and FXR were isolated during initial 

cloning of the porcine orthologs of these receptors.  For each porcine receptor a total of 5 

variants have been isolated and been shown to be expressed within the liver of boars 

(Pollock et al., 2007; Gray et al., 2009; Gray et al., 2010).  The majority of these receptor 

variants were functionally inactive in luciferase reporter assays, with only the pFXR 

splice variant 1 (pFXR-SV1) being transcriptionally active.  The variants were also 

expressed in vitro alongside the wild-type receptor, to determine if they affected the 

ability of the wild-type receptors to induce transcription.  It was found that pCAR-SV2, 

which lacks the majority of the LBD, had a dominant negative effect on pCAR-WT when 

expressed within the range it is found in vivo, significantly reducing pCAR-WT’s ability 

to initiate transcription in a luciferase assay (Gray et al., 2009).  Both pPXR-SV1 and 

pFXR-SV1 significantly increased the transcriptional activity of their respective wild-

type receptors at expression levels within the range they were found in vivo (Gray et al., 

2010).  Though each of these receptor variants alters their wild-type receptors’ 

transcriptional activity, this has only been done in in vitro over-expression systems.  The 
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potential for these effects to occur in vivo still needs to be assessed, for if the variants to 

exert dominant effects in a whole animal system there is the potential they may be linked 

to physiological conditions, including disease or altered metabolic capacities.   

     We also wanted to determine if the receptor variants could alter the concentrations of 

the boar taint compounds in vivo.  It has been shown that transactivation of pCAR and 

pPXR both significantly increased the production of AND from pregnenolone in isolated 

Leydig cells (Gray and Squires, 2013A).  In isolated hepatocytes, transactivation of 

pPXR resulted in significant increases in androstenone metabolism, while transactivation 

of pFXR resulted in increased formation of the important skatole metabolite, 6-

hydroxyskatole (6-OH-3MI) (Gray and Squires, 2013B).  The potential for the expression 

of splice variants to alter these processes, and thereby alter the concentrations of boar 

taint compounds, needs to be studied.  In this work real-time PCR will be used to assess 

the expression levels of the three dominant splice variants in the livers of a large number 

of intact Yorkshire boars.  This data will be used to determine if a correlation exists 

between the receptor variants and levels of AND and 3MI in plasma and fat deposits.  As 

well, the expression of key genes of interest, known to be regulated by CAR, PXR, and 

FXR in isolated hepatocytes, will be compared to variant expression, to determine 

whether they can alter gene expression in vivo.     

 

8.3 Materials and Methods 

8.3.1 Real-Time PCR 

         The expression of total pCAR-WT, pCAR-SV2, pPXR-WT, pPXR-SV1, pFXR-WT, 

and pFXR-SV1, as well as the expression of the target genes CYP2B22, EPHX1, 

CYP2C49, CYP2A19, CYP2C33, and CYP2E1, were determined in total RNA isolated 
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from the livers of 151 individual Yorkshire pigs with known levels of AND and 3MI in 

plasma and fat.  Total RNA was extracted from 100 mg of liver using Tri Reagent (Sigma 

Chemical Co., St. Louis, MO) and reverse transcribed to cDNA using Super Script II and 

18-23 poly dT primer (Invitrogen Corp.).  Real-time PCR was carried out using Platinum 

SYBR Green qPCR SuperMix-UDG (Invitrogen Corp.), scaling down the manufacturer’s 

instructions to 10 μl reaction volumes, with 100 ng of cDNA template per react 

ion.  The primers for used for each receptor, receptor variant, and β-actin (ACTB) are 

listed in Table 8-1.  All experiments were performed in duplicate using the Rotor-Gene 

3000 Real-Time Rotary Analyzer (Corbett Life Science, Concorde, NSW, Australia).  

The qPCR program used was as follows: (94 C 10 min. [94 C 15 sec., 62 C or 64 C 30 

sec., 72 C 30sec, 75 C 15 sec.] x40), with fluorescence being recorded during the 75 C 

step.  Ct values for each gene were normalized to ACTB. 

     The expression of each of the target genes were also determined, using the same real-

time procedure outlined above, in induced hepatocytes.  CYP2B22 and EPHX1 were 

assayed in hepatocytes that were treated to induce pCAR activity, CYP2C49 and 

CYP2A19 in pPXR induced hepatocytes, and CYP2C33 and CYP2E1 in pFXR induced 

hepatocytes.  The cDNA used was isolated previously from treated hepatocytes (Gray 

and Squires, 2013B; Chapter 3).  The expression of the target genes in the induced 

samples were determined using the 2
-ΔΔCT

 method (Livak and Schmittgen, 2001), 

normalized to ACTB, then to the DMSO control from the same animal.  
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Table 8-1 Real-time PCR primers 

Transcript Forward Primer Reverse Primer 

pCAR TGAGCCAAGGAACTGTGCT GGGCCTTATTGACCTTACAGC 

pCAR-SV2 CCTCCAGCTCATCTGTTCATCCAT CCAGGCCGGTCGGAAGA 

pPXR CTCCGCAAGTGTCTGGAAAG ATTGTCCGCTGCTCTTCAGT 

pPXR-SV1 ATGGCGGGAGGAGAGGAG GGCATAGGCTGGAAGGGTAA 

pFXR TATGAACTCAGGCGAATGCCTGCT ATCCAGATGCTCTGTCTCCGCAAA 

pFXR-SV1 GGAATGTTGGCTGAATGTATGTAT  GTTCAGTTTTCTCCCTGCAAGAC 

CYP2B22 AAGGACCCGGCTTGTTCAC GCCTGAGCTAAGTTTCCCCTTT 

EPHX1 CTGCTGACAGTCATCATGCTCTACT GTGGACCTTGATCGCCTCAT 

CYP2C49 TCCCCAACCCAGAGGTGTT CCTTCTCCCACACAAATTCGTT 

CYP2A19 TGAACACGGAGCAGATGTACAAC CTCCTTCACCGCGTCGTATC 

CYP2C33 TTGGATAAAGATGGCAGCTTCAG AATGGTGGTGAAGAACAGGAAGA 

CYP2E1 TGCTCCACTACAAGAATGAGTTCTCT GGGAGAACCGCCGAGTGT 

ACTB GACATCCGCAAGGACCTCTA GAGGCGCGATGATCTTGA 

  



188 

 

8.3.2 Statistical Analysis 

     All statistical analysis was carried out using the Statistical Analysis System, version 

9.1 (SAS institute, Cary, NC, USA).  Normal distribution of data was first tested using 

the Univariate procedure.  Pearson coefficients of correlation were then calculated using 

the CORR procedure, to determine if there were significant correlations between 

expression levels of receptors or receptor variants and the target genes.  The interactions 

between each receptor and their corresponding splice variants, and the effects these 

interactions have on the expression of the target genes, were analysed using the General 

Linear Model (GLM) procedure (Eq.1).  If the interaction between a receptor and its 

corresponding variant was found to be significant, the equation was simplified (Eq.2).  If 

the interactions between each receptor and their corresponding splice variant were not 

significant, the effects of the receptors and splice variants on the expression target genes 

were analyzed individually using the GLM procedure (Eq.3).  This was done for all real-

time samples, including the 151 Yorkshire boar hepatic samples and the induced primary 

hepatocyte samples.      

