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Abstract
The pregnane X receptor (PXR; NR1I2) and the farnesoid X receptor (FXR; NR1H4) regulate the expression of many major

metabolic enzymes. With the pig being used as a model for humans in metabolic and toxicological studies and also an

important food animal, we characterized the transactivation profile of the porcine orthologs of these receptors, pgPXR and

pgFXR. We compared the transactivation profiles of these receptors and their splice variants to their human orthologs

using mostly endogenous ligands. Five alternatively spliced variants were identified for pgFXR as part of this study, while

five alternatively spliced variants of pgPXR had been previously described. Insertions and deletions within these splice

variants generated truncated proteins or proteins with altered tertiary structures, resulting in altered transactivation.

Realtime polymerase chain reaction analyses showed that the pgPXR variants were present in liver cDNA samples from

3.33% to 7.92% of the total pgPXR, while the pgFXR variants were present from 1.92% to 9.26% of the total pgFXR.

pgFXR was fairly evenly expressed in seven different tissues. In a luciferase reporter assay, wild-type pgPXR (pgPXR-WT)

and human PXR (hPXR) responded to 12 common ligands, with similar levels of activation occurring for six of these. Wild-

type pgFXR (pgFXR-WT) significantly responded to three ligands, two of which also activated hFXR. 3-Methylindole

(skatole) was identified as a novel inverse agonist for pgPXR-WT and pgFXR-WT as well as porcine constitutive

androstane receptor. None of the pgPXR splice variants (SVs) were active in the luciferase reporter assay on their own;

pgFXR-SV1 was activated by chenodeoxycholic acid to a similar degree as pgFXR-WT. When co-transfected with their

corresponding wild-type proteins, pgPXR-SV1 and pgFXR-SV1 significantly increased receptor transactivation. In

conclusion, pgPXR-WT and pgFXR-WT both responded to ligands that activated their human orthologs, and some of the

alternatively spliced variants significantly altered pgPXR and pgFXR transactivation at in vivo expression levels.
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Introduction

Nuclear receptors are a class of transcription factors that are
intimately involved in the regulation of a wide variety of
metabolic processes, including synthesis of endogenous
compounds and metabolism of both endogenous and
exogenous substances. In total, 49 members of this family
of transcription factors have been identified in humans.1

Nuclear receptors are modular proteins, containing a
number of domains that are conserved with variable con-
sistency throughout the family. At the N-terminus there is
a highly variable domain that contains the conserved AF-1
motif, which is implicated in ligand-independent transacti-
vation. Next is the DNA binding domain (DBD), which con-
sists of two zinc fingers; this is followed by another highly
variable hinge region. C-terminal to the hinge region is

the ligand binding domain (LBD), which contains within
its C-terminal end the AF-2 domain involved in ligand-
dependent transactivation.1 The C-terminal end of the
protein is also involved in protein–protein binding, for
a number of nuclear receptors form homo- or heterodimers
upon activation by ligands.2

A subset of the nuclear receptor family, the Class II
nuclear receptors, forms heterodimers with the retinoid X
receptor (RXR) upon ligand activation.3 In this class of
receptors are the farnesoid X receptor (FXR) and pregnane
X receptor (PXR). FXR has been identified as the hepatic
bile acid receptor that regulates the expression of genes
involved in bile acid transport and synthesis.4 There
is some evidence that FXR is not restricted to its role
as a bile acid receptor, since 5a-androstan-3a-ol-17-one
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(androsterone), a weak androgen, is capable of activating
FXR.5 FXR may also be linked to general hepatic metabolic
processes, for it has been shown to cause up-regulation of
hydroxysteroid sulfotransferase (SULT2A1)6,7 and PXR,8

both of which are involved in metabolism of a wide
variety of endogenous and exogenous compounds. FXR
has been cloned and characterized in a number of species
including human, rat4 and mouse,9 although it has yet to
be cloned and characterized in the pig.

The PXR is one of the major xenobiotic sensing nuclear
receptors expressed in the liver, along with the constitutive
androstane receptor (CAR), to which it is closely related.10

The LBD of PXR is extremely large, allowing for a wide
array of exogenous and endogenous compounds to act as
activating ligands.11 Evolutionary changes in the LBD
have resulted in differential responses to common ligands
and altered ligand specificity among different species.12,13

Upon activation, PXR regulates the expression levels of
many major metabolic enzymes, including the cytochrome
P450 family of phase I enzymes and various families of
phase II enzymes.14 – 16 PXR has been extensively studied
in many species, including human and mouse. The coding
sequence for pig PXR (pgPXR) has been determined,17

although characterization of activating ligands has yet to
be carried out.

Alternatively spliced variants of nuclear receptors have
been shown to have various effects on the transactivation
of the wild-type receptor. Splice variants identified for
mouse CAR have lost their transactivation ability due to
the loss of the C-terminal end of the LBD and the transacti-
vation (AF-2) domain.18 Human CAR variants have been
identified in which amino acid insertions occurred; these
retained transactivation abilities, but with a decreased
efficiency compared with the wild-type protein.19 – 22

Alternatively spliced nuclear receptor variants can some-
times attenuate the transactivation of the wild-type
protein, which is termed a dominant-negative effect.23

This effect has been exhibited by rat CAR, mouse PXR
and rat FXR that had their AF-2 domains artificially
deleted.24 Naturally occurring dominant-negative splice
variants have also been found; variants of peroxisome
proliferator-activated receptor g inhibit the transactivation
of the wild-type protein by preferentially binding nuclear
co-factors.25 A dominant-negative effect has also been
shown in pigs, with a pig CAR variant being found to
significantly decrease the transactivation of the wild-type
receptor in vitro.26 The opposite effect, a dominant-positive
effect, has also been shown, with an alternatively spliced
variant of the estrogen receptor causing a significant
increase in wild-type receptor transactivation.27

The use of pigs as a biomedical research model has
been gaining increased interest in recent years.28 The basis
of this interest is pharmacological and toxicological studies
comparing pigs to humans, and as such an understanding
of how specific liver nuclear receptors differ between the
two species is required. Our objective was to determine
the transactivation profile of pgPXR and pgFXR, particu-
larly with endogenous ligands that are present in the pig.
The expression levels of pgFXR in seven tissues were deter-
mined, for this is the first report of pgFXR being cloned, and

tissue distribution of this receptor was previously unknown.
We also compared the transactivation profiles of pgPXR and
hPXR as well as pgFXR and hFXR, using dual-luciferase
assays. We hypothesize that due to sequence similarities
at both the gene and protein levels, the human and pig
orthologs of each receptor are likely to respond to similar
ligands. Alternatively spliced variants found through the
course of cloning pgFXR and pgPXR17 were also tested for
individual transactivation, as well as for potential effects
on the activities of the wild-type proteins. The expression
levels of each of these variants, as a percentage of total
pgFXR or pgPXR, were also determined in liver tissue of
domestic pigs.

Methods and materials

Research animals

Animals used for the cloning and characterization of pgPXR
and pgFXR were obtained from the Arkell Swine Research
facility of the University of Guelph. Procedures were
approved by the Animal Care Committee at the University
of Guelph and used in accordance with the guidelines of
the Canadian Council on Animal Care. Pigs were uncastrated
Yorkshire males weighing approximately 100 kg and were
slaughtered in the abattoir, University of Guelph. Livers,
small intestines, lungs, hearts, kidneys, adrenal glands and
testes were removed immediately following the slaughter
and used for extraction of RNA. Total RNA was isolated
from the tissue using Tri-Reagent (Sigma Chemical Co, St
Louis, MO, USA) and reverse transcribed using SuperScript
II with oligo dT primers (Invitrogen Corp., Burlington, ON,
Canada) to produce cDNA.

Cloning of Pig PXR and its splice variants

pgPXR was amplified from porcine liver cDNA using the
forward and reverse primers 50 GCCATGCAATGCAATG
AAACAGA 30 and 50 TCAGCTTTCTGTGATGC 30, respect-
ively. These primers were designed to amplify the pgPXR
coding sequence from the reference sequence (Genebank
accession no. NM_001038005). pgPXR was amplified using
Platinum Taq DNA Polymerase High Fidelity (Invitrogen
Corp.) with the following program: (948C, 2 min (948C,
30 s; 638C, 30 s; 688C, 1.5 min) � 35 cycles; 688C, 10 min).
The resulting polymerase chain reaction (PCR) product
was gel purified and ligated into the pcDNA3.1/V5-His
TOPO vector (Invitrogen Corp.) following the manufac-
turer’s instructions. The isolated plasmids were sequenced
to identify an expression plasmid containing the complete
pgPXR expression sequence, termed pgPXR-WT.

