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3.1 Abstract 
The Bile Salt Export Pump (BSEP or ABCB11) mediates the adenosine triphosphate-
dependent transport of bile salts across the canalicular membrane of the hepatocyte. 
Mutations in the corresponding ABCB11 gene cause progressive familial intrahepatic 
cholestasis type 2. 
The aim of this study was to investigate the regulation of human ABCB11 gene 
transcription by bile salts. First, a 1.7-kilobase human ABCB11 promoter region was 
cloned. Sequence analysis for possible regulatory elements revealed a farnesoid X 
receptor responsive element (FXRE) at position -180. The farnesoid X receptor 
(FXR) functions as a heterodimer with the retinoid X receptor α (RXRα) and can be 
activated by the bile salt chenodeoxycholic acid (CDCA). Luciferase reporter gene 
assays revealed that the ABCB11 promoter is positively controlled by FXR, RXRα 
and bile salts in a concentration-dependent manner. Mutation of the FXRE strongly 
represses the FXR-dependent induction. Second, endogenous ABCB11 transcription 
regulation was studied in HepG2 cells, stably expressing the rat sodium-dependent 
taurocholate transporter (rNtcp). ABCB11 expression was induced by adding bile salts 
to the culture medium, and this effect was maximized by combining it with 
cotransfection of rFxr and hRXRα. Reducing endogenous FXR levels using RNA 
interference fully repressed the bile salt-induced ABCB11 expression. In conclusion, 
these results show that FXR is required for the bile salt-dependent transcriptional 
control of the human ABCB11 gene and that the cellular amount of FXR is critical for 
the level of activation of ABCB11 transcription. 
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3.2 Introduction 
The formation of bile is an important function of the liver. Bile salts are necessary for 
the intestinal absorption of dietary fats and fat-soluble vitamins and the biliary 
elimination of surplus cholesterol and a variety of toxins. Bile salts are synthesized in 
the hepatocytes with cholesterol as the sole precursor. The secretion of bile 
components (bile salts, phospholipids) across the canalicular membrane of the 
hepatocyte to the bile duct is adenosine triphosphate (ATP)-dependent and is mainly 
performed by members of the ATP-binding cassette transporter superfamily. 
Impaired bile secretion results in cholestasis with accumulation of bile salts and other 
toxic bile components in hepatocytes and blood plasma.1,2 
Progressive familial intrahepatic cholestasis comprises a number of inherited liver 
diseases of childhood that are characterized by cholestasis and jaundice leading to 
cirrhosis3. In patients with progressive familial intrahepatic cholestasis type 2, 
cholestasis is a result of impaired secretion of bile salts into canaliculi caused by 
mutations in the ABCB11 gene.4 The ABCB11 protein (previously named sister of P-
glycoprotein or bile salt export pump) is a member of the P-glycoprotein subfamily 
and is the major canalicular bile salt transporter.5 
To maintain bile salt homeostasis, both bile salt synthesis and hepatobiliary transport 
are strictly controlled processes. For instance, at increased bile salt concentrations in 
the blood, the hepatic uptake and bile salt biosynthesis are down-regulated, whereas 
canalicular transport into bile is up-regulated.6 Recently, a number of bile salts have 
been shown to bind and strongly activate the nuclear hormone receptor farnesoid X 
receptor (FXR) at physiologic concentrations. 7,8,9 FXR is active in a heterodimer with 
the 9-cis retinoic acid receptor retinoid X receptor α (RXRα) and binds to an inverted 
repeat element with a 1-base pair spacing (IR-1) between the two 6-base pair half-
sites.10,11,12 Rat Fxr (rFxr) is expressed in liver, intestine, and kidney.10{Wang, Chen, et 
al. 1999 92 /id}{Wang, Chen, et al. 1999 92 /id} 
FXR is now believed to be the major bile salt sensor that regulates the expression of 
key enzymes in the bile salt biosynthesis pathway and bile salt transporters. Bile salt-
activated FXR up-regulates the intestinal bile acid-binding protein, a soluble protein 
that has been proposed to buffer intracellular bile salts, which may be involved in the 
transcellular transports of bile salts in enterocytes.13 Conversely, it down-regulates the 
expression of cholesterol 7α-hydroxylase (Cyp7a1), the rate-limiting step in bile salt 
synthesis from cholesterol,14 and the sodium-dependent taurocholate transporter in 
the sinusoidal membrane of the hepatocyte. Down-regulation occurs via the up-
regulation of a transcriptional repressor, the small heterodimer partner 1.15,16 
The central role of FXR in bile acid homeostasis is most elegantly shown by the 
comparative analysis of wild type and Fxr-null mice. These studies also show that Fxr 
and bile salts are involved in expression of the murine Abcb11 gene, encoding the bile 
salt export pump.17 
In this study, we investigated the transcriptional regulation of the human ABCB11 
gene by analyzing the role of its substrates, bile salts, and the nuclear receptors, FXR 
and RXRα. In a recent study, it was shown that the promoter region of the ABCB11 
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gene contains an FXR/RXRα responsive element and that the ABCB11 promoter is 
transactivated by FXR/RXRα binding.18 We show that FXR is required for the bile 
salt-induced up-regulation of human endogenous bile salt export pump expression in 
HepG2 cells, stably expressing the rat sodium-dependent taurocholate transporter 
(rNctp). Suppression of FXR expression in these cells using RNA interference 
inhibited the bile-salt dependent up-regulation of endogenous ABCB11 by bile salts. 