   (Eq.1) 

 + e                       (Eq.2) 

                        (Eq.3) 

Where y = target gene expression; a = regression coefficient for R; R = receptor 

expression; b = regression coefficient for S; S = splice variant expression; d = regression 

coefficient for the interaction of R and S; e = error term  
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8.4 Results 

8.4.1 Correlations between the expression levels of nuclear receptors or nuclear receptor 

splice variants and target genes  

     Pearson correlation coefficients were calculated between expression levels of each 

nuclear receptor or nuclear receptor splice variant and the other two nuclear receptors, the 

nuclear receptor variants, and the six target genes.  These correlations were determined 

using the real-time data generated from 151 Yorkshire liver samples.  It was found that 

expression of each nuclear receptor was significantly correlated (p <0.05) with the 

expression of their corresponding splice variant, as well as with each of the other nuclear 

receptors (Table 8-2).  The expression of CYP2B22 was also found to be significantly 

correlated to each of the nuclear receptors and nuclear receptor splice variants, while the 

expression of EPHX1 was significantly correlated to all receptors and variants except 

pFXR-SV1.  The expressions of CYP2C49 and CYP2C33 were significantly positively 

correlated (p<0.05) to pCAR, pCAR-SV1, pPXR, pPXR-SV1, pFXR; correlation to pFXR-

SV1 was not significant.  CYP2E1 was found to be significantly negatively correlated 

(p<0.05) with expression of all receptors and receptor variants except pFXR and pFXR-

SV1.  CYP2A19 was not significantly correlated with any of the nuclear receptors or 

nuclear receptor splice variants (p>0.05). 
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Table 8-2 Pearson coefficients of correlation
a
 between each receptor or receptor variants 

and the other receptors, receptor variants, or target genes 

 pCAR pCAR-

SV2 

pPXR pPXR-SV1 pFXR pFXR-SV1 

pCAR  0.7418 

(<0.0001) 

0.7066 

(<0.0001) 

0.6603 

(<0.0001) 

0.6865 

(<0.0001) 

0.6638 

(<0.0001) 

pCAR-

SV2 

0.7418 

(<0.0001) 

 0.79111 

(<0.0001) 

0.6715 

(<.0001) 

0.7400 

(<0.0001) 

0.7267 

(<0.0001) 

pPXR 0.7066 

(<0.0001) 

0.79111 

(<0.0001) 

 0.8280 

(<0.0001) 

0.8532 

(<0.0001) 

0.8656 

(<0.0001) 

pPXR-SV1 0.6603 

(<0.0001) 

0.6715 

(<.0001) 

0.8280 

(<0.0001) 

 0.7887 

(<0.0001) 

0.7417 

(<0.0001) 

pFXR 0.6865 

(<0.0001) 

0.7400 

(<0.0001) 

0.8532 

(<0.0001) 

0.7887 

(<0.0001) 

 0.8967 

(<0.0001) 

pFXR-SV1 0.6638 

(<0.0001) 

0.7267 

(<0.0001) 

0.8656 

(<0.0001) 

0.7417 

(<0.0001) 

0.8967 

(<0.0001) 

 

CYP2B22 0.28797 

(0.0003) 
0.2964 

(0.0004) 
0.3735 

(<0.0001) 

0.3602 

(<0.0001) 

0.3541 

(0.0001) 

0.2805 

(0.0005) 

EPHX1 0.1651 

(0.0428) 
0.2027 

(0.0125) 
0.1719 

(0.0348) 
0.2007 

(0.0135) 

0.1964 

(0.0157) 

0.1458 

(0.074) 

CYP2C49 0.1872 

(0.0214) 
0.20187 

(0.0129) 
0.2091 

(0.0100) 
0.1777 

(0.029) 

0.1637 

(0.0446) 

0.0896 

(0.2742) 

CYP2A19 -0.0381 

(0.6422) 
-0.00829 

(0.9195) 
0.0105 

(.8985) 
-0.0828 

(0.3124) 

0.0164 

(0.8421) 

0.04534 

(0.5804) 

CYP2C33 0.1956 

(0.0161) 
0.2044 

(0.0118) 
0.2080 

(0.0104) 
0.1950 

(0.0164) 

0.1612 

(0.0480) 

0.0809 

(0.3233) 

CYP2E1 -0.1964 

(0.0157) 

-0.1991 

(0.0142) 

-0.1990 

(0.0143) 
-0.204 

(0.0118) 

-0.15226 

(0.0614) 

-0.0695 

(0.3967) 
a
 Pearson coefficients of correlation that are significant (p<0.05) are highlighted in grey. 
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8.4.2 Effects of each nuclear receptor splice variant on the transcriptional activity of 

their corresponding wild-type receptor  

     To test the potential for the nuclear receptor splice variants to exert their dominant 

effects on their corresponding wild-type receptor in vivo, which are a dominant negative 

effect for pCAR-SV2 and dominant positive effects for pPXR-SV1 and pFXR-SV1, the 

ability of the wild-type receptors to induce transcription of the target genes were analysed 

using the General Linear Model (GLM) procedure.  In this model the expression of each 

receptor and its corresponding splice variant were included as covariates, and was used to 

analyze the real-time data from all samples, including both the 151 Yorkshire liver 

samples and the induced primary hepatocyte samples.  All results are presented in Table 

8-3.  The effect of pCAR by pCAR-SV2 expressions interaction resulted in significant 

reductions in all target genes except CYP2A19, which was not included in the analysis 

due to a lack of significant correlations in the previous test.  CYP2B22 had a 0.025 ± 

0.006 unit (p<0.01) decrease in expression with each unit increase in pCAR and pCAR-

SV2.  The pCAR by pCAR-SV2 interaction with EPHX1, CYP2C49, and CYP2C33 

showed significant decrease in expression of those genes by 0.016 ± 0.006, 0.013 ± 

0.005, and 0.013 ± 0.005 units (p<0.01), respectively.  The expression of CYP2E1 

increased by 0.013 ± 0.005 units (p<0.01) with single unit increases in pCAR and pCAR-

SV1.  