Splice variants of pgPXR were cloned as previously
described.17 Each splice variant (pgPXR-SV1 through
pgPXR-SV5) was subcloned into the pcDNA3.1/V5-His
TOPO vector. The expression plasmids were sequenced to
confirm they contained the proper coding sequences for
each of the alternative splice variants.
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Cloning of porcine FXR and its splice variants

A putative pgFXR sequence was assembled from porcine
expressed sequence tags (ESTs) using the human FXR refer-
ence sequence (Genebank accession no. NM_005123) as a
template. From this sequence, the forward and reverse
primers 50 GCCATGGTAATGCAGTTTCAGG 30 and 50

GGAGGAAAATGAAGAGCTAGA 30 were designed to
PCR amplify the pgFXR coding sequence using Platinum
Taq DNA Polymerase High Fidelity (Invitrogen Corp.)
with the program (948C, 2 min (948C, 30 s; 648C, 30 s;
688C, 1.5 min) � 35 cycles; 688C, 10 min). The resulting
PCR product was purified on a 1% agarose gel and
TA cloned into the pcDNA3.1/V5-His TOPO vector
(Invitrogen Corp.) following the manufacturer’s instruc-
tions. All plasmids were sequenced to ensure that the
correct coding sequence for pgFXR had been isolated,
termed pgFXR-WT. During the plasmid sequencing, five
alternatively splice variants of pgFXR-WT were also isolated
and these were named pgFXR-SV1 through pgFXR-SV5.

Realtime PCR

The relative amounts of mRNA for each of the pgPXR and
pgFXR splice variants, as well as the total amounts of
pgPXR and pgFXR, were determined in RNA isolated
from the livers of 10 individual Yorkshire pigs and con-
verted to cDNA as described previously. Realtime PCR
primers were designed using PrimerQuest (Integrated
DNA Technologies, http://www.idtdna.com/Scitools/
Applications/Primerquest/) for each of the pgPXR and
pgFXR variants, as well as for total pgPXR and total
pgFXR (Table 1). Primer design, specificity testing and
determination of amplification efficiencies were carried out
as described by Gray et al.26 Tissue distribution for pgFXR
was also determined in seven tissues (liver, small intestine,
lung, heart, adrenal gland, kidney and testes) using the
Total pgFXR primers from Table 1.

Realtime PCR was carried out as described previously26

using the qPCR program as follows: (948C, 10 min (948C,
15 s; 648C, 30 s; 728C, 30 s; 758C, 15 s) � 40), with fluor-
escence being recorded during the 758C step. Melt curves
from 72 to 948C were produced during each experiment to
confirm the presence of a single product. Relative fold
expression of each gene was calculated using the 22DDCT

method29 using a positive control sample containing
0.01 ng of the corresponding plasmid for the splice variant
primer set being used.

Activities of pgPXR-WT, hPXR, pgFXR-WT and
hFXR using the luciferase reporter assay

For transactivation assays for each of the four wild-type
nuclear receptors to be tested (pgPXR-WT, hPXR,
pgFXR-WT and hFXR), HepG2 cells were cultured in
Eagle MEM (Earle’s balanced salt solution, non-essential
amino acids, 1 mmol/L sodium pyruvate, 2 mmol/L
L-glutamine, 1500 mg sodium bicarbonate/L) (ATCC,
Manassas, VA, USA) supplemented with 10% FBS and 1%
v/v penicillin/streptomycin (Invitrogen Corp.). Cells were

plated in 24-well plates at a seeding density of 1.0 � 106

cells per well. Twenty-four hours after plating, cells were
transfected as follows: (pgPXR-WT or hPXR,30 or
pgFXR-WT or hFXR expression plasmid31) (250 ng/well),
pRL-tk control plasmid (5 ng/well) and (XREM-3A4-tk-luci-
ferase reporter plasmid for PXR32 or IR-1-tk-luciferase
reporter plasmid for FXR31) (250 ng/well), using
Lipofectamine 2000 (Invitrogen Corp.) following the manu-
facturer’s instructions. Twenty-four hours after transfection,
cells were treated with the ligands of interest. The endogen-
ous ligands used were: dehydroepiandrosterone (DHEA),
dehydroepiandrosterone sulfate (DHEA-S), testosterone,
5a-dihydrotestosterone (DHT), 5b-DHT, pregnenolone, pro-
gesterone, estrone (E1), estrone sulfate (E1S), b-estradiol
(E2), 5a-androst-16-en-3-one (androstenone), 16,(5a)-and
rosten-3a-ol (3a-androstenol), 16,(5a)-androsten-3b-ol
(3b-androstenol), 5,16-androstadien-3b-ol (androstadienol),
4,16-androstadien-3-one (androstadienone) (all from
Steraloids, Inc, Newport, RI, USA), 3-methylindole (3MI,
skatole), indole-3-carbinol, 3-methyloxindole, 3-hydroxy-3-
methyloxindole (3HMOI) and lithocholic acid (LCA)
(Sigma-Aldrich Inc, St Louis, MO, USA). Specific activators
for PXR and FXR, based on studies in other species, were
also used. For PXR, the known activators used were rifam-
picin and 5-pregnen-3b-ol-20-one-16a-carbonitrile (PCN)
(Sigma-Aldrich Inc). For FXR, the known activators used
were chenodeoxycholic acid (CDCA) and 3-(2,6-dichloro
phenyl)-4-(30-carboxy-2-chlorostilben-4-yl)oxymethyl-5-iso
propylisoxazole (GW4064) (Sigma-Aldrich Inc). Stocks of
all ligands, except for LCA and CDCA, were made at
20 mmol/L in dimethylsulfoxide (DMSO), and then
diluted to a final concentration of 10 mmol/L in culture
media. LCA and CDCA stocks were made at 200 mmol/L
in DMSO, and then diluted to 100 mmol/L in culture
media. A DMSO control treatment was also used, with
DMSO at 0.05% (v/v) in culture media. Twenty-four hours
after ligand treatment, the media was removed, cells were
washed in 1� PBS, and cells were lysed following the
Dual-Luciferase Assay protocol (Promega, Madison, WI,
USA). The dual-luciferase assay was carried out following
the manufacturer’s instructions using a Sirius single tube
luminometer with dual injectors (Berthold Detection
Systems, Oak Ridge, TN, USA).

Potential antagonistic effects of the ligands of interest were
also studied for pgPXR-WT and pgFXR-WT. This was done
by plating and transfecting HepG2 cells as has already
been described. Twenty-four hours after transfection, all
cells transfected with pgPXR-WT were co-incubated with
10 mmol/L rifampicin along with 10 mmol/L of the ligands
of interest. For the rifampicin control, cells were treated
with 10 mmol/L rifampicin and 0.05% DMSO (v/v). For
pgFXR-WT-transfected cells, all cells were treated with
100 mmol/L CDCA along with the ligands of interest,
which were all at a concentration of 10 mmol/L. For the
CDCA control, cells were treated with 100 mmol/L CDCA
and 0.05% DMSO (v/v). Twenty-four hours after transfection,
cells were lysed and the dual-luciferase assay carried out.

Due to the initial decrease in the activity of pgPXR and
pgFXR seen with 10 mmol/L skatole treatment, further
concentrations of skatole were used to determine the dose
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dependence of its inhibitory effect. This was also done for
hPXR and hFXR. Cells were transfected with either the
human or pig ortholog of either PXR or FXR as has been
previously described. Twenty-four hours after treatment,
cells were treated with either 10 mmol/L rifampicin or
100 mmol/L CDCA along with skatole at 10, 5, 2.5, 1, 0.5
or 0.25 mmol/L concentrations. Twenty-four hours after
treatment, cells were lysed and the dual-luciferase assay
carried out.

Although the ligand complement of pgCAR has been
determined previously,26 the effect of skatole on pgCAR was
not tested at that time. Due to the inverse agonist effect
found for skatole on the transactivation of pgPXR and
pgFXR, we determined the effect of skatole on the constitutive
transactivation of pgCAR and hCAR. HepG2 cells were plated
and cultured as has been described. Twenty-four hours after
plating, cells were transfected as follows: pgCAR-WT26

(250 ng/well), pRL-tk control plasmid (5 ng/well) and
(NR1)5-LUC luciferase reporter plasmid33 (250 ng/well)
using Lipofectamine 2000. Twenty-four hours after transfec-
tion, cells were treated with 0.05% DMSO (v/v) or skatole at
10, 5, 2.5, 1, 0.5 or 0.25 mmol/L concentrations. Twenty-four
hours after treatment, cells were lysed and the dual-luciferase
assay carried out.

Effects of pgPXR and pgFXR splice variants
on transactivation

Each of the five pgPXR and five pgFXR splice variants were
tested for transactivation of the reporter. HepG2 cells were
plated as has been previously described. Twenty-four
hours after plating, cells were transfected as follows:
pgPXR (SV1 through SV5, except SV3) or pgFXR (SV1
through SV5) (250 ng/well), pRL-tk control plasmid (5 ng/
well) and XREM-3A4-tk-luciferase reporter plasmid for
PXR or IR-1-tk-luciferase reporter plasmid for FXR
(250 ng/well), using Lipofectamine 2000 (Invitrogen Corp.)
following the manufacturer’s instructions. pgPXR-SV3 was
not used because it encodes the same protein as
pgPXR-SV2. Twenty-four hours after transfections, cells
transfected with a pgPXR splice variant were treated with
10 mmol/L rifampicin and cells transfected with a pgFXR
splice variant were treated with 100 mmol/L CDCA.