3.3 Experimental procedures 

Bacterial strains and cell culture 

Escherichia coli Top 10 (endA1, recA1, hsdRMS, deoR, mcrA, lacZΔM15, Invitrogen BV, 
Breda, the Netherlands) were routinely used for propagation of plasmid DNA. E. coli 
were grown in Luria Broth (Miller’s modification) medium (Sigma-Aldrich, Germany), 
containing the appropriate selection antibiotic. 
The human hepatoma cell line HepG2, and a stable derivative expressing rNtcp19 were 
cultured at 37°C in a humidified atmosphere of 5% CO2 in air in Dulbecco's modified 
Eagle medium with GlutaMAX-1, 4500 mg/L D-glucose, sodium pyruvate, 
pyridoxine supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum, 100 
U/mL penicillin G, 100 µg/mL streptomycin, 250 ng/mL fungizone and 250 µg/mL 
geneticin (for HepG2-rNtcp) (Invitrogen BV). The cell culture was passed twice a 
week. 
For a time-course analysis of endogenous ABCB11 messenger RNA (mRNA), HepG2 
cells were incubated with 100 µmol/L chenodeoxycholic acid (CDCA, sodium salt; 
Calbiochem-Novabiochem, San Diego, CA) dissolved in phosphate-buffered saline 
(PBS) for different time points. Cells were harvested for RNA isolation and 
conventional reverse-transcription polymerase chain reaction (RT-PCR) at same cell 
densities. 

Plasmids 

Chromosomal DNA was isolated from a human blood sample using the QIAamp 
DNA Blood Kit (QIAGEN GmbH, Hilden, Germany). A 1,752-base pair DNA 
fragment containing the human ABCB11 promoter (position -105 to -1857 relative to 
the translation initiation site) was amplified from chromosomal DNA using primers 
5'-CAC ACT GCC CAG ATG TGT CT-3’ and 5'-CCA ACC TCG GTT TTC ATC 
AT-3' and inserted into pGEM-T-Easy (Promega Corp., Madison, WI). The human 
ABCB11 promoter was subsequently removed from this vector by digestion with MscI 
(at –1778) and SalI (multiple cloning site pGEM-T-Easy) and inserted into SmaI-XhoI 
digested pGL3-basic (Promega Corp.) upstream of the firefly luciferase reporter gene, 
resulting in pGL3-1778. A shorter promoter construct containing base pair -105 to 
base pair -277 (pGL3-277) was generated by PCR using pGL3-1778 as template and 
the primers 5’-CCC GGT ACC GGT TTC CCA AGC ACA CTC TG–3’ and 5'-
AGG AAA GCT TCC AAC CTC GGT TTT CAT CAT-3' and inserted into pGL3-
basic, using the KpnI and HindIII restriction sites (bold). Using the QuickChange Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, Ca), the proposed FXR responsive 
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element (FXRE) site of both pGL3-1778 and pGL3-277 were mutated using primers 
5'-CTA TTT GCC TAA TTA TCA ATG TAA CTA AGG GCA GC-3' and 5'-GCT 
GCC CTT AGT TAC ATT GAT AAT TAG GCA AAT AG-3', generating pGL3-
1778Mt and pGL3-277Mt (mutated base pairs in bold). All promoter constructs were 
checked by DNA sequencing. 