     Only the expression of CYP2B22 was affected by the interactions of pPXR by pPXR-

SV1 and pFXR by pFXR-SV1 with a negative solution of 0.021 ± 0.004 and 0.042 ± 0.009 

units (p<0.0001), respectively.  All other target genes were not significantly affected by 

the interaction of pPXR by pPXR-SV1 or pFXR by pFXR-SV1 (data not shown).   
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     This same analysis of the effects each receptor variant has on the transcriptional 

activities of their corresponding wild-type receptors was carried out for the induced 

primary hepatocyte samples (n=10).  It was found that in the induced samples, none of 

the splice variants resulted in significant alterations in the activities of the wild-type 

receptors (data not shown).  It is suggested this section be repeated with more samples to 

determine a more definitive answer.         
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Table 8-3 Effects of receptor/receptor splice variant interactions on the expression of 

target genes  

Dependent 

Variable 

Parameter Estimate of 

Change 

Standard 

Error 

p-value 

CY2B22 

CAR*CARSV2 -0.025 0.006 <0.01 

FXR*FXRSV1 -0.042 0.009 <0.01 

PXR*PXRSV1 -0.021 0.004 <0.01 

EPHX1 CAR*CARSV2 -0.016 0.006 <0.01 

CYP2C49 CAR*CARSV2 -0.013 0.005 <0.01 

CYP2C33 CAR*CARSV2 -0.013 0.005 <0.01 

CYP2E1 CAR*CARSV2 0.013 0.005 <0.01 
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8.4.3 Determination of the effects the altered receptor or receptor variant expression 

have on target genes and boar taint parameters 

     The expression of the target genes that were not found to be significantly affected by 

the interactions between pPXR and pPXR-SV1 or pFXR and pFXR-SV1 were further 

studied individually using the GLM model to determine if these genes are significantly 

affected by the individual receptors or splice variants.  The expression of EPHX1 was not 

found to be significantly affected (p>0.05) by changes in expression of pPXR, pPXR-SV1, 

pFXR, or pFXR-SV1.  The expressions of both CYP2C49 and CYP2C33 were 

significantly increased (p<0.05) with increases in expression pFXR, with a single unit 

increase in pFXR resulting in 0.37 ± 0.16 and 0.39 ± 0.16 unit increases in CYP2C49 and 

CYP2C33, respectively.  The expression of CYP2E1 was also found to be significantly 

affected (p<0.05) by changes in pFXR, with a single unit increase in pFXR resulting in a 

0.41 ± 0.16 unit decrease in CYP2E1 expression.  The expression of each of the target 

genes were not affected by changes in expression of pPXR, pPXR-SV1, or pFXR-SV1.   

 

8.5 Discussion 

     Some alternatively spliced variants of pCAR, pPXR, and pFXR have been shown in 

previous work to be able to modulate the activity of their corresponding wild-type 

receptors (Gray et al., 2009; Gray et al., 2010).  These effects of pCAR-SV2, which 

decreases the transcriptional ability of pCAR-WT in vitro, and pPXR-SV1, and pFXR-

SV1, both of which have dominant positive effects, have yet to be demonstrated in vivo.  

These dominant could significantly alter a variety of physiological functions, for both 

pCAR and pPXR are key regulators of a wide array of metabolic processes, while pFXR 
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modulates the production and metabolism of bile acids.  As such, the alterations of their 

activities due to increased expression of the alternatively spliced variants were studied in 

this work, by comparing the expression levels of the receptors or the receptor variants to 

the expression levels of genes that are regulated by the receptors in the liver.  

     It was found that the expression of each nuclear receptor was highly correlated with 

their corresponding splice variant, as well as the other nuclear receptors.  This suggests 

that the expression of the splice variants is dependent on the expression of the 

corresponding wild-type receptor.  This is as would be expected if the alternative splicing 

remained relatively constant; as transcription of the receptor gene occurs, the amount of 

pre-mRNA converted to alternatively spliced variants would increase.  The correlations 

that exist between the nuclear receptors themselves suggests that alterations in hepatic 

activity, potentially due to hepatic injury or altered hepatic metabolism, leads to increased 

expression of all receptors in some individuals. 

        The expected effects increased expression of the nuclear receptors on the target 

genes does not fully match the effects based on previous work.  Though CYP2B22 is 

expected to have increased expression with increased pCAR expression, it is also 

expected to increase with increased expression of both pPXR and pFXR, indicating it is 

not a useful indicator of pCAR activity alone; the same is true of CYP2C49 as an 

indicator of pPXR activity.  One of the target genes that had been selected as indicators 

of pFXR activity, CYP2E1, was shown to have an expected decrease in expression with 

increased pFXR expression, which is opposite of what was shown in hepatocytes treated 

with CDCA (Gray and Squires, 2013B).  Therefore, other genes may be better indicators 

of pFXR activity in vivo, with the porcine orthologs of more classical FXR target genes, 
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such as bile salt export pump (BSEP) or intestinal bile acid binding protein (IBABP) 

being favourable candidates (Wang et al., 2008B).  The same is true of CYP2A19 as an 

indicator of pPXR activity, for it was shown to not be correlated with or affected by 

changes in pPXR expression, and therefore other pPXR target genes may need to be 

employed as indicator genes. 

     The potential effects of altered nuclear receptor expression were also tested against 

various boar taint parameters.  None of the boar taint parameters, including plasma and 

fat levels of AND or 3MI, were affected by alterations in receptor expression.  The 

animals used for this analysis, however, were boars that were untreated with any 

compounds to induce receptor activity.  In previous primary hepatocyte experiments, it 

was shown that transactivation of pPXR resulted in increased androstenone metabolism, 

while transactivation of pFXR resulted in favourable skatole metabolism (Gray and 

Squires, 2013B).  Since the system used in this study was a passive one, being untreated 

boars, more studies are required to determine if the effects from the primary cells occur in 

vivo.  This could be done by treating animals with known receptor agonists, and 

determining if the boar taint parameters improve.  The potential for the alternatively 

spliced variants of each of the nuclear receptors to exert their dominant effects were also 

studied in this work.  The presence of pCAR-SV2 has been shown to have a deleterious 

effect on pCAR`s ability to induce transcription of the target genes, decreasing the 

expected expression of CYP2B22, CYP2C49, and CYP2C33, and increasing the expected 

expression of CYP2E1.  The changes in expression of the target genes are likely to alter 

the capacity of the animals expressing high pCAR-SV2 levels to carry out hepatic 

metabolism.  In terms of boar taint, the decreases in CYP2C33 and CYP2C49 are likely to 
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decrease skatole metabolism, specifically reducing metabolism to HMOI and 3MOI, 

while the increased CYP2E1 is likely to increase 6-OH-3MI production, which could lead 

to favourable skatole clearance (Wiercinska et al., 2011).  The loss of a small percentage 

one of the enzymes may have a more substantial effect on the metabolic capacity of the 

animal, for each enzyme will catalyze multiple reactions; as such small expression 

changes are further magnified with respect to metabolic output.  Though these effects of 

pCAR-SV2 expression are based on data from untreated animals, they may potentially be 

greater in induced animals, further magnifying the alterations in hepatic metabolism that 

could be expected.  