Twenty-four hours after treatment, cells were lysed and
the dual-luciferase assay carried out.

To test for potential effects of the splice variants on the
transactivation of the reporter by the wild-type receptor,
plasmids for pgPXR-WT or pgFXR-WT were co-transfected
with their respective splice variants, with each splice
variant being co-transfected on an individual basis.
Plates were seeded with HepG2 cells as described pre-
viously and 24 h after plating, cells were transfected
as follows: pgPXR-WT or pgFXR-WT (125 ng/well),
XREM-3A4-tk-luciferase reporter plasmid for PXR or
IR-1-tk-luciferase reporter plasmid for FXR (250 ng/well),
pRL-tk (5 ng/well), pgPXR splice variant or pgFXR splice
variant (6.25, 3.13, 1.25 or 0.63 ng/well) and pcDNA 3.1
empty vector for a total amount of 500 ng plasmid/well,
using Lipofectamine 2000 as a transfection reagent.
Twenty-four hours after transfection, cells transfected
with pgPXR-WT and its splice variants were treated
with 10 mmol/L rifampicin, while cells transfected with
pgFXR-WT and its splice variants were treated with
100 mmol/L CDCA. Twenty-four hours after treatment,
cells were lysed and the dual-luciferase assay carried out.

Due to a sharp increase in transactivation with the
co-transfection of pgFXR-WT and pgFXR-SV1, as well as
with pgPXR-WT and pgPXR-SV1, further pgFXR-SV1 and
pgPXR-SV1 inclusion levels were tested to determine
whether these increases in the transactivation were dose
dependent. Cells were plated and transfected as was
described for the initial splice variant co-transfections,
with pgFXR-SV1 or pgPXR-SV1 being included at 0.75,
0.875, 1.0 or 1.125 ng/well. Cells were treated with 0.05%
v/v DMSO or 100 mmol/L CDCA for pgFXR-SV1 co-trans-
fected cells and 0.05% v/v DMSO or 10 mmol/L rifampicin
for pgPXR-SV1 co-transfected cells at 24 h after transfection.
Twenty-four hours after ligand treatment, cells were lysed
and the dual-luciferase assay carried out.

The effect of pgFXR-SV1 was also tested using hFXR to
determine whether the dominant-positive effect seen was
specific to pgFXR-WT. HepG2 cells were plated as
described, then transfected as was done for the initial
characterization of the pgFXR splice variants, but with
pgFXR-WT replaced by hFXR for the transfections.
Twenty-four hours after transfection, cells were treated

Table 1 Realtime PCR primers

Target Forward Reverse

Total pgPXR 50 ctccgcaagtgtctggaaag 30 50 attgtccgctgctcttcagt 30

pgPXR-SV1 50 atggcgggaggagaggag 30 50 ggcataggctggaagggtaa 30

pgPXR-SV2 50 tggtagcgtctggaactacaaacc 30 50 tggaagccacctgaagtaggaga 30

pgPXR-SV3 50 gccaaagtcatctcctacttcag 30 50 caggaacaggaatctggagaga 30

pgPXR-SV4 50 ggaagatggtagcgtctgga 30 50 tgggcataggctgaagtagga 30

pgPXR-SV5 50 gggcggtctgaagtagga 30

Total pgFXR 50 tatgaactcaggcgaatgcctgct 30 50 atccagatgctctgtctccgcaaa 30

pgFXR-SV1 50 ggaatgttggctgaatgtatgtat 30� 50 gttcagttttctccctgcaagac 30

pgFXR-SV2 50 gttggctgaatgcttgttaactg 30 50 gggtgagttcagttttctcctac 30

pgFXR-SV3 50 ggaatgttggctgaatgtatgtat 30� 50 gggtgagttcagttttctccct 30

pgFXR-SV4 50 agtcttgcaggttaaaggaaga 30 50 cagcaaagcaatctgatcttcgtgg 30

pgFXR-SV5 50 ggaatgttggctgaatgtatgtat 30� 50 tcttcctttaacctgcaagacttag 30

b-Actin 50 gacatccgcaaggacctcta 30 50 gaggcgcgatgatcttga 30

Realtime primers used to determine expression levels of each pgPXR and pgFXR splice variants. Common primers between variants are denoted by (�)
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with 100 mmol/L CDCA, and then the dual-luciferase assay
was carried out 24 h after treatment. To further ensure that
the dominant-positive effect seen was not due to the indi-
vidual activities of the splice variants, they were transfected
into cells at their inclusion levels used for the dominant
effect tests, but without a wild-type vector included. Cells
were plated, then transfected 24 h after as described
above, with empty vector (pcDNA 3.1) in place of any wild-
type vector. Treatment and the luciferase assay were carried
out as described above.

The effects of all splice variants together on the transacti-
vation of the wild-type receptors were also tested. Cells
were plated as described, and transfected as follows: for
pgPXR (SV1 at 3.13 ng/well, SV2/3 at 3.13 ng/well, SV4 at
2.5 ng/well, SV5 at 2.5 ng/well and pgPXR-WT at 125 ng/
well); for pgFXR (SV1 at 3.13 ng/well, SV2 at 4.375 ng/
well, SV3 at 2.5 ng/well, SV4 at 1.25 ng/well, SV5 at
1.25 ng/well, and pgFXR-WT at 125 ng/well). Twenty-four
hours after transfection, cells were treated with 10 mmol/L
rifampicin (pgPXR-transfected cells) or 100 mmol/L CDCA
(pgFXR-transfected cells) and 0.05% v/v DMSO or
10 mmol/L skatole. Cell lysing and the dual-luciferase
assay were carried out as described.

The effects of pgPXR-SV1 and pgFXR-SV1 on skatole inhi-
bition of the wild-type receptors were also tested. Cells were
plated and transfected as already described, with pgPXR-SV1
or pgFXR-SV1 transfected at 0.00, 0.63, 0.875, 1.0, 1.125,
1.25 or 3.13 ng/well along with their corresponding
wild-type receptor (125 ng/well) and reporter (250 ng/well).
Twenty-four hours after transfection, pgPXR-SV1-transfected
cells were treated with 10 mmol/L rifampicin and 10 mmol/L
skatole while pgFXR-SV1-transfected cells were treated with
100 mmol/L CDCA and 0.05% v/v DMSO or 10 mmol/L
skatole. Twenty-four hours after treatment, cells were
lysed and the dual-luciferase assay carried out as already
described.

Statistical analysis

Data on the effect of ligand treatment on transactivation of
pig and human PXR and FXR were analysed with the
Statistical Analysis System, version 9.1 (SAS Institute,
Cary, NC, USA). Differences between treatment groups
comparing ligand treatments with the DMSO vehicle
control, and the effects of the pgPXR or pgFXR splice
variants on the transactivation of wild-type pgPXR or
pgFXR receptors were analyzed by the General Linear
Model procedure followed by Dunnett’s T-test and linear
regression analysis to test for dose–response relationships.
Differences between ortholog responses to ligands for PXR
and FXR in pigs and humans were analyzed using the
General Linear Model and paired t-tests comparing fold
activation above the DMSO control.

Results

Cloning of pgPXR and pgFXR and their splice variants

The cloning and sequencing of pgPXR previously
described17 resulted in the isolation of five alternatively

spliced variants. These variants were subcloned into the
pcDNA3.1/V5-His TOPO vector to allow for expression
studies to be carried out. These different variants had a
variety of insertions and deletions, resulting in frameshift
mutations and truncated proteins, which are further
described in Pollock et al.17

Cloning of pgFXR-WT was initiated by generating an
expected porcine sequence using pig ESTs aligned to the
hFXR nucleotide sequence (gi:142360165). The resulting
1487 bp sequence was 91% homologous to the human
sequence, and the expected 482 amino acid protein was
93% homologous to the human protein (Figure 1). There
were no alterations between hFXR and pgFXR-WT in resi-
dues indicated as being important for ligand binding in
hFXR.34 PCR amplification of pgFXR from cDNA samples
and subsequent cloning isolated the expected product,
along with five alternatively spliced variants (Figure 2a).
The coding regions of each variant had various additions
or deletions at exon/exon boundaries, as judged from the
human FXR gene structure, which resulted in alternative
protein products (Figure 2b). pgFXR-SV1 has a 12 bp inser-
tion between exons 5 and 6, which results in the addition of
four amino acids (MYTG) to the DBD without shifting the
reading frame, and this results in a protein of 486 amino
acids. pgFXR-SV2 contained an additional 5 bp between
exons 6 and 7, as well as a 38 bp deletion from the 30 end
of exon 7. This results in a loss of 11 amino acids within
the hinge region of the protein, resulting in a protein of
471 amino acids. The third splice variant, pgFXR-SV3, con-
tains the same deletion as pgFXR-SV2, as well as the 12 bp
insertion seen in pgFXR-SV1. However, this variant does
not contain the 5 bp insertion seen in pgFXR-SV2. As such
there is a frameshift that results in a truncated protein that
is 322 amino acids in length. Both pgFXR-SV4 and
pgFXR-SV5 contain a deletion of the complete exon 7
(99 bp), with pgFXR-SV5 differing from pgFXR-SV4 by the
addition of the 12 bp insertion seen in pgFXR-SV1. This
results in 33 amino acid deletions from the hinge regions
of each expected product of pgFXR-SV4 and pgFXR-SV5,
which are 449 and 454 amino acids, respectively.