Transient transfections 

HepG2-rNtcp cells19 were transfected by the calcium phosphate coprecipitation 
method.20 Plasmid DNA was isolated and purified using the EndoFree Plasmid Maxi 
Kit (QIAGEN GmbH) according to the manufacturer’s instructions. 
HepG2-rNtcp cells were seeded in 6-well plates at a density of 3 x 105 cells per well 
on day 1. On day 2, the cells were transfected with a total amount of 4 µg plasmid 
DNA in 250 mmol/L CaCl2 and 2 x HEPES buffered saline (274 mmol/L NaCl, 10 
mmol/L KCl, 10 mmol/L D+glucose, 42 mmol/L HEPES, 1.6 mmol/L 
Na2HPO4•2H2O, pH 7.05. Various combinations of plasmids were used as specified 
in the figure legends. Concentrations of the specific plasmids used for promoter 
studies were 1 µg promoter construct (pGL3-derivatives), 100 ng expression vectors 
(pCMXrFxr, pSG5hRXRα, pCMV5) 50 ng RL-TK (transfection efficiency control; 
Promega Corp.), and pGEM-5 (Promega Corp.) as carrier DNA to increase the total 
amount of plasmid DNA to 4 µg. Concentrations of the specific plasmids used for 
mRNA analysis were 1 µg expression vectors (pCMXrFxr, pSG5hRXRα, pCMV5), 
and pGEM-5 as carrier DNA to increase the total amount of plasmid DNA to 4 µg. 
On day 3, approximately 20 hours after the transfection, medium was refreshed either 
containing 100 μmol/L CDCA dissolved in PBS or PBS alone. Cells were harvested 
after 24 hours for determination of luciferase activity and after 48 hours for total 
RNA isolation. Luciferase activity was determined by the Dual-Luciferase Reporter 
Assay System  (Promega Corp.) as described by the manufacturer's protocol using an 
Anthos LUCY1 Luminometer (Anthos Labtec Instruments GmbH, Salzburg, Austria) 
with a 10-second counting window. Except for experiments including pSG5hRXRα, 
firefly luciferase activities were corrected for transfection efficiency as determined by 
the Renilla luciferase activity. Cotransfection of the pSG5hRXRα vector resulted in a 
marked (4-8-fold) increase of the Renilla luciferase activity, which is unlikely to reflect 
increased transfection efficiency. This was also evident from experiments in which the 
pGL3-basic was used in combinations with various amounts of pSG5hRXRα. Over a 
concentration range of 0 to 1 µg hRXRα vector, no significant changes were observed 
in firefly luciferase activity, whereas the Renilla luciferase activity increased 5-fold. 
Therefore, the relative firefly luciferase units were used to evaluate the effect of 
cotransfection of rFxr and hRXRα. 

RT-PCR 

Total RNA from HepG2-rNtcp cells was isolated using the SV Total RNA Isolation 
System (Promega Corp.) according to the manufacturer’s instructions. RT was 
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performed on 5 µg of total RNA using random primers in a final volume of 75 µL 
(Reverse Transcription System, Promega Corp.) as described previously.21 
For conventional RT-PCR, 3 µL of complementary DNA was used in a final reaction 
volume of 50 µL containing 0.5 U Taq polymerase (Eurogentec, Seraing, Belgium) and 
50 pmol of sense and antisense primers (Invitrogen BV) using a Robocycler Gradient 
96 (Stratagene). The cycling program consisted of 5 minutes at 95°C followed by 22 
cycles (glyceraldehyde-3-phosphate dehydrogenase (GAPDH)), 34 cycles (ABCB11), 
or 30 cycles (FXR) at 95°C for 40 seconds, 58°C (GAPDH) or 60°C (ABCB11, FXR) 
for 40 seconds, and 72°C for 40 seconds and 5 minutes in the last cycle. Primers used 
for GAPDH were 5'-CCA TCA CCA TCT TCC AGG AG-3' (sense) and 5'-CCT 
GCT TCA CCA CCT TCT TG-3' (antisense) and gave a product of 576 base pairs; 
for ABCB11 5'-GGA ACC AGT GTT GTT TGC CT-3' (sense) and 5'-AAC CTG 
CAC CGT CTT TTC AC-3' (antisense) and gave a product of 295 base pairs; and for 
FXR 5'-GGA ATG TTG GCT GAA TGC TT-3' (sense) and 5'-GTT GCC ATT 
TCC GTC AAA AT-3' (antisense) and gave a product of 305 base pairs. Eight micro 
liters of each PCR product was loaded on a 2% (wt/vol) agarose gel and stained with 
ethidium bromide. 
For quantitative real-time detection RT-PCR,22,23 sense and antisense primers 
(Invitrogen BV) and probes (Eurogentec) for ABCB11 and 18S were designed using 
Primer Express software (PE Applied Biosystems, Foster City, CA). For ABCB11 the 
primers and probe used were 5’-ACA TGC TTG CGA GGA CCT TTA-3’ (sense), 5’-
GGA GGT TCG TGC ACC AGG TA-3’ (antisense) and 5'-CCA TCC GGC AAC 
GCT CCA AGT CT-3' (probe), generating a 105-base pair product; for 18S 5’-CGG 
CTA CCA CAT CCA AGG A-3’ (sense), 5’-CCA ATT ACA GGG CCT CGA AA-3’ 
(antisense) and 5'-CGC GCA AAT TAC CCA CTC CCG A-3' (probe), generating a 
109-base pair PCR fragment. Both probes were 5’-labeled with 6-carboxy-fluorescein 
and quenched by 6-carboxy-tetramethyl-rhodamine. For real-time PCR, 3 µL 
complementary DNA was used in a PCR reaction in a final volume of 50 µL 
containing 900 nmol/L of forward and reverse primers and 200 nmol/L of probe, 250 
nmol/L MgCl2, 10 nmol/L deoxynucleoside triphosphate mix, 5 µL Real-Time PCR 
buffer (10x), and 1.25 U Hot GoldStar (Eurogentec). Real-time detection PCR was 
performed on the ABI PRISM 7700 (PE Applied Biosystems) initialized by 10 minutes 
at 95°C to denature the complementary DNA followed by 40 PCR cycles each of 
95°C for 15 seconds and 60°C for 1 minute. 