     Both pPXR-SV1 and pFXR-SV1 were shown to decrease the effects pPXR and pFXR 

are expected to have on the expression of CYP2B22, though they had no effects on the 

expression of any of the other target genes.  The presence of pCAR-SV2 dominant 

negative effect in vivo, but the lack of the dominant positive effects of the two other 

variants, may be due to the differences in the activities of the wild-type receptors.  pCAR 

is constitutively active, and therefore the pCAR-SV2 is able to exert an effect in the 

absence of a ligand.  PXR and FXR will both be active to some extent; however it may 

not be at a level where their variants are exerting an appreciable effect.  Therefore the 

potential for the dominant positive effects of pPXR-SV1 and pFXR-SV1 needs to be 

studied in treated animals, because the effects may be more pronounced when the 

activities of the wild-type receptors are increased.  . 

     Due to the lack of significant in vivo effects of pPXR-SV1 and pFXR-SV1, the 

individual effects of differential pPXR, pPXR-SV1, pFXR, and pFXR-SV1 expression on 

the expression of the target genes was investigated.  It was found that only expression 
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changes in pFXR had a significant effect on any of the target genes, with 1 unit increases 

in pFXR resulting in significant increases in CYP2C49 and CYP2C33, and a significant 

decrease in CYP2E1.  These alterations in the target genes will lead to altered hepatic 

metabolism, favouring metabolism of compounds metabolized by CYP2C49 and 

CYP2C33, while reducing metabolism of those acted on my CYP2E1.  In terms of boar 

taint, these expression changes would be expected to alter skatole metabolism; increases 

in CYP249 and CYP2C33 would expect to increase metabolism of skatole to various 

metabolites, including HMOI and 3MOI, both of which were generated extensively by 

CYP2C49 (Wiercinska et al., 2011).  The decrease in expression of CYP2E1 would be 

expected to lead to decreased skatole metabolism, including significant reductions in 6-

OH-3MI, which has been shown to result in favourable skatole clearance (Friis, 1995; 

Baek et al., 1997).  Though pFXR expression was not correlated to skatole levels in this 

work, it could potentially result in altered metabolite profiles, which may in turn result in 

favourable clearance capacities.  

     This study was designed to determine how the expression of various genes shown to 

be under the control of pCAR, pPXR, or pFXR are affected by changes in expression of 

these receptors and receptor splice variants.  Additionally, the effects these receptors have 

on levels of boar taint compounds were studied.  It was found the each nuclear receptor 

was highly correlated with each other and their corresponding splice variants, and 

receptors and receptor variants were also correlated with expression of several of the 

target genes used as indicators of receptor activity.  However, many of the genes selected 

were highly correlated with more than one receptor, or no receptors at all, and as such 

may not be the most suitable indicators of receptor activity.  The expression levels of 
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each of the receptors, or the receptor variants, appear to have no bearing in the presence 

of boar taint, for none of the boar taint parameters used were significantly correlated to 

receptor expression.  The the receptor splice variants were found to interact with their 

wild-type receptor, with each of these interactions leading to decreased expression of 

CYP2B22.  Only the interaction between pCAR and pCAR-SV2 affected expression of any 

other genes.  This suggests that the dominant positive effects seen for pPXR and pFXR in 

vitro may not be present in vivo, though further research should be carried out to 

determine if these effects are present in animals treated to induce receptor activity.  

Additionally, other target genes should be tested, for many may be more suitable 

reporters for the nuclear receptors being studied.  
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Chapter 9: General Conclusions, Limitations, and Future 

Considerations 

9.1 General Conclusions 

     The purpose of this project was to investigate potential involvement of the porcine 

orthologs of the constitutive androstanes receptor (CAR), pregnane X receptor, and 

farnesoid X receptor in controlling boar taint.  A variety of parameters were investigated, 

including how transactivation of these three receptors affect gene expression in Leydig 

cells and hepatocytes, how receptor transactivation alters boar taint production and 

metabolism, and the potential involvement of alternatively spliced variants of the nuclear 

receptors.  Additionally, the molecular mechanisms of the receptor splice variants were 

investigated, to help explain the in vitro effects that have been previously described (Gray 

et al., 2009; Gray et al., 2010).  Taken together, it was hoped that the various parameters 

that were investigated would show that the nuclear receptors would be viable therapeutic 

targets for exogenous control of boar taint, and splice variants for the receptors would be 

useful markers to indicate boar taint levels. 

     The first two objectives, as outlined in Chapter 3, involved determining the effects of 

receptor transactivation on gene expression and steroidogenesis in isolated Leydig cells.  

Gene expression was determined by carrying out real-time PCR on 28 transcripts, of 

which 23 were detectable in Leydig cells.  Many of these genes were differently 

regulated with receptor transactivation, being either up-regulated or down-regulated by 

one or more of the receptors; only 7 genes remained unchanged.  Of significant interest in 

the Leydig cells are the genes that are involved in steroidogenesis; for us, this is further 

focused onto the genes involved in androstenone synthesis.  It was found that the genes 
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involved in general steroidogenesis, such as CYP11A1, which converts cholesterol to 

pregnenolone, and CYP17A1, which converts pregnenolone to the precursors of the sex 

steroids or androstenone, were unaltered.  Several CYP17A1 accessory genes were up-

regulated by some of the receptors, including CYB5A and CYB5R3, as well as genes 

involved in downstream steroid metabolism, such as HSD17B4 and RDH12.   

     The lack of change in CYP17A1 expression is reflected in the results of the primary 

Leydig cell metabolism studies, for overall metabolism of [7-
3
(H)N]-pregnenolone was 

not altered with any experimental treatment.  There was a shift in what steroid products 

were generated by cells treated with the various nuclear receptor ligands.  It was found 

that transactivation of pCAR, pPXR, and pFXR all significantly (p<0.05) reduced 

production of the sex steroids to 40.8 ± 2.6%, 40.2 ± 1.9%, and 46.2 ± 3.9% of total 

radioactivity respectively, compared to 58.8 ± 4.7% for the control.  Conversely, it was 

found that pCAR and pPXR transactivation significantly increased the production of the 

16-androstene steroids, which includes androstenone, its precursor molecules, and its 

metabolites, increasing them to 25.1 ± 2.7% and 26.3 ± 2.8% of total radioactivity 

respectively, compared to 16.0 ± 2.2% for the control.  This alteration in the steroids 

produced by the Leydig cells with the different ligand treatments can be explained by the 

alterations in expression of CYB5A and CYB5R1.  The protein products of these two 

genes are accessory proteins to CYP17A1, and increased expression of CYB5A has been 

shown to alter the steroid ratio generated by CYP17A1 in favour of 16-androstene 

production.  Therefore, the increased expression of CYB5A with transactivation of each of 

the nuclear receptors results in decreased sex steroid production, along with increased 16-

androstene production; the lack of significant increase in 16-androstene production with 
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FXR transactivation likely arises from a decrease in CYB5R1 expression, which will limit 

CYB5A activity to some extent. 

     The third and fourth objectives of this work were to determine how receptor 

transactivation altered gene expression and boar taint metabolism in isolated hepatocytes.  