Determination of splice variant expression
by realtime PCR

Realtime PCR was used to determine the mRNA expression
levels of all pgPXR and pgFXR splice variants in the liver of
10 individual animals. Primers specific to each variant were
designed across unique splice sites for each variant, as
shown for pgPXR variants in Table 2 and for pgFXR
variants in Table 3. Total mRNA levels for each nuclear
receptor were determined by designing primers over con-
served regions found in all splice variants. The relative
levels of each variant of pgPXR and pgFXR were deter-
mined by calculating DDCT values, using b-actin as an
internal control. The expression of each variant was then
calculated as a percentage of the total amount of its
respective nuclear receptor. This was done by expressing
the DDCT for each variant as a percentage of the DDCT
for the total nuclear receptor expressed.
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The expression levels of each pgPXR splice variant with
respect to total pgPXR are given in Table 4. pgPXR-SV5
was the most prevalent alternatively spliced variant on
average, with a mean expression level of 1.51% in the 10
pigs, ranging from 1.15% to 1.86%. The highest expression
of any single splice variant was pgPXR-SV1, which
reached 2.49% of total pgPXR in a single individual.
However, this variant had a mean expression level of
1.25%, due to large variation in expression levels
between individual animals. The average expression
levels of the other pgPXR splice variants ranged from
0.70% to 0.97%, with levels in individuals ranging from
0.17% to 1.83%. The alternatively spliced variants of
pgPXR comprised 5.33% of the total pgPXR on average,
with levels of individual splice variants ranging from
3.33% to 7.92%.

The expression levels of pgFXR splice variants were highly
variable among individuals (Table 4). The most prevalent
pgFXR alternative splice variant was pgFXR-SV2, which
was present at a mean level of 2.34%, and ranged from
0.97% to 3.39% in individual pigs. The other variants had
mean expression levels ranging from 0.41% (pgFXR-SV4) to
1.38% (pgFXR-SV1), and individual levels ranging from
0.03% to 2.19%. On average, pgFXR-SV1 through
pgFXR-SV5 comprised 6.01% of total pgFXR, although indi-
vidual levels ranged from 1.92% to 9.26%. The upper level of
this range could potentially be enough to reduce overall
pgFXR transactivation of the reporter by decreasing the
expression of the wild-type receptor.

Tissue distribution of pgFXR

Porcine FXR was first isolated as part of this work, and as
such the tissue distribution for this receptor in seven
tissues (liver, small intestine, lung, heart, adrenal glands,
kidney and testes) was measured. The relative levels of
total pgFXR are given in Figure 3, with each tissue
expression level presented relative to the liver expression
level. pgFXR was expressed at high levels in all tissues,
with the highest expression in the liver and the lowest
expression in the testes.

Effects of ligands on the transactivation
of human and pig PXR and FXR

Dual-luciferase reporter assays were used to determine the
effect of different ligands on the transactivation of pig and
human orthologs of PXR and FXR. For both hPXR and
pgPXR-WT, 13 ligands significantly increased transactiva-
tion levels above that seen with the DMSO control; 12 of
these ligands were shared by the two orthologs (Figure 4).
Both orthologs of PXR responded significantly to the
known hPXR activator rifampicin, with a 22.3-fold increase
over DMSO control seen with pgPXR-WT and an 8.1-fold
increase for hPXR. 5b-DHT and 5a-DHT, major metabolites
of testosterone, were also active ligands for both pgPXR-WT
(pg) and hPXR (h), increasing transactivation over DMSO
control by (3.9 pg, 6.5 h)-fold and (3.2 pg, 4.6 h)-fold,
respectively. Other ligands that activated both pgPXR-WT

Figure 1 Protein alignment between pgFXR (pgFXR-WT) and hFXR. Amino acid changes between the orthologs are highlighted in grey. The DNA binding

domains and ligand binding domains are denoted by boxes. Key ligand binding residues for hFXR are noted by (�)
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Figure 2 (a) Schematic diagram representing alternative splicing and exon junctions of pgFXR. 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) Schematic diagram representing the

deduced protein domain structure for the pgFXR splice variants
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Table 2 Nucleotide alignment of pgPXR splice variants

Splice variant Base Sequence alignment

pgPXR-WT 1 ATGCAATGCAATGAAACAGACTCCACTTCTGGAAATTCCACCACCAATGCAGATGAGGAAGATGAGGGTCCCCAGAT

78 CTGCCGTGTATGTGGGGACAAGGCCACTGGTTATCATTTCAATGTTATGACATGTGAAGGATGCAAGGGCTTTTTCAGGA

158 GGGCCATCAAACGCAATGCCCGGCCCCGGTGCCTCTTCCGGAAGGGCGCCTGCGAGATCACCCGGAAGACTCGGCGGCAG

238

318

398

478 TTACCAGAGGTGCTTAGCAGTAGCCTCGAGATTCCAGAGTGTCTGCAGACTCCGTCGTCAAGGGAAGAAGCTGCCAAGTG

578

638

pgPXR-WT,SV1 718 GGCATTATCAACTTTGCCAAAGTCATCTCCTACTTCAGGGACTTGCCCATTGAGGACCAGATCTCTCTGCTGAAGGGGGC

pgPXR-SV2,3

pgPXR-SV4,5

pgPXR-WT,SV1 798 CACCTTTGAGCTGTGCCAGCTGAGATTCAACACGGTGTTCAACGCAGAGACGGGGACCTGGGAGTGTGGTCGGCTGTCCT

pgPXR-SV2,3,4,5 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :

pgPXR-WT 878 ACAGCTTGGAAGACCCCTCAGGTG : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :

pgPXR-SV1

pgPXR-SV2,3,4,5 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :

pgPXR-WT,SV2,3,4,5 958 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :

pgPXR-SV1 TGCACGTCCTGGGATTGCAGGGCAGAAGACTGGGCGATGGGAAAAGAGACCCTGGTGAGACAAGTCTGGGTGTTGGGTCA

pgPXR-WT

1038

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : GCTTCCAGCAGCTTCTCCTGCAGCCCATGCTGAA

pgPXR-SV1

pgPXR-SV2,3

pgPXR-SV4

pgPXR-SV5 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :

pgPXR-WT,SV1,2,3,4 1118

pgPXR-SV5

pgPXR-WT,SV1,2,4,5 1198

pgPXR-SV3

pgPXR-WT 1278 TGCAACCGGCCCCAGCCTGCCCACCGATTCCTGTTCCTGAAGATCATGGCTATGCTCACTGAGCTCCGCAGCATCAACGC

pgPXR-SV1 TGCAACCGGCCCCAGCCTGCCCACCGAT

aaPXR-SV2,4,5 TGCAACCGGCCCCAGCCTGCCCACCGATTCCTGTTCCTGAAGATCATGGCTATGCTCACTGAGCTCCGC

pgPXR-SV3

pgPXR-WT 1358 CCAACACACCCAGCGGCTGCTGCGAATCCAGGACATACACCCCTTCGCCACCCCACTCATGCAGGAGTTATTCAGCATCA

1438 CAGAAAGCTGA

The consensus sequence and base numbers of the wild-type sequence of pgPXR (pgPXR-WT) are given, and aligned with the splice variants pgPXR-SV1 to

pgPXR-SV5. Regions where the sequence of a splice variant differs from pgPXR-WT are shown. Realtime primers for each pgPXR variant, as well as total pgPXR,

are depicted as colored boxes, with direction noted by an arrow. Areas where primers overlap are denoted by a lighter grey
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and hPXR were testosterone (2.9 pg, 2.9 h), progesterone (4.6
pg, 5.4 h), E1 (3.7 pg, 3.6 h), E1S (4.8 pg, 3.3 h), E2 (5.2 pg,
5.5 h), 3a-androstenol (3.4 pg, 2.4 h), androstadienone (6.4
pg, 3.5 h), 3HMOI (3.0 pg, 2.5 h) and LCA (12.2 pg, 4.6 h).
pgPXR-WT also significantly responded to the known
mouse PXR activator PCN, with a 5.3-fold increase in
transactivation seen above the DMSO control. hPXR also
responded significantly to DHEA (3.2-fold), while
pgPXR-WT did not. Of the 22 ligands tested with the two
PXR orthologs, eight generated responses in pgPXR-WT
and hPXR that were not significantly different between the
two orthologs. Six of these eight ligands were significant ago-
nists shared by pgPXR-WT and hPXR, namely testosterone,
progesterone, the estrogens (E1, E1S, E2) and 3a-androstenol.