RNA interference 

Small interfering RNA's (saran's) specific for human FXR were designed conforming 
to the sequence AA(N19)TT, where AA and TT are present in the FXR open reading 
frame at a spacing of 19 nucleotides. Two single-stranded RNA molecules, 5’-GGG 
GAU GAG CUG UGU GUU GdTdT-3’ (sense) and 5’-CAA CAC ACA GCU CAU 
CCC CdTdT-3’ (sense) were synthesized (Dharmacon Research, Lafayette, CO). As 
control, single stranded-RNA molecules specific for the firefly luciferase gene were 
synthesized24. For annealing, 20 µmol/L of both single-stranded RNA's were 
incubated in annealing buffer (200 mmol/L potassium acetate, 30 mmol/L HEPES-
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KOH, pH 7.4, and 2 mmol/L magnesium acetate) for 2 minutes at 90°C and cooled 
down to 30°C in approximately 1 hour. 
HepG2-rNtcp cells were transfected with 10 µL of 20 µmol/L siRNA duplexes using 
Oligofectamine reagent according to the manufacturer’s instructions (Invitrogen BV). 
The next day, the transfection medium was replaced by fresh culture medium 
containing 100 µmol/L CDCA. After 48 hours, cells were harvested for RNA 
isolation and conventional RT-PCR analysis as previously described. 