This was done to determine if pCAR, pPXR, and pFXR could alter boar taint metabolism 

in the liver, and to determine if exogenous transactivation of these receptors could lead to 

increased clearance of skatole and androstenone.  As with the primary Leydig cells, 

expression changes of 28 genes were assessed with the various experimental treatments; 

of these genes 19 were detectable in hepatocytes.  The expression of several genes linked 

to boar taint metabolism were shown to be up regulated, including CYP2A19, CYP2C33, 

CYP2C49, and CYP2E1, which have all been shown to be able to metabolize skatole 

(Wiercinska et al., 2011).  CYP2C33 and CYP2C49 were most extensively up-regulated 

by pPXR transactivation, while CYP2E1 was only up-regulated by pFXR, and down-

regulated by both pCAR and pPXR.  Based on this study, CYP2E1 may be considered the 

most significant modulator of skatole metabolism, for only pFXR transactivation resulted 

in a significant increase in 6-OH-3MI production, a metabolite shown to be highly 

correlated with increased clearance of skatole (Baek et al., 1997; Friis, 1995).  Other 

metabolites had altered generation with different treatments, with transactivation of all 

three receptors increasing I3C production, pCAR increasing HMOI production, and 

pFXR transactivation decreasing 5-OH-3MI production.  

     The effects of receptor transactivation on androstenone metabolism were also tested in 

primary hepatocytes.  It was found that transactivation of pPXR significantly increased 

the metabolism of androstenone, while decreasing the levels of 3β-androstenol seen after 
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24 hours of metabolism.  Treatment with CDCA and 3MI also reduced 3β-androstenol 

levels, while CITCO treatment increased 3β-androstenol levels and 3MI increased 3α-

androstenol levels.  Based on these results, it can be concluded that, of the nuclear 

receptors tested, pPXR represents the best target for altered androstenone levels based on 

metabolic clearance, for only transactivation of this receptor resulted in altered overall 

androstenone metabolism, while other receptors simply appear to alter metabolite ratios.  

     The fifth objective in this work, outlined in Chapter 5, involved the determination of 

the molecular mechanisms by which the dominant negative effect of the pCAR splice 

variant pCAR-SV2 is exerted on the wild-type receptor.  Based on the proposed protein 

structure, which lacks the vast majority of the LBD, it was hypothesized that the 

dominant negative effect occurred in a DNA binding dependent manner.  This hypothesis 

was confirmed, for the introduction of a point mutation into the P-Box of the DBD of 

pCAR-SV2 abolished the ability of pCAR-SV2 to reduce the transcriptional ability of 

pCAR-WT in a dual-luciferase reporter assay.  However, it was found that DNA binding 

was likely not the sole basis for the dominant negative effect, with interactions with RXR 

likely playing a role.  This was determined through EMSAs, in which the interactions 

between the pCAR-SV2/RXR heterodimer and the NR1 probe appeared to be stronger 

when the P-Box mutation was introduced into pCAR-SV2 than they were prior to its 

introduction.  This suggests that the interaction between pCAR-SV2 and RXR may play a 

role in the dominant negative effect, though further study into these interactions are 

needed to further characterize the molecular mechanisms underlying the pCAR-SV2 

dominant negative effect. 
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     The sixth objective of this work was to determine the molecular mechanisms 

underlying the dominant positive effect of pPXR-SV1.  As with objective 5, the 

experimental approach used was the introduction of point mutations to pPXR-SV1.  

Unlike pCAR-SV2, where DNA binding was hypothesized to be the basis of the 

dominant negative effect, the expected protein structure of pPXR-SV1 and the presence 

of a dominant positive effect led to the hypothesis that interactions between pPXR-SV1 

and co-regulatory proteins were the basis of pPXR-SV1’s effect on pPXR-WT.  To this 

end two residues that make up a portion of the charged clamp region of the receptor, 

which is involved in interactions with co-regulatory proteins such as SRC-1, were 

individually mutated from lysine to alanine.  This was done to remove the positive charge 

present in the lysine residues, thereby disrupting the ability of the charged clamp to 

interact with co-regulatory proteins.  It was found that introducing the K246A mutation 

into pPXR-SV1 completely disrupted the dominant positive effect in dual-luciferase 

assays, while having no effect on the ability of the pPXR-SV1/RXR heterodimer to bind 

to a DR3 probe in an EMSA.  The K264A mutation did not affect the pPXR-SV1 

dominant positive effect, though it did reduce the ability of the pPXR-SV1/RXR 

heterodimer to bind the DR3 probe.  Interestingly, when the P-Box mutation introduced 

into pCAR-SV2 was introduced into pPXR-SV1, there was a reduction in the dominant 

positive effect in dual-luciferase assays, though there was no change in DR3 probe 

binding in EMSAs by the pPXR-SV1-PM/RXR heterodimer.  This suggests that DNA 

binding does play a role in the dominant positive effect of pPXR-SV1, though this is 

likely due to altered heterodimer conformation on the DNA, for DNA binding in vitro 

was not affected. 
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     The seventh objective of this work was to determine how the dominant positive effect 

of pFXR-SV1 is caused.  pFXR-SV1 differs from pFXR-WT through the addition of 4 

amino acids, MYTG, at the C-terminal end of the DBD.  This variation had no effect on 

the ability of the variant to induce transcription in dual-luciferase assays compared to 

pFXR-WT, but it did result in pFXR-SV1 having a significant dominant positive effect 

on pFXR-SV1.  To determine the molecular basis of the dominant positive effect, the 

amino acids that make up the variant insert were individually mutated, and the resulting 

mutants tested in dual-luciferase assays to determine if the individual activity was 

maintained, as well as alongside the wild-type receptor, to determine if the dominant 

positive effect was altered.  It was found that the mutations of the first three amino acids, 

a methionine, a tyrosine, and a threonine, to alanine, each affected individual activity, 

significantly reducing the ability to induce transcription individually in dual-luciferase 

assays, with the MYAG mutation having the greatest effect, and the AYTG mutation the 

least.  When made to pFXR-SV1, it was found that the AYTG mutation did reduce the 

dominant positive effect at low inclusion levels, but had no affect at the higher inclusion 

levels tested, which are near the in vivo expression levels for pFXR-SV1.  When the 

MATG mutant was tested, it was found that the dominant positive effect was completely 

abolished.  When the MYAG mutation was tested, the dominant positive effect was 

reduced, though not completely abolished, with the higher inclusion levels tested still 

inducing a significant increase in pFXR-WT transcription.  An additional mutation was 

tested, in which the tyrosine residue was converted to a phenylalanine, which was done to 

maintain the phenyl ring of the tyrosine residue, while removing the potential 

phosphorylation point.  It was found that this mutation, while it did reduce the individual 
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transcriptional activity of pFXR-SV1, did so to a lesser extent than any of the other 

mutations.  However, when used in the reporter assay to test for the dominant positive 

effect, this mutation completely abolished the dominant positive effect.  This indicates 

that the dominant positive effect is potentially dependent on the phosphorylation status of 

the insert tyrosine, for removal of the tyrosine hydroxyl group resulted in the same loss of 

the dominant positive effect as the removal of the entire phenyl ring.  What this loss in 

phosphorylation actually casuses, likely altered protein-protein interactions with co-

regulatory proteins, needs to be studied further. 