A similar experiment was carried out using the porcine
and human FXR orthologs, testing 22 ligands for their
abilities to cause an increase in pgFXR-WT and hFXR activi-
ties above a DMSO control. Both orthologs significantly

responded to three ligands, two of which were shared
between pgFXR-WT and hFXR (Figure 5). CDCA, a bile
acid and known hFXR agonist, significantly increased
pgFXR-WT transactivation 11.0-fold and hFXR transactiva-
tion by 13.3-fold. The second known hFXR agonist tested,
the synthetic ligand GW4064, also significantly increased
pgFXR-WT and hFXR transactivation, by 9.2- and
21.0-fold, respectively. pgFXR significantly responded to
progesterone, with a 2.1-fold increase in transactivation.
The third agonist seen for hFXR was LCA, another bile
acid and known hFXR agonist, which increased hFXR trans-
activation by 3.4-fold.

The chosen ligands were further tested to determine
whether they would have any antagonistic effects on
pgPXR-WT or pgFXR-WT. Cells transfected with each
nuclear receptor were first treated with the agonist found
to be most effective in increasing transactivation above
the DMSO control. Thus, pgPXR-WT-transfected cells

Table 3 Nucleotide alignment of pgFXR splice variants

Splice variant Base Sequence alignment

pgFXR-WT 1 ATGGTAATGCAGTTTCAGGAGTTAGAAAATCCAATTCCAATCAGTCCTTGTCACAGCCACACGTCGCCTGGGTTTACCAT

81 GGAGATGATGAGCATGAAGCCTGCCAAAGGTGTACTAACAGAACAAGCAGCAGGTCCTCTGGGACAGAATCTCGAAGTGG

161 AACCATACTCACAATACAACAGTGTTCCGTTTCCTCAAGTTCAACCACAGATTTCCTCATCTTCCTATTATTCCAACCTG

241

321 CCAGGGAGAGGCTGGGGAAGTAGAGATTCCTGTGACAAAGACGACCCGACTGGGTGCATCAACAGGGAGAATAAAAGGGG

401

481 TTCCGGAGAAGCATTACCAAACATGCGAAGGAAGTGCCAGGAGTGTCGACTAAGGAAATGCAAAGAGATGACATGCGAAG

pgFXR-WT,SV2,4 561

pgFXR-SV1,3,5

pgFXR-WT 641 AAATTCAGTGTAAATCTAAACGACTGAGAAAAAACGTGAAGCAGCATGCAGATCAGACCATTGGTGAAGACGGCGAAGGA

pgFXR-WT,SV1,3 721

pgFXR-SV2

pgFXR-SV4,5

pgFXR-WT,SV1 801 CTTCTTCATTATATTATGGATTCATATAGTAAGCAGAGGATGCCTCAGGAAATAACAAATAAAATTTTAAAGGAAGAATT

pgFXR-SV2,3 CTTCTTCATTATATTATGGATTCATATA::::::::::::::::::::::::::::::::::::::TTAAAGGAAGAATT

pgFXR-SV4,5

pgFXR-WT 881 CAGTGCAGAAGAAAATTTTCTCATTTTAACGGAAATGGCTACCAGTCATGTACAGGTCCTCGTAGAATTCACAAAAAAAC

961

1041 TCAGCTGAGATTTTCAATAGGAAACTTCCGGCTGGACATACTGACCTATTGGAAGAAAGAATTCGAAAGAGTGGTATCTC

1121 CGATGAATATATAACACCTATGTTCAGTTTTTATAAAAGTATTGCTGAATTAAAAATGACTCAAGAAGAATACGCTCTGC

1201 TTACAGCAATTGTTATCCTCTCTCCAGACAGACAATACATAAAGGACCGAGAGGCAGTAGAGAAGCTTCAGGAACCACTG

1281 CTTGAGGTGCTACAAAAGTTGTGTAAGATTCATCAGCCTGAAAATCCTCAACATTTTGCCTGCCTCCTGGGTCGCCTGAC

1361 TGAGTTGCGGACATTCAACCATCACCACGCAGAGATGCTTATGTCATGGAGAGTGAATGACCACAAGTTTACCCCGCTTC

1441 TCTGTGAAGTCTGGGATGTGCAGTGA

The consensus sequence and base numbers of the wild-type sequence of pgFXR (pgFXR-WT) are given, and aligned with the splice variants pgFXR-SV1 to

pgFXR-SV5. Regions where the sequence of a splice variant differs from pgFXR-WT are shown. Realtime primers for each pgFXR variant, as well as total pgFXR,

are depicted as colored boxes, with direction noted by an arrow. Areas where primers overlap are denoted by a lighter grey
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were initially treated with 10 mmol/L rifampicin and
pgFXR-WT-transfected cells were treated with 100 mmol/L
CDCA, and then treated with the other ligands. Of these,
only skatole showed a significant antagonistic effect on the
transactivation of both nuclear receptors. Skatole treatment
at 10 mmol/L decreased the transactivation of the reporter
by pgPXR-WT by 36.2+ 6% below the transactivation
level seen with just rifampicin treatment (P ¼ 0.05; n ¼ 12),
while pgFXR-WT transactivation was decreased by skatole
treatment at 10 mmol/L by 57.6+10% (P ¼ 0.05; n ¼ 12)
below the level seen with CDCA treatment. The
constitutive transactivation of pgCAR-WT was also inhibited
by skatole treatment at 10 mmol/L by 23.2+4% (P ¼ 0.05;
n ¼ 12) below the DMSO control.

The inhibition of pgPXR-WT, pgFXR-WT and pgCAR-WT
by skatole was further investigated by determining if the
effect was dose dependent, and if the effect was species
specific. Further skatole concentrations (0.25, 0.5, 1, 2.5
and 5 mmol/L) were tested on the transactivation of both
the pig and human orthologs of each receptor (Figure 6).
Linear regression indicated that the inhibition by skatole
on the transactivation of the human and pig orthologs for
all three receptors was dose dependent (P , 0.01).

Significant inhibition of pgPXR-WT and pgCAR-WT first
occurred at the 1 mmol/L skatole treatment level
(Figures 6b and c), while inhibition of their human ortho-
logs first occurred at the 2.5 mmol/L treatment level.
Significant inhibition of pgFXR-WT first occurred at the
5 mmol/L skatole treatment level, while significant inhi-
bition of hFXR first occurred at the 0.25 mmol/L treatment
level (Figure 6a).

Effects of pgPXR splice variants on pgPXR-WT
transactivation

The transactivation activities of the pgPXR splice variants
were tested using the dual-luciferase reporter assay for PXR.
The transactivation activities of the five pgPXR splice
variants, pgPXR-SV1 through pgPXR-SV5, were tested
individually, as well as in a system co-expressing the splice
variants with the wild-type, pgPXR-WT. This second system
was employed to determine if any of the splice variants
would affect the transactivation of wild-type pgPXR-WT.
When transfected in the absence of pgPXR-WT and treated
with rifampicin, none of the pgPXR splice variants signifi-
cantly increased reporter response above that seen with
pgPXR-WT treated with DMSO (data not shown). When
co-expressed with pgPXR-WT, pgPXR-SV1 and pgPXR-SV2
significantly (P ¼ 0.05) increased the transactivation of
pgPXR-WT with rifampicin treatment (Figure 7a).
Co-transfection of pgPXR-SV1 at 2.5% and 5.0% of the
inclusion rate of pgPXR-WT significantly increased the
transactivation by 62.3% and 53.8%, respectively, over what
was found with pgPXR-WT alone. Co-transfection with
pgPXR-SV2 also increased transactivation by 57.0% at the
5% inclusion level; however, this level is above the physiologi-
cal range measured in this work. pgPXR-SV4 and pgPXR-SV5
showed no significant effect on pgPXR-WT transactivation.

Initial tests with co-transfection of pgPXR-SV1 along
with pgPXR-WT resulted in sharp increases in pgPXR-WT
transactivation between two of the tested inclusion levels;
as such, additional 0.6%, 0.7%, 0.8% and 0.9% inclusion
levels of this splice variant were tested to demonstrate
that this effect was dose dependent (Figure 7b). Linear
regression analysis showed that the increase in pgPXR-WT
transactivation by pgPXR-SV1 inclusion was dose depen-
dent (P , 0.01). The effect of pgPXR-SV1 on the transactiva-
tion of pgPXR-WT was then tested in the absence of an
activating ligand. pgPXR-SV1 caused significant increases
in pgPXR-WT transactivation at the 0.7%, 0.8%, 1.0% and
2.5% inclusion levels, with increases in the dual-luciferase
ratios by 0.03, 0.04, 0.07 and 0.12, respectively (data not
shown). These results suggest that pgPXR-SV1 confers
some constitutive transactivation on pgPXR-WT.