3.4 Results 

Cloning of the ABCB11 promoter 

Using the ABCB11 mRNA sequence AF09158225 to search the BLAST database, the 
human BAC clone AC008177 was identified to contain part of the genomic ABCB11 
locus, including the known 5'-untranslated region and the possible ABCB11 promoter 
region. Comparison of the 2 sequences showed the presence of a large (13,072 base 
pairs) intron within the 5'-untranslated region of ABCB11, 26 base pairs upstream of 
the translation initiation site. 
Fig. 3-1a shows the nucleotide sequence of ABCB11 from base pairs -1857 to +21 
(relative to the translation initiation codon, excluding the 13-kilobase intron). 
a 
                                    -1857 CACACTGCCCAGATGTGTCTGGCCAGCAT 
 -1828 GAGGGTGCAGAGGAAGACACCCTGAACTCTCCAGGGCCCTGGACAGATGGCCACTCTGTCTTCA 
 -1764 CTTTTCTCATCTATAAGATGAAGTTGTTGGATGATATATCAATATTTACAATGTTGTTTCTAGC 
 -1700 TCTAAAACTCTATGCTTTTATCTTCCCTTGGATCTTCATGGCACCAGAAGGAAAGTCTTAGGAC 
 -1636 CCTTGGACCTGTGAGCAGATCAGCTATAGTCCTGAGTTGACAAATTTCTCTTGGCATTTTTACC 
 -1572 CTTTGACTGCTGTCAATAACTTCAGCACAGCAAAGGTAGCAAAATTCTATTGGGAATCTTTTCC 
 -1508 CAATCAAAGCTACAGCCCCATAGCTGTGTTGCCTTTTTGGTTTTGTGTGAAGCAAAATTTTTTT 
 -1444 CCTGGGTCCTAATTGGTGCCAAATCCAATATTACTACATTTGCGTCAACTCAGAAGTCAACCCA 
 -1380 TTCAGTTTGCATAGAGGAAACATCTAGAAATCTTGCTTTTCTTTGCTGACCTTGATATATTTGA 
 -1316 GATTTGAACATATAATAACATATAAAATTATATGTTATAATTTTGGGTTTTATGGGCTAAGTCA 
 -1252 TAAACCATCTTATACATAAATTCCAATAGAGAAAAAATGGTGGATGCTGAATTTTAATAAAAAA 
 -1188 TTTATGACAGAGAAACCTAAAATTGAGAAAATTTGATCTTACAGTTTAATTTCTGCAAATTAAG 
 -1124 AAGCACTGGCCCATCAATTGCATTTCAGAGCACAGAGTGGAAGAAGGTTAGCACAGACTGGCAT 
 -1060 GTGGCTTCACATCTACTAGTTGTTACACCTTAGGAGGATTATTTAACCTCTCTGTGCTTCAGTT 
  -996 TCCCCAACTATAAAATAGAAATGACATGATAGCACCCAACTCCTAGGGCTGTTGAGAGGCCCAA 
  -932 ATGAGGTGATACAAATAACATTTTTGAAGTGGGCCAGGCACCCAACCAAGTCTTGACCAATGTT 

 -868 GCCTATTATTATTCATTGCTGAAGGCTGGAGTGAGAGGCATTTAGGGAAAAGTAAGCTCAGGCA 
  -804 AAGGAGAAAAAATAAGAACATTGTAGGAAAAATGGAAAGATTCACAAGAAGGGAGAGGAAGAGG 
  -740 CAGCACAAATATATTGGAGGAGCTCCACATGCTTATTTGACTCAAGACCTGTTCATTTGAACCT 
  -676 TTAGAAAATCGTTCATCTTTGCTTATACAGAGCTTCATCTGGTGTGTCCATGCCAGGGTGCAAG 
  -612 AGTTGTCTGTGCACTCAGACTTTTGAGCAAGGCTGTTTCAAATGTTCTTTTAGGGTATTTGTCT 

 -548 CCACAAAACTCTATAGCTGGGCCAGGAGCATCTGGATCCTGCAACCAGGGATTTTCCAAGAGCA 
  -484 ATCTTTTATATTGAGGGGGAAAGTTTAAAGGTATTTTTTTTTTTTGTCTTGTTATGTTTTTAAG 
  -420 TAACTTTTCACAACTACAGGCCTGTAAAAAATAAGGGTTGGGATAGCCTGAATTCCAGGGCTCT 
  -356 TGCTGGGCCCACTCTGCTCAATTTGCCTCTCGTTCCAAGGTGAATCAGCAATTTCCAAGGCCTG 

 -292 TTGACACCCTCAGAGGGTTTCCCAAGCACACTCTGTGTTTGGGGTTATTGCTCTGAGTATGTTT 
                                                FXRE            
  -228 CTCGTATGTCACTGAACTGTGCTTGGGCTGCCCTTAGGGACATTGATCCTTAGGCAAATAGATA 

 -164 ATGTTCTTGAAAAAGTTTGAATTCTGTTCAGTGCTTTAGAATGATGAAAACCGAGGTTGGAAAA 
                                                                  ↑-105 
  -100 GGTTGTGAAACCTTTTAACTCTCCACAGTGGAGTCCATTATTTCCTCTGGCTTCCTCAAATTCA 
   -36 TATTCACAGGGTCGTTGGCTGTGGGTTGCAATTACC ATG TCT GAC TCA GTA ATT CTT 
                ⏐13072 bp intron            Met Ser Asp Ser Val Ile Leu 
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b 
                                                  FXRE 
 hABCB11 -222 ATGTCACTGAACTGTGCTTGGGCTGCCCTTAGGGACATTGATCCTTAGGC 
 mAbcb11      ATGTCACTGAACTGTGCTAGATCTGGACTTTAGGCCATTGACCTATAAGC 
 