     The final two objectives in this work were designed to determine the potential effects 

that the three nuclear receptor variants tested in objectives 5 through 7 have in vivo.  The 

first objective was to determine if expression of each of these variants, as well as 

expression of the wild-type receptors, altered the blood and fat levels of both boar taint 

compounds.  It was found that altered expression levels of each of the receptors or 

receptor variants, as measured in 150 Yorkshire boar liver samples using qRT-PCR, was 

not correlated with levels of the boar taint compounds.  This indicates that none of the 

receptors or receptor variants can be used as an indicator of favourable boar taint levels.  

The final objective of this work was to determine if expression of any of the nuclear 

receptor splice variants would affect the expression of target genes shown to be up-

regulated by the individual nuclear receptors in objective 4.  It was found that the wild-

type receptors were highly correlated to the expression of their corresponding splice 

variant, as well as several of the target genes; only expression of CYP2A19 was not 

correlated to expression of any of the receptors.  However, the specificity of the target 

genes was not maintained; for instance expression of all three receptors that were highly 
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correlated with expression of CYP2B22, which had been chosen as an indicator of pCAR 

activity.  As such, other indicator genes may need to be determined for pigs.  The 

dominant negative effect of pCAR-SV2 was shown to exist to a small extent in vivo, for 

the interaction of pCAR by pCAR-SV2 was shown to significantly affect the expression of 

each of the target genes, except CYP2A19.  The dominant positive effects of pPXR-SV1 

and pFXR-SV1 were not found, though the interactions of pPXR by pPXR-SV1 and the 

interaction of pFXR by pFXR-SV1 were both shown to negatively affect the expression of 

CYP2B22.  This work was carried out in samples from boars that were not treated in any 

way to induce nuclear receptor activity; therefore, the dominant effects of the receptor 

variants may cause an appreciable effect if the receptor were being specifically 

transactivated and should be studied in treated boars. 

     In summary, this work was designed to further characterize the porcine orthologs of 

CAR, PXR, and FXR, specifically looking into the transcript expression changes and the 

alterations in boar taint following transactivation of each receptor.  It was found that 

transactivation of each receptor resulted in various changes in expression in both primary 

Leydig cells and hepatocytes.  In primary Leydig cells, the changes induced by pCAR 

and pPXR transactivation resulted in increased androstenone generation, while in primary 

hepatocytes each of the receptors resulted in altered boar taint metabolism, with pFXR 

generating the most favourable skatole metabolism and pPXR resulting in the most 

prominent androstenone metabolism.  This work also looked into the molecular 

mechanisms and in vivo effects of the dominant alternatively spliced variants of each of 

the nuclear receptors.  It was found that the dominant negative effect of pCAR-SV2 is 

dependent on DNA binding, though interactions with RXR may also play a role; in vivo, 
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the dominant negative effect was shown, for increased expression is expected to lead to 

decreased expression of pCAR target genes.  The dominant positive effect of pPXR-SV1 

was shown to be reliant on the charged clamp region of the receptor, which is involved in 

interactions with co-regulatory proteins, specifically via K246.  The pFXR-SV1 dominant 

positive effect was shown to be reliant on the tyrosine of the MYTG insert, and appears 

to be specifically related the phosphorylation of this residue.  The dominant positive 

effects of both pPXR-SV1 and pFXR-SV1 were not shown in vivo, though changes in 

expression of pFXR are expected to affect expression of CYP2C49, CYP2C33, and 

CYP2E1.  The alterations in gene expression caused by the presence of pCAR-SV2 are 

likely to alter hepatic metabolism, potentially reducing hepatic metabolism of many 

compounds, including skatole and androstenone.  The alterations in the target genes, as 

well as other potential gene changes, incurred due to altered pFXR may also significantly 

alter hepatic metabolism, including that of skatole, and needs to be studied further. 

 

9.2 Limitations and Future Considerations      

     Though receptor transactivation, primarily of pPXR and pFXR, have been shown to 

induce favourable changes in the metabolism of androstenone and skatole, the 

implications of in vivo receptor transactivation on boar taint levels are not clear.  This is 

due to the fact that transactivation of these same receptors in isolated Leydig cells 

resulted in increased androstenone synthesis and decreased synthesis of the sex steroids.  

This altered ratio in testicular steroidogenesis is the opposite of what is favourable, for 

the optimal alterations in steroidogenesis would be to decrease androstenone levels while 
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maintaining sex steroid production, to capitalize on the beneficial growth parameters of 

entire male pigs while reducing boar taint.  

     The potential of receptor antagonism in the testes should be tested in the future, for 

inhibition of androstenone synthesis is potentially the most effective route of eliminating 

boar taint.  This is the basis of the current practices of castration and immunocastration: 

the removal of steroidogenesis inhibits androstenone synthesis, and reduces levels of both 

boar taint compounds.  Therefore, the use of antagonists for pCAR and pPXR may be 

viable therapeutic approaches to reduce boar taint.  Various compounds can be used to 

inhibit these two nuclear receptors, and they could be used individually to reduce 

androstenone production, or in concert to generate a stronger effect.  pCAR could 

potentially be inhibited by the antiemetic antihistamine meclizine, which has been shown 

to be a potent inverse agonist of hCAR (Huang et al., 2004).  However, this compound 

was shown in the same study to be an agonist of mCAR; thus the effect of this ligand on 

pCAR needs to be determined using in vitro reporter assays as has been done for other 

ligands previously in our lab (Gray et al., 2009).  If it is found that meclizine is capable 

of significantly reducing the ability of pCAR to induce transcription in in vitro reporter 

assays, it should be tested on primary Leydig cells to determine its effectiveness in 

reducing the changes in gene expression seen in this study, as well as to determine if it is 

capable of altering the ratio of steroids produced from pregnenolone.  Finally, if 

favourable effects are achieved in vitro, an in vivo trial could be carried out to determine 

if the in vitro results are replicated a whole animal system.  

     To better inhibit the production of androstenone in Leydig cells, it may be beneficial 

to inhibit the activities of both pCAR and pPXR, as both significantly increased 16-
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androstene production.  pPXR inhibition potentially could be incurred through the 

application of several compounds, including coumestrol and sulforaphane (Wang et al., 

2008A; Zhou et al., 2007).  Coumestrol is a phytoestrogenic compound found abundantly 

in several legumes, including soybeans, and has been shown to be an antagonist of hPXR, 

capable of being bound in the ligand binding domain, as well as binding a site on the 

surface of the receptor that disrupts co-regulatory protein binding (Wang et al., 2008A).  

Sulforaphane is an isothiocyanate compound found in cruciferous vegetables, including 

broccoli, brussels sprouts, and cabbage, that acts as an antagonist of hPXR by decreasing 

its ability to interact with coregulatory proteins (Zhou et al., 2007).  As with the potential 

pCAR agonist discussed, the ability of the hPXR antagonists need to be assessed to 

determine their ability to inhibit pPXR activity, both in vitro in reporter assays and on 

isolated cells, as well as in vivo. 