The effect of all pgPXR splice variants combined on the
transactivation of pgPXR-WT was tested, to determine if
the dominant-positive effect of pgPXR-SV1 would still be
present. Each variant was included at the highest percentage
seen in the realtime PCR data. The inclusion of all splice var-
iants resulted in an increase in pgPXR-WT activity by 54.5%
(+8.6%), which was not significantly different (P , 0.05)
than the increase of 62.1% (+13.6%) in pgPXR-WT transac-
tivation obtained when just pgPXR-SV1 was co-transfected.

Table 4 Amounts of individual and total pgPXR and pgFXR splice
variants determined using realtime PCR

Receptor variant Mean (%)
Lower
limit (%)

Upper
limit (%)

pgPXR-WT 94.66 92.08 96.67

pgPXR-SV1 1.25 0.17 2.49

pgPXR-SV2 0.70 0.51 1.53

pgPXR-SV3 0.90 0.71 1.16

pgPXR-SV4 0.97 0.69 1.83

pgPXR-SV5 1.51 1.15 1.86

Total (pgPXR-SV1 to 5) 5.33 3.33 7.92

pgFXR-WT 93.99 90.74 98.08

pgFXR-SV1 1.38 0.39 2.19

pgFXR-SV2 2.34 0.97 3.39

pgFXR-SV3 1.10 0.26 2.05

pgFXR-SV4 0.41 0.03 1.27

pgFXR-SV5 0.79 0.19 1.55

Total (pgFXR-SV1 to 5) 6.01 1.92 9.26

Each value is expressed as a percentage of total receptor transcripts

Figure 3 Expression of pgFXR mRNA in seven tissues. Levels of expression

are presented relative to the expression seen in liver samples (mean+SEM,

n ¼ 4)
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Figure 4 Response of pgPXR-WT (clear bars) and hPXR (colored bars) to tested ligands, in fold response above response to DMSO control, which was set to

1. Significant fold change (P , 0.05) compared with the control is denoted by (�). Ligands with a significant difference in fold response between pgPXR-WT and

hPXR are denoted by (V). Data from triplicates repeated four times (mean+SEM). DMSO, dimethylsulfoxide; PCN, 5-pregnen-3b-ol-20-one-16a-carbonitrile;

DHEA, dehydroepiandrosterone; DHEA-S, dehydroepiandrosterone sulfate; DHT, 5a-dihydrotestosterone; I3C, indole-3-carbinol; 3MOI, 3-methyloxindole;

3HMOI, 3-hydroxy-3-methyloxindole; LCA, lithocholic acid

Figure 5 Response of pgFXR-WT (clear bars) and hFXR (colored bars) to tested ligands, in fold response above response to DMSO control, which was set

to 1. Significant fold change (P , 0.05) compared with the control is denoted by (�). Ligands with a significant difference in fold response between pgFXR-WT

and hFXR are denoted by (V). Data from triplicates repeated four times (mean+SEM). DMSO, dimethylsulfoxide; CDCA, chenodeoxycholic acid; DHEA, dehy-

droepiandrosterone; DHEA-S, dehydroepiandrosterone sulfate; DHT, 5a-dihydrotestosterone; I3C, indole-3-carbinol; 3MOI, 3-methyloxindole; 3HMOI, 3--

hydroxy-3-methyloxindole; LCA, lithocholic acid
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Effects of pgFXR splice variants on pgFXR-WT
transactivation

The individual activities of the pgFXR splice variants, and
their potential effects on the transactivation of pgFXR-WT,
were tested using the dual-luciferase assay for FXR. Only
pgFXR-SV1 showed any significant (P ¼ 0.05) individual
transactivation when treated with CDCA, with a 10.7-fold
increase in transactivation compared with the
pgFXR-WT-transfected DMSO-treated control (data not
shown). This level of transactivation was not significantly
different (P . 0.05) than the transactivation seen when an
equivalent amount of pgFXR-WT was transfected. When
pgFXR-SV1 was co-transfected with pgFXR-WT at inclusion

levels of 1.0%, 2.5% and 5.0%, the transactivation was
increased by 75.5%, 90.2% and 81.6%, respectively
(Figure 8a). Additional inclusion levels of pgFXR-SV1 were
then tested to determine if the increase was dose dependent
(Figure 8b). Inclusion of pgFXR-SV1 at 0.8% and 0.9% of the
amount of pgFXR-WT resulted in significant increases of
80.6% and 86.9% compared with pgFXR-WT alone. Linear
regression analysis indicated that the increase in transactiva-
tion was dose dependent (P , 0.01). The other pgFXR splice
variants were not active individually (data not shown) and
did not affect transactivation when co-transfected alongside
pgFXR-WT (Figure 8a).

The effects of all pgFXR splice variants on the trans-
activation of pgFXR-WT were tested to determine if the
non-effective variants would hinder the dominant-positive
effect of pgFXR-SV1. Each variant was included at the
highest percentage seen in the realtime PCR data. The
inclusion of all splice variants resulted in an increase in
pgFXR-WT transactivation by 88.8% (+2.9%). This increase
in transactivation was not significantly different (P , 0.05)
than the increase in pgFXR-WT transactivation of 90.0%
(+3.8%) obtained when just pgfXR-SV1 was co-transfected
at the 2.5% inclusion level.

The specificity of the pgFXR-SV1 dominant-positive effect
was next tested by determining if the effect was found when
pgFXR-WT was replaced by hFXR in co-transfection exper-
iments. A significant increase in transactivation was seen at
inclusion levels of 2.5%, 5% and 10% of pgFXR-SV1
(Figure 9), corresponding to increases in the dual-luciferase
ratio of 0.13, 0.17 and 0.21, respectively. To determine if this
increase was due to a dominant-positive effect or just the
inclusion of the active pgFXR-SV1 variant, pgFXR-SV1
transactivation was tested at the same inclusion levels
used but without the hFXR expression vector. The
dual-luciferase ratios at 2.5%, 5% and 10% inclusion levels
were 0.11, 0.14 and 0.20 higher than the DMSO controls
(Figure 9). This indicates that the transactivation increase
seen with pgFXR-SV1 co-transfection with hFXR was due
to the individual transactivation of pgFXR-SV1 and not a
dominant-positive effect. The effect of pgFXR-SV1 on
pgFXR-WT was also tested in the absence of activating
ligand to determine whether the transactivation increase
seen was due to constitutive transactivation. There were
significant increases in the dual-luciferase ratios of 0.03,
0.07 and 0.11 at inclusion levels of 0.8%, 1.0% and 2.5%,
respectively (data not shown), indicating that pgFXR-SV1
may have conferred some constitutive transactivation on
pgFXR-WT.

Effects of pgPXR-SV1 and pgFXR-SV1
on skatole inhibition

Due to the dominant-positive effects seen with pgPXR-SV1
and pgFXR-SV1, the effect of combining these splice
variants with the inhibition of wild-type receptor activity
caused by skatole was studied. It was found that both
pgPXR-SV1 and pgFXR-SV1 were able to reverse the
inhibitory effect of skatole on the corresponding wild-type
receptor (Figure 10). pgPXR-SV1 reversed the inhibition
significantly at the 0.9, 1.0 and 2.5% inclusion levels

Figure 6 Effects of increasing concentrations of skatole on the transactiva-

tion activity of (a) pgFXR-WT (clear bars) and hFXR (colored bars), (b)

pgPXR-WT (clear bars) and hPXR (colored bars) and (c) pgCAR-WT (clear

bars) and hCAR (colored bars) normalized to the zero skatole treatment.

Significant differences (P , 0.05) in normalized luciferase ratios compared

with no skatole controls are indicated by (�). Data from triplicates repeated

four times (mean+SEM)
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(Figure 10a), while pgFXR-SV1 did so at the 0.8, 0.9, 1.0 and
2.5% inclusion levels (Figure 10b).

Discussion

The purpose of this work was to characterize the porcine
orthologs of PXR and FXR, and compare their activities
to their human counterparts. pgPXR-WT was previously
cloned, along with five alternatively spliced variants, and
its sequence compared with the hPXR sequence.17

pgFXR-WT was cloned as part of this study using primers
designed from a reference sequence assembled from pig
ESTs with the human FXR as template. The sequence that
was isolated from porcine liver cDNA was 91% homologous
to the hFXR coding sequence from exon 4 through exon 11,

while only 81% homologous in exon 3. The resulting pre-
dicted protein product is 93% homologous to hFXR from
amino acid 37 onwards, with the first 36 amino acids retain-
ing only 77% homology due to the divergence in the exon 3
sequence. The LBD contained no differences within key
ligand binding residues identified for hFXR.34

This paper is the first report of pgFXR being cloned, and
as such expression levels for this receptor were measured in
seven tissues. pgPXR had been previously cloned and
expression levels for several tissues were determined.17 It
was found that the liver expressed pgFXR at the highest
level, while the testes expressed it at the lowest level,
which was approximately 80% of the level seen in the
liver. This expression range is similar to that seen in
humans as shown using the BioGPS program,35 which
employed microarray data from Su et al.36 As is shown in

Figure 7 (a) Effects of co-transfection with pgPXR splice variants on transactivation of pgPXR-WT after rifampicin treatment. (b) Effect of co-transfection with

low levels of inclusion (percentage of pgPXR-WT amount transfected) of pgPXR-SV1 on transactivation of pgPXR-WT with rifampicin treatment. Significant

fold change (P , 0.05) compared with pgPXR-WT transactivation without splice variant inclusion is indicated by (�). Data from triplicates repeated four times

(mean+SEM)
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the pig in this study, FXR is ubiquitously expressed in
human tissues in a very narrow range of expression levels.