 hABCB11 -172 AAATAGATAATGTTCTTGAAAAAGTTTGAATTCTGTTCAGTGCTTTAGAA 
 mAbcb11      AAATAGATAGTGTTCTTAAAAAAGCCTGATTTCTGTTCAATGCTTTATTA 
 
 hABCB11 -123 TGATGAAAACCGAGGTTGG -105 
 mAbcb11      CCATGAAAACTGAACTTGG 
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Fig. 3-1 The human ABCB11 promoter contains an FXRE. (a) The nucleotide sequence of the 
human ABCB11 locus from base pair -1857 (first base pair upstream of the start codon is 
numbered -1) to base pair +21. The proposed FXRE (boxed) is located at base pairs -192 to -
180. A 13,072-base pair intron is located within the known 5’-untranslated region between base 
pairs -27 and -26. For numbering of the DNA, the 13-kilobase intron is not calculated. 
Position -105 indicates the 3’ end of all promoter constructs. (b) Comparison of the nucleotide 
sequences of human ABCB11 (AF091582, GI3873242) and murine Abcb11 (AF303740, 
GI10799100) promoter region. Both contain an FXRE (boxed). (c) Schematic overview of the 
human ABCB11 promoter constructs used in this study. The constructs pGL3-1778 and 
pGL3-277 are denoted according to the numbering of the sequence shown in a. The FXRE is 
indicated as a black box and which is marked with an X for the mutated constructs pGL3-
1778Mt and pGL3-277Mt. Please note that all promoter constructs used end at position -105, 
upstream of the large intron. 
 
Screening for possible binding sites for transcription factors using the TRANSFAC 
database (http://transfac.gbf.de/TRANSFAC/index.html) showed several ubiquitous 
and liver-specific transcriptional regulatory elements, including a putative FXR 
binding site at position -180 to –192 (Fig. 3-1a). The FXRE consists of an IR-1. 
Comparison of the human and mouse ABCB11 promoter sequences showed that the 
position of the FXRE is conserved in both species and that the human FXRE 
contains 2 mismatches taken the consensus sequence of the FXRE, AGGTCA (Fig. 
3-1b).10,11 
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Two genomic DNA fragments comprising nucleotide –1,857 to –105 or –277 to –105 
were amplified by PCR and inserted into a luciferase reporter gene vector, resulting in 
pGL3-1778 and pGL3-277, respectively. pGL3-227 still contains the putative FXRE 
and only a minimum of other regulatory elements. Subsequently, the IR-1 sequence in 
both constructs was mutated by site-directed mutagenesis, generating pGL3-1778Mt 
and pGL3-277Mt, as schematically shown in Fig. 3-1c. 

FXR overexpression induces human ABCB11 promoter activity 

The role of the nuclear hormone receptor FXR and its activation by bile salts on the 
promoter activity of human ABCB11 was studied. HepG2-rNtcp cells were 
cotransfected with one of the promoter constructs and an expression vector for rFxr 
or a control vector. After the transfection, the cells were incubated in the presence or 
absence of the bile salt CDCA (100 µmol/L) for 24 hours. 
Transient cotransfection of either promoter construct with the control vector did not 
result in a significant increase in the (relative) luciferase activities (Fig. 3-2a, white 
bars). In contrast, cotransfection of pGL3-1778 with the rFxr expression vector in the 
absence of CDCA increased the luciferase activity 48-fold. Also, the shorter construct, 
pGL3-277, showed a similar inducibility by rFxr (33-fold). Culturing the rFxr-
cotransfected HepG2-rNtcp cells in the presence of 100 μmol/L CDCA further 
enhanced the luciferase activity to 175- to 231-fold for pGL3-1778 and pGL3-227, 
respectively. 
The level of rFxr-induced ABCB11 promoter activity was dependent on the 
concentration of CDCA in the culture medium. HepG2-rNtcp cells were 
cotransfected with the pGL3-277 and rFxr constructs and grown in the presence of 
variable amounts of CDCA for 24 hours. As shown in Fig. 3-2b, a positive correlation 
was observed between the concentration of CDCA (up to 100 μmol/L) in the growth 
medium and the level of luciferase activity. 