     One of the major issues with the use of CAR and PXR antagonists is that they will 

have system wide effects.  Though the positive effects on the testes may decrease boar 

taint levels, the potential negative effects in other tissues may be a greater issue.  With 

respect to boar taint, the inhibition of pPXR will reduce the hepatic metabolism and 

clearance of androstenone. Any potential boar taint reductions that may be attributed to 

reduced androstenone synthesis in the testes may be offset by reduced hepatic 

metabolism, leading to maintenance of the original taint levels.  Additionally, the hepatic 

metabolism of a large number of other compounds, both endogenous and exogenous, may 

be altered due to the inhibition of pCAR and pPXR, for they will be unable to fulfill their 

roles as primary xenobiotic sensors if they are globally repressed.  This could lead to the 

accumulation of other compounds that may impact meat quality more significantly than 
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boar taint.  The health of the animals may also be negatively impacted due to toxicity 

from decreased hepatic metabolism of several compounds, which would negatively 

impact producers.  The in vivo implications of receptor inhibition would have to be 

closely studied in a production environment to ensure that positive boar taint reduction 

outweighs any other potential side effects. 

     Due to the potential negative effects of global alterations in receptor activity, a means 

of tissue specific receptor inhibition or activations would be beneficial.  Compounds with 

this type of specificity are termed selective nuclear receptor modulators (SNuRMs), and 

are thought to alter transcription of different genes through altered positioning of the AF-

2 domain, compared to canonical ligands, upon SNuRM binding (Kremoser et al., 2007).  

These alterations in ligand induced protein folding result in altered affinity for co-

regulatory proteins, allowing for enhanced or reduced transcription initiation.  These 

changes in affinity for co-regulatory protein interactions can be further magnified by 

tissue specific expression levels of co-regulatory proteins, leading to the tissue specific 

nature of SNuRMs.  Tissue specific activities are also influenced by higher order 

chromatin structures, which can limit the ability of receptors to access transcription 

initiation sites and co-regulatory proteins (Kremoser et al., 2007). 

     SNuRMs have been extensively studied as potential treatments for a variety of 

diseases.  The most extensively studied disease that is treated with a SNuRM is estrogen 

positive breast cancer.  This relies on the tissue selective antagonism of the estrogen 

receptor in the cancerous breast tissue, while maintaining agonistic functions in other 

tissues (Burris et al., 2013).  One of the most extensively studied SERM compounds is 

tamoxifen, which is beneficial in treating ER positive breast cancer, antagonizing ER 
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activity in cancerous tissue, while maintaining agonistic function in other ER reliant 

tissue, such as the uterus.  The tissue specificity is based on different co-activator protein 

expression levels; in the breast, expression of the co-activator SRC-1 is low, and 

recruitment of co-repressor proteins occurs preferentially.  In the uterus, where SRC-1 

expression is higher, normal recruitment of SRC-1 occurs, and positive ER activity is 

maintained (Burris et al., 2013).  If compounds of this nature can be found for the 

receptors studied in this thesis, they could potentially regulate boar taint levels.  SNurMs 

for FXR have been described, including guggulsterone and oleanolic acid, both of which 

were found to have gene selective agonism or antagonism (Cui et al., 2003; Liu and 

Wong, 2010).  Though only shown to have gene specific regulatory activities to this 

point, potential tissue specific effects may exist, and should be studied further to 

determine if hepatic metabolism of skatole may be stimulated and testicular activity 

suppressed.  While CAR and PXR SNuRMs have not been isolated, it may be possible to 

determine compounds that will act as SNuRMs for these receptor, for instance through 

cofactor profiling (Kremoser et al., 2007). 

     Though the potential for differential tissue activation of nuclear receptors may allow 

for both decreased testicular androstenone synthesis and increased hepatic metabolism of 

both skatole and androstenone, the use of chemical agents to improve meat quality is 

poorly received by the public.  Therefore many of the potential SNuRMs that may be 

isolated for pCAR and pPXR will be unable to be used to limit boar taint.  The tissue 

specific activities of natural receptor ligands, both agonists and antagonist, should be 

tested on primary cell cultures, to determine if beneficial effects can be induced in both 

hepatocytes and Leydig cells.  A wide array of natural products, many of which are used 
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as herbal medicines, are known to be agonists or inverse agonists of CAR and/or PXR, 

including garlic, St. John’s Wort, and Ginko biloba (Chang, 2009).  One compound that 

should be tested is guggulsterone, an extract from the guggul tree Commiphora mukul 

(Cui et al., 2003).  This compound has been shown to be able to affect the human 

orthologs of the three receptors studied in this work.  Guggulsterone was a significant 

inverse agonist of hCAR, an agonist of hPXR, and a selective modulator of hFXR (Cui et 

al., 2003; Ding and Staudinger 2005; Chang, 2009).  As such, guggulsterone may be able 

to induce favourable clearance of skatole and androstenone in the liver through pPXR 

and pFXR transactivation, while minimizing increases in androstenone synthesis in the 

testes.  Therefore, guggulsterone may be the most effective manner of limiting boar taint 

through altered nuclear receptor activity.      

     The in vivo use of agonists and antagonists for the receptors studied in this work 

should be used to address some of the questions that have yet to be answered.  Foremost 

is how receptor activity alters boar taint levels, as well as how gene expression is 

changed.  The gene expression changes can be assayed through qRT-PCR using indicator 

genes.  In this work, it was shown that expression levels of the receptors were often 

correlated with the expression of indicator genes; however, many of the target genes used 

as indicators for a single receptor were affected by the other two receptors.  Though this 

suggests that these genes may not be the best choices for determining receptor activity, 

these measurements were made with animals that were not specifically treated to induce 

receptor activity.  The expression of these genes should be studied in the animals treated 

with either agonists or antagonists of the receptors, to better determine if they are useful 

indicators of receptor activity in vivo.  It may also be beneficial to carry out a larger scale 
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gene expression study to better determine the expression changes due to activities of the 

individual receptors.  The use of microarrays or next generation sequencing such as 

RNA-seq will allow for a larger number of differentially expressed genes to be 

determined, which will help identify the best indicator genes for future studies.  

Additionally, these expression profiles can be used to  determine the potential molecular 

changes that alter boar taint levels. 

     Agonist treated boars can also be used to further characterize the in vivo effects of the 

dominant receptor variants.   In this thesis, only the pCAR-SV2 dominant negative effect 

was shown in vivo based on expression levels of the variant and pCAR, and how changes 

in these expressions are expected to alter the expression of several of the target genes.  