During the course of pgFXR-WT cloning, five alterna-
tively spliced variants were also isolated (pgFXR-SV1
through pgFXR-SV5). Three of these variants, pgFXR-SV1,
pgFXR-SV3 and pgFXR-SV5, contained a four amino acid
(MYTG) insert at the C-terminal end of the DBD. This inser-
tion has also been found in an alternatively spliced variant
of hFXR that results in a decrease in transactivation,37

likely due to altered protein folding. pgFXR-SV3 also had
a 38 bp deleted from the 30 end of exon 7, which results in
a frameshift in the coding sequence and a truncated
protein product. This product would not be expected to
be able to act as a viable transcription factor, due to the
loss of the AF-2 domain, which is required for ligand-
dependent transactivation,1 as well as the majority of the

LBD. The variants 2, 4 and 5 had deletions within the
hinge region only, which may alter protein transactivation
through altered protein folding. Variant 1 contained only
the MYTG insert.

The expression levels of each of the pgPXR and pgFXR
splice variants were determined using realtime PCR.
pgPXR-SV5 was the most prevalent splice variant of
pgPXR, with an average of 1.5% of total pgPXR, although
pgPXR-SV1 had the highest expression level in a single
individual at 2.5% of total pgPXR. The average amount of
total alternatively spliced variants of pgPXR was 5.3%,
with individual variation ranging from 3.3% to 7.9%. The
profile of pgFXR splice variants was far more variable
between individuals than the expression of pgPXR variants.
On average, pgFXR-SV2 was the most prevalent variant at
2.3%, while pgFXR-SV4 was the least prevalent at 0.4% of

Figure 8 (a) Effects of co-transfection with pgFXR splice variants on transactivation of pgFXR-WT after CDCA treatment. (b) Effect of low percentages of

inclusion (percentage of pgFXR-WT amount included) of pgFXR-SV1 on transactivation of pgFXR-WT after CDCA treatment. Significant fold change (P ,

0.05) compared with pgFXR-WT transactivation without splice variant inclusion is indicated by (�). Data from triplicates repeated four times (mean+SEM).

CDCA, chenodeoxycholic acid
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total pgFXR. These two variants also had the highest and
lowest individual levels seen, with pgFXR-SV2 reaching
3.4% of total pgFXR in a single individual, while
pgFXR-SV4 was as low as 0.03% in another individual.
There was a large degree of variation seen in the percentage

of total pgFXR that was comprised of splice variants, with
an average of 6.0% with upper and lower limits of 9.3%
and 1.9%, respectively. Although each variant protein
would be expected to have altered or abolished transactiva-
tion, and as such may play limited individual roles in vivo,
the decrease in levels of wild-type protein due to the for-
mation of alternately spliced forms may decrease receptor
function, and this may be an additional level of regulation
of receptor transactivation. The variation in expression
levels of the different splice variants may result in individual
differences in transactivation, and this should be further
studied to help understand the role that alternatively
spliced variants of these receptors play in the overall transac-
tivation of the receptors.

Different proteins within a cell, including variant proteins
generated from a single gene, may degrade at different rates
within the cell. As such, the mRNA levels of variants may
not reflect the expression levels of the protein products. In
our study, we carried out transient transfection experiments
involving splice variants of nuclear receptors using levels of
plasmids that were within the physiological levels of mRNA
as determined by realtime PCR. As such, the expression of
protein product from a specific inclusion level of plasmid
should still reflect a similar in vivo expression level of the
variant protein, assuming that the degradation rate is
similar between cell lines and primary cells. Further support
for this rationale should be gathered in future studies,
employing antibodies specific to porcine receptor orthologs.

Since pgPXR-WT and pgFXR-WT were the variants that
contained the conserved nuclear receptor domains that
most closely resembled hPXR and hFXR, these variants
were used to test the ligand complement of porcine PXR
and FXR. The human orthologs of each were also tested
with the same set of ligands, to allow direct comparison
of human and pig PXR and FXR. The ligands chosen
included known hPXR or hFXR activators, and common
steroid hormones and endogenous compounds found in
high concentrations in some pigs, including skatole and its
metabolites, as well as androstenone and its precursors
and metabolites. Of the 22 ligands tested, pgPXR-WT and
hPXR responded to 13; of these, 12 acted as agonists for
both PXR orthologs. Both the drug rifampicin as well as
several steroids, including pregnenolone, progesterone,
testosterone, 5b-DHT, 5a-DHT and estradiol, activated
hPXR in this study, which is in agreement with previous
studies.14,32 These ligands also significantly activated
pgPXR-WT, and the response of both PXR orthologs to
progesterone, testosterone and the estrogens (E1, E1S and
E2) was comparable, indicating a degree of conservation
of ligand specificity between hPXR and pgPXR-WT.
However, pgPXR-WT also significantly responded to treat-
ment with PCN, which has been shown to act as an
agonist for mouse, rat and rabbit PXR, but not human
PXR.38 Human PXR also significantly responded to a
larger number of androgens than did pgPXR-WT.

The differential ligand profiles for the human and pig
orthologs of PXR are likely due to changes to key residues
within the ligand binding pocket. The ligand binding
pocket of hPXR is made up of 28 key residues,39 20 of
which are hydrophobic, six are polar and two are charged.

Figure 9 Effect of co-transfection with pgFXR-SV1 on hFXR transactivation

(dark bars) and transactivation of pgFXR-SV1 in the absence of a wild-type

receptor (light bars) after CDCA treatment. Significant fold change (P , 0.05)

compared with controls without pgFXR-SV1inclusion indicated by (�). Data

from triplicates repeated four times (mean+SEM). CDCA, chenodeoxycholic

acid

Figure 10 (a) Effects of pgPXR-SV1 on transactivation of pgPXR-WT in the

presence of 10 mmol/L skatole. (b) Effects of pgFXR-SV1 on transactivation

of pgFXR-WT in the presence of 10 mmol/L skatole. Significant fold change

(P , 0.05) compared with controls without splice variant inclusion indicated

by (�). Data from triplicates repeated four times (mean+SEM)
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In pgPXR, methionine 243 is altered to an isoleucine, a
change that does not alter the net charge or polarity of
this position, although the alteration of side chains may
alter the shape of the binding pocket. The second alteration
does result in the loss of a polar residue, with threonine 311
being substituted by a proline. The loss of this polar group,
which will be involved in forming interactions with polar
regions of ligands, may alter the ability of the ligand
pocket to interact with certain ligands.

A smaller number of tested ligands resulted in activation
of either pgFXR-WT or hFXR. Each was activated by three
ligands, with two shared between them, namely CDCA, a
bile acid and GW4064, a synthetic ligand, both of which
have been shown previously to cause hFXR transactiva-
tion.4,9,40 GW4064 was a more potent hFXR agonist than
CDCA, which agrees with previous studies.40 In pigs, the
reverse is true, with CDCA being a more potent agonist
than GW4064. This suggests that there has been a diver-
gence within the FXR LBD between hFXR and pgFXR-WT,
resulting in different ligand specificity. This is further
supported by the third agonist for each ortholog, with
pgFXR-WT showing a response with progesterone treat-
ment, while hFXR responds to LCA. The differences
between hFXR and pgFXR-WT ligand profiles are not
caused by alterations in key ligand binding residues, for
none of these are changed between the two orthologs.
Rather, other residue changes within the LBD of
pgFXR-WT compared with hFXR likely cause protein
folding differences, resulting in different ligand specificities.

Skatole was identified as a significant antagonist of both
pgPXR-WT and pgFXR-WT, decreasing their activities by
up to 36% and 58%, respectively. Skatole also decreased
the constitutive transactivation of pgCAR by up to 23%.
This effect was dose-dependent, with significant decreases
in pgPXR-WT and pgCAR transactivation occurring with
1 mmol/L skatole treatment, while pgFXR-WT had a signifi-
cant decrease in transactivation beginning at the 5 mmol/L
skatole treatment level. This dose-dependent inhibition
was also seen for the human orthologs of these three recep-
tors. Significant inhibition of hPXR and hCAR first occurred
with 2.5 mmol/L skatole treatment, while hFXR was first
inhibited at 0.25 mmol/L skatole. Maximal inhibition of
hPXR, hCAR, and hFXR was found to occur at 10 mmol/L,
5 mmol/L, and 5 mmol/L, respectively, with decreases of
41%, 13% and 48% being seen. Skatole is a tryptophan
degradation product generated by microflora in the
gut.41,42 In ruminants, skatole has been shown to be a pneu-
motoxin, due to formation of a DNA adduct after metab-
olism by a lung-specific cytochrome P450 (CYP2F1 in
humans;43,44). This effect is not seen in pigs, where skatole
is instead absorbed into fat deposits and contributes to
boar taint, an unpleasant odor released from pig fat with
negative effects on meat quality.45 The hepatic metabolism
and clearance of skatole is inhibited by androstenone, the
other component of boar taint.46,47 The repression of
pgPXR-WT and pgFXR-WT, as well as pgCAR-WT may
limit the expression of enzymes involved in the metabolism
of androstenone and skatole. As such, the downstream
effects of receptor activation should be studied, to determine
what metabolic genes are controlled by which receptor.