FXR-RXRα co-overexpression results in maximum CDCA-
induced activity of the human ABCB11 promoter 

The activity of FXR requires heterodimerization with RXRα. Therefore, we studied 
whether co-overexpression of rFxr together with hRXRα would further increase the 
CDCA-induced activity of the ABCB11 promoter. As can be seen in Fig. 3-3, 
coexpression of pGL3-1778 with rFxr and hRXRα in the absence of CDCA already 
increased the firefly luciferase activity significantly (approximately 2.5-fold compared 
to rFxr alone), probably due to the presence of endogenous ligands for these nuclear 
receptors.26,27 The presence of 100 μmol/L CDCA in the growth medium resulted in a 
further increase of 4-fold compared to rFxr and hRXRα coexpression in the absence 
of CDCA or rFxr alone in the presence of CDCA. The additive effect of hRXRα 
coexpression with rFxr on human ABCB11 promoter activity was confirmed by 
analyzing endogenous ABCB11 mRNA levels in HepG2-rNtcp cells. These data show 
that both FXR and RXRα are required for maximum CDCA-dependent induction of 
the human ABCB11 promoter. 
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Fig. 3-2 The putative FXRE is involved in the transactivation of the human ABCB11 promoter 
by rFxr and CDCA in HepG2-rNtcp cells. This transactivation is CDCA concentration-
dependent. (a) HepG2-rNtcp cells were cotransfected with the indicated luciferase reporter 
construct and either the control vector or the rFxr expression vector and treated with PBS 
alone or 100 µmol/L CDCA dissolved in PBS for 24 hours. For each promoter construct, the 
relative firefly luciferase activity was normalized using cotransfected pRL-TK. The normalized 
data are presented as fold induction over control. (b) HepG2-rNtcp cells were cotransfected 
with pGL3-277 and either the control or rFxr expression vector. Following transfection, cells 
were treated with PBS (control, rFxr) or various amounts of CDCA (rFxr). After 24 hours, 
firefly and Renilla luciferase activities were assayed and processed as described in a. 
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Fig. 3-3 FXR, RXRα and CDCA are required for maximum induction of the ABCB11 
promoter. HepG2-rNtcp cells were cotransfected with the pGL3-1778 and control, rFxr, 
and/or hRXRα expression vectors and incubated with or without 100 µmol/L CDCA for 24 
hours. The results are presented in relative firefly luciferase units (RLU). 

Mutating the putative FXRE reduces the FXR-CDCA inducibility 
of the human ABCB11 promoter 

To test whether the putative FXRE is involved in the activation of the human 
ABCB11 promoter, this site was mutated by site-directed mutagenesis, resulting in 
pGL3-1778Mt and pGL3-277Mt. Cotransfection of the rFxr-vector with pGL3-
1778Mt or pGL3-227Mt resulted in a 15- and 9-fold increase in luciferase activity, 
respectively, compared to cotransfection with the control vector (Fig. 3-2a). This 
increase was further enhanced after stimulation with 100 µmol/L CDCA to 49- and 
26-fold, respectively (Fig. 3-2a). Although the promoter activities of the mutant 
constructs were still stimulated by rFxr and CDCA, the increase was strongly reduced 
compared with the wild-type promoter constructs (26-fold vs. 231-fold for 
rFxr+CDCA-induced expression of the short promoter construct). Taken together, 
these results suggest that the putative FXRE is involved in the rFxr-mediated bile salt-
induced stimulation of the human ABCB11 promoter. 
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FXR-RXR co-overexpression increase the endogenous ABCB11 
mRNA level in HepG2 cells 

Our results show that rFxr and bile salts positively control the human ABCB11 
promoter element when present in a luciferase reporter plasmid. To determine the 
effect of these factors on the transcriptional control of the genomic human ABCB11 
locus, we analyzed the endogenous ABCB11 mRNA levels in HepG2 cells under 
various conditions. First, we cultured HepG2 cells in the presence of 100 μmol/L 
CDCA and determined the level of ABCB11 mRNA in time by conventional RT-
PCR. As can be seen in Fig. 3-4, ABCB11 mRNA was undetectable when HepG2 
cells were grown in the absence of CDCA (T=0) under the specified RT-PCR 
conditions (see legend to Fig. 3-4 for details). The ABCB11 mRNA gradually 
increased over 24 hours, after which it remained stable for an additional 72 hours. In 
contrast, the level of endogenous FXR did not significantly change over time. 
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Fig. 3-4 Endogenous ABCB11 mRNA expression is up-regulated by CDCA. HepG2 cells were 
treated with 100 µmol/L CDCA for different time spans (0-96 hours). Cells were harvested at 
comparable cell densities. Five micrograms of total RNA was transcribed into complementary 
DNA and subjected to conventional RT-PCR analysis of endogenous ABCB11, FXR, and 
GAPDH mRNA levels. 
 