Both pPXR-SV1 and pFXR-SV1, which had dominant positive effects in vitro, were 

shown to negatively affect the expression of CYP2B22 in vivo, a gene selected as a pCAR 

indicator.  These expression studies were carried out on tissue samples from untreated 

boars, while the in vitro work involved transactivating the wild-type receptor and 

determining how transcription was affected by the presence of the alternatively spliced 

variants.  It may be that the dominant positive effects of pPXR-SV1 and pFXR-SV1 may 

only be seen in vivo if the wild-type receptors are transactivated.  The dominant negative 

nuclear receptor variant that has been most extensively studied in vivo, hGRβ, was shown 

to decrease responsiveness in patients with increased expression of this variant (van der 

Vaart and Schaaf, 2009).  This results in a reduced ability to treat patients suffering from 

a wide array of inflammatory diseases.  Therefore, the dominant receptor variants studied 

in this work may act like hGRβ, and increased expression of each variant will be most 

noticeable when transactivating the wild-type receptors.  The experiments used to 
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determine this may also give an indication if the presence of any of the splice variants 

affects the level of boar taint.  The specifics of the potential changes in boar taint levels 

caused by the splice variants, being the production of androstenone in the testes or the 

metabolism of androstenone and skatole in the liver, should be studied in primary cell 

systems, as used in this work.  A sufficient number of animals should be used, for in this 

work 10 animals were insufficient to show whether increased variant expression altered 

gene transcription in treated hepatocyte samples.  Therefore, more animals will have to 

be utilized to get a clear picture of the in vivo effects of the nuclear receptor splice 

variants. 

     In this work the molecular basis for the dominant effects of pCAR-SV2, pPXR-SV1, 

and pFXR-SV1 was investigated through mutational studies, in an attempt to determine 

how each variant exerts its effect on the wild-type receptor.  The dominant negative 

effect of pCAR-SV2 was shown to be partially dependent on DNA binding, for 

introduction of a mutation to the P-Box in the DBD was sufficient to abolish the 

dominant negative effect, though based on EMSAs, interactions with RXR may also play 

a role.  This suggests that pCAR-SV2 may exert its effect by binding to the DNA as a 

transcriptionally inactive dimer with RXR, thereby blocking the REs from being bound 

by pCAR-WT.  Though the DNA binding capabilities of the pCAR-SV2/RXR dimer 

were shown, the kinetics of these interactions was not studied; this should be done to 

determine if the stability of the binding of this dimer is sufficient to preclude pCAR-WT 

binding.  Additionally, studies should be carried out on the protein interactions pCAR-

SV2 makes, including how it interacts with RXR to form the heterodimer.  As with DNA 

binding, the kinetics of this interaction will give some indication of the importance of the 
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dimer in the dominant negative effect, for if the dimer is unstable, it indicates that the 

formation of an inactive dimer is unlikely.  These interactions could be studied using 

GST-pull downs, employing either in vitro generated RXR or nuclear extracts from cell 

cultures.  These same assays can be used to determine if pCAR-SV2 interacts with co-

regulatory proteins; the binding of these proteins may decrease the ability of pCAR-WT 

to induce transcription through limiting the amount of co-regulatory proteins available for 

transcription initiation complexes. 

     The assays suggested above to study the protein interactions made by pCAR-SV2 

could also be employed to study the potential protein interactions made by pPXR-SV1 

and pFXR-SV1.  For pPXR-SV1 these studies should specifically look at the interactions 

made with SRC-1, because the mutations made as part of this work involved the residues 

that interact with SRC-1.  GST-pull downs should be used to study the interactions 

between in vitro expressed pPXR-SV1 and SRC-1, as well between the mutated copies of 

pPXR-SV1 and SRC-1, to show if the mutations made to pPXR-SV1 do inhibit binding 

to SRC-1.  There is also some evidence that PXR can potentially form homodimers, 

through the formation of a weak tryptophan zipper, which could potentially be 

maintained in the presence of RXR (Noble et al., 2006).   The residues involved in the 

PXR/PXR dimer interface are not lost in pPXR-SV1, and it could potentially interact 

with pPXR-WT.  The potential for these interactions should be studied through GST-pull 

downs involving in vitro expressed proteins.  Additionally it could also be studied 

through two-hybrid assays employing the LBD from pPXR-WT and the alternative LBD 

from pPXR-SV1 to determine if they are able to interact through the proposed PXR/PXR 

dimerization interface.  A pPXR-WT/pPXR-WT two-hybrid could be used as a control, 
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to determine if the interactions with pPXR-SV1 are stronger than seen in the pPXR-WT 

dimer. 

      As with the previous two splice variants, the interactions of pFXR-SV1 and 

transcriptional co-regulatory proteins need to be studied.  The MYTG insert that 

differentiates pFXR-SV1 from pFXR-WT is within the C-terminal extension (CTE) of 

the DBD, which forms an α-helix that makes contact with the DNA backbone and helps 

to stabilizes the nuclear receptor dimer on the DNA (Melvin et al., 2002).  The 

introduction of the MYTG mutation may alter dimer conformation, which in turn affects 

co-regulatory protein recruitment.  These changes may be further altered through the 

phosphorylation of the insert tyrosine.  These interactions may involve the pFXR-SV1 

interacting directly with pFXR-WT, and may be reliant on the phosphorylation of pFXR-

SV1.  Either GST pull-down assays should be carried out to study these interactions, 

though phosphorylation of the tyrosine would have to be ensured.  This could be 

accomplished by incubating purified pFXR-SV1 with a protein tyrosine kinase or a 

phosphatase inhibitor, to ensure variant phosphorylation, while the MFTG mutant can 

represent unphosphorylated pFXR-SV1.  Alternatively, kinase inhibitors could be used to 

ensure the phosphorylation of pFXR-SV1 does not occur. 

     This work was designed to investigate the roles of pCAR, pPXR, and pFXR in boar 

taint generation and metabolism, through the gene expression changes they induce and 

directly through metabolism studies in primary cell studies.  Though it was found that 

pCAR and pPXR transactivation resulted in increased androstenone production in Leydig 

cells, while pFXR and pPXR transactivation resulted in favourable skatole and 

androstenone metabolism respectively in hepatocyte; the potential of these effects 
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occurring in vivo need to be studied.  Favourable compounds, specifically natural 

products that will meet with consumer acceptance, should be studied, to determine the 

potential to use receptor transactivation to control boar taint in a commercial setting.  The 

molecular mechanisms and in vivo implications of the dominant effects of pCAR-SV2, 

pPXR-SV1, and pFXR-SV1 were also studied.  Though some aspects of the dominant 

effects of each receptor variant were determined, these all involved DNA binding or 

alterations to their dominant effects in luciferase assays through mutations; the effects of 

protein interactions were not demonstrated directly.  Further studies are needed to 

determine what role protein interactions play, as well as the specific interactions each 

receptor variant makes.  The in vivo implications of expression of each receptor variant 

also need to be further studied, to determine if their expression affects the in vivo 

activities of their corresponding wild-type receptors when the receptors are specifically 

transactivated.  In this work, only the dominant negative effect of pCAR-SV2 was shown 

in samples from untreated boars; this effect, and the dominant positive effects of pPXR-

SV1 and pFXR-SV1 may be more pronounced when the wild-type receptors are being 

activated.  
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