These studies will help determine how each receptor may
be involved in the control of boar taint, as well as to deter-
mine the interplay between different receptors that are
affected by a single ligand, such as the activation of
pgPXR-WT by 5b-DHT and the inhibition of pgCAR-WT
by the same ligand.26

The potential effects of pgPXR alternatively spliced var-
iants on the transactivation of pgPXR-WT were tested
using a dual-luciferase reporter assay system. The five alter-
natively spliced variants had no individual transactivation
when treated with rifampicin. However, pgPXR-SV1 had a
dose-dependent dominant-positive effect on the transactiva-
tion of pgPXR-WT; this occurred over a physiological range
of expression levels measured in this work. An estrogen
receptor splice variant lacking a functional LBD but retaining
active DNA binding and AF-1 and AF-2 domains was shown
to exert a significant dominant-positive effect on wild-type
ERa.27 These authors suggest that this dimer pair binds to
the ER response element in a more stable manner than an
ERa/ERa homodimer, resulting in constitutive activation of
target genes. With recent evidence suggesting that PXR
may be capable of forming functional heterotetramers
between PXR/RXR heterodimers,48 pgPXR-SV1 may exert
its effect through a similar mechanism as the ER dominant-
positive variant. This concept is supported by the fact that
pgPXR-SV1 caused a significant increase in pgPXR-WT
transactivation even in the absence of an activating or
inhibiting ligand. However, the degree to which the transac-
tivation of pgPXR-WT increased cannot be solely explained
by ligand-independent transactivation, for this amounts to
an increase in the dual-luciferase ratio of 0.12 at the 2.5%
inclusion level (Figure 9), which is only 14% of the increase
in pgPXR-WT transactivation due to pgPXR-SV1. Thus, the
dominant-positive effect may be caused by an increase in
the time which the ligand activated wild-type receptor is
bound to response elements in gene promoter regions.

Of the pgFXR alternatively spliced variants, only
pgFXR-SV1 retained transactivation, as was expected based
on a study of a hFXR variant containing the same four amino
acid insertion.35 Unlike the human ortholog of this variant,
pgFXR-SV1 retained transactivation that was not significantly
different from the transactivation of pgFXR-WT. This differ-
ence between the human and pig variants may be due to
alterations in protein folding between the orthologs, resulting
in a less appreciable effect of the insert in pgFXR-SV1. Altered
protein folding is also a viable explanation for the lack of trans-
activation seen with the other pgFXR variants. pgFXR-SV2,
pgFXR-SV4 and pgFXR-SV5 retained intact ligand binding
and AF-2 domains, and as such altered ligand specificity or
co-repressor binding affinity would not be expected. The
removal of portions of the hinge regions of these proteins
would likely cause significant alterations to their tertiary
structures, thereby abolishing transactivation. pgFXR-SV3
also lacked transactivation, which was expected based on the
loss of the AF-2 domain and the majority of the LBD.

The transactivation of pgFXR-SV1 was also tested in a
system expressing hFXR in place of pgFXR. It was found
that the increase in transactivation with hFXR was due to
the individual transactivation of pgFXR-SV1, rather than a
dominant-positive effect. As such, the increase in
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transactivation caused by pgFXR-SV1 is specific to
pgFXR-WT, and appears to be synergistic. As with the
pgPXR dominant-positive variants, a component of the
increase in transactivation may be caused by an inferred
level of ligand-independent transactivation; however, this
makes up only 14% of the increase. The remainder of the
increase is likely ligand dependent, and may be due to an
extended duration of time the activated receptor complex
is bound to DNA response elements compared with the
wild-type pgFXR on its own. Since both pgPXR and
pgFXR dominant-positive variants increase inferred
ligand-independent transactivation by a similar degree,
the presence of these variants may be a mechanism for
maintaining some constitutive transactivation of these
receptors. The lack of effect of pgFXR-SV1 on hFXR transac-
tivation may be explained by the divergence of the
N-terminal end of the protein, which includes the AF-1
domain. This domain is involved in co-regulator protein
binding,49 and as such differences between these domains
in any hypothetical tetramer may alter the recruitment of
these accessory proteins, causing a loss of the pgFXR-SV1
dominant-positive effect.

In order to more closely mimic in vivo conditions on the
dominant-positive effects of pgPXR-SV1 and pgFXR-SV1,
these receptors were co-transfected along with their corre-
sponding wild-type receptors, as well as all of the other
splice variants found for the corresponding receptor. This
was done to ensure that the dominant-positive effects seen
would be likely to occur in vivo, where all splice variants
were present. Each variant was expressed at the maximal
inclusion level seen with realtime PCR, to generate optimal
conditions for potential interference of the dominant-positive
effects to occur. It was found that the presence of the other
splice variants for each receptor did not interfere with
the dominant-positive effects of pgPXR-SV1 or pgFXR-SV1;
this indicates that the dominant-positive effect could poten-
tially occur in the presence of the other splice variants.

The effects of the two dominant-positive splice variants,
pgPXR-SV1 and pgFXR-SV1, on skatole inhibition of the
wild-type receptors were also investigated. It was found
that both pgPXR-SV1 and pgFXR-SV1 reversed the skatole
inhibitory effect on their corresponding wild-type receptor,
doing so within their in vivo expression levels. This confirms
that the inhibitory effects of skatole are not due to cellular
toxicity. These effects of the dominant-positive variants
may point towards an in vivo role as a means of overcoming
inhibition of the wild-type receptors by an inhibitory
xenobiotic, such as skatole, that would normally decrease
receptor function, thus likely decreasing its own metabolic
clearance. The dominant-positive effects of certain receptor
variants, such as pgPXR-SV1, may act to overcome this
inhibition, allowing for normal skatole metabolism and
clearance to occur.

Each of the dual-luciferase assays carried out in this study
should also be carried out in other expression systems. This
would ensure that the effects seen, either activation of wild-
type nuclear receptors or dominant effects from splice var-
iants, were not just artefacts of the expression system and
culture conditions used here. The new system used could
involve using new stable cell lines, or a new reporter

plasmid, or a combination of both. Also, these assays
should be carried out using primary cells, specifically
porcine hepatocytes, as the expression system to more
closely represent the in vivo system, and using defined
media that does not contain potentially interfering com-
pounds present in fetal bovine serum.

The purpose of this study was to characterize the porcine
homologues of PXR and FXR, along with their splice var-
iants. Further research should be carried out to determine
the downstream effects of activation of these nuclear recep-
tors in pigs, and if this results in altered physiological
conditions that mimic alterations seen in humans upon
activation of the same receptors. This information would
be a valuable tool for employing pigs as a model for
humans in research. The levels of the pgPXR and pgFXR
splice variants should also be studied in a larger and
more varied population, covering a larger variety of pig
breeds. This might uncover individuals with greater levels
of individual pgPXR or pgFXR splice variants, which may
indicate specific roles these variants could play in regulating
physiological processes and diseases.

In conclusion, pgFXR is highly homologous to hFXR in
the major functional domains, although there is little hom-
ology at the extreme N-terminus. The orthologs retain a
degree of similar transactivation, with two agonists activat-
ing both orthologs. pgPXR-WT responded to 13 ligands, 12
of which were shown to be agonists of hPXR. One ligand
tested, skatole, was found to be a significant antagonist of
pgFXR-WT, pgPXR-WT and pgCAR-WT. Both pgPXR-WT
and pgFXR-WT have five alternatively spliced variants
that were tested for expression levels and transactivation.
The pgPXR variants comprised of 5.33% of total pgPXR on
average, with pgPXR-SV5 being the most prevalent and
pgPXR-SV2 the least. Two of the five pgPXR variants increased
pgPXR-WT transactivation in co-transfection experiments
with rifampicin treatment, although none of the pgPXR
variants responded to rifampicin treatment individually. The
pgFXR variants were identified as part of this study, and
comprised 6.01% of total pgFXR on average. pgFXR-SV2 was
the most prevalent pgFXR variant while pgFXR-SV4 was
the least prevalent. Only pgFXR-SV1 was shown to have
any transactivation with CDCA treatment individually.
pgFXR-SV1 also had a dominant-positive effect when
co-transfected with pgFXR-WT. Further mechanistic studies
investigating these positive dominant effects are warranted.
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