To determine whether the increase in ABCB11 mRNA is controlled by the amount of 
FXR (and RXRα), we transfected HepG2-rNtcp cells with rFxr and/or hRXRα 
expression or control vector, cultured them for 48 hours in the absence or presence of 
CDCA, and determined the ABCB11 mRNA level by quantitative real-time detection 
RT-PCR (Fig. 3-5). The relative amount of ABCB11 mRNA in HepG2-rNtcp cells 
increased 3.1-fold after growth in the presence of CDCA. Transfection of rFxr or 
hRXRα expression vectors alone resulted in an ABCB11 mRNA increase of 3.5- and 
1.8-fold, respectively. On incubation of these cells in the presence of CDCA, these 
levels further increased to 24.2- and 4-fold respectively, relative to HepG2-rNtcp cells 
grown in the absence of CDCA. rFxr and hRXRα coexpression gave only a moderate 
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increase of 2.8-fold, which was maximally induced to more than 100-fold when these 
cells were grown in the presence of CDCA. These data confirm that, by increasing 
rFxr and hRXRα concentrations by cotransfection of HepG2-rNtcp cells, the level of 
ABCB11 mRNA is significantly up-regulated, especially in the presence of CDCA. 
Notably, the level of endogenous FXR mRNA did not significantly change on 
stimulation of HepG2 cells with CDCA (Fig. 3-4). To determine whether the CDCA-
dependent up-regulation of ABCB11 mRNA is controlled by activation of FXR, we 
sought for a method to inhibit the synthesis of endogenous FXR in HepG2-rNtcp 
cells. 
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Fig. 3-5 Endogenous ABCB11 mRNA expression is maximally up-regulated by coexpression 
of rFxr and hRXRα and stimulation with 100 µmol/L CDCA. HepG2-rNtcp cells were 
transfected with the indicated expression vectors and incubated with PBS or 100 µmol/L 
CDCA. After 48 hours, total RNA was isolated and subjected to quantitative real-time RT-
PCR. The relative ABCB11 mRNA level was obtained by normalizing each sample to the 
ribosomal RNA content using the comparative CT method. 

FXR is required for CDCA-induced up-regulation of endogenous 
ABCB11 expression in HepG2 cells 

RNA interference is a novel technique to suppress the expression of specific genes in 
cultured cells. The mediators of RNA interference are siRNA molecules. siRNA's 
matching a specific gene sequence, induce the selective degradation of the mRNA of 
this gene.24,28-30 We developed siRNA probes to specifically suppress endogenous 
FXR mRNA levels in HepG2-rNtcp cells. After transfection using FXR-specific or 
control (luciferase) siRNA probes, HepG2-rNtcp cells were cultured for 48 hours in 
the presence of 100 μmol/L CDCA, and total RNA was isolated and analyzed by 
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conventional RT-PCR. As can be seen in Fig. 3-6, FXR and ABCB11 mRNA levels 
were readily detectable in HepG2-rNtcp cells treated with the control siRNA probes 
and were similar to the levels observed in normally CDCA-induced cells (not shown). 
In contrast, cells transfected with the FXR-specific siRNA molecules showed 
significantly reduced mRNA levels of endogenous FXR, indicating specific 
suppression of the target mRNA levels. ABCB11 mRNA levels were reduced to that 
observed in untreated and uninduced cells, even though FXR mRNA was still 
detectable at this time point, albeit at significantly reduced levels. These data show that 
FXR is required for the short-term up-regulation of ABCB11 mRNA levels in 
response to elevated bile salt concentrations. Notably, a critical amount of FXR is 
required for effective CDCA-dependent up-regulation of ABCB11 transcription. 
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Fig. 3-6 Decreasing the endogenous FXR mRNA level by RNA interference results in full 
suppression of the CDCA-dependent induction of ABCB11 mRNA expression. HepG2-rNtcp 
cells were transfected with siRNA duplexes directed against either the firefly luciferase gene 
(luc) as control or the human FXR gene (fxr) and treated with 100 µmol/L CDCA. After 48 
hours, cells were harvested and RNA isolated for conventional RT-PCR analysis of ABCB11, 
FXR, and GAPDH mRNA levels. 

3.5 Discussion 
In this study, we determined the role of bile salts and the transcription factors FXR 
and RXRα on human ABCB11 transcription encoding the liver-specific canalicular 
bile salt export pump (bile salt export pump or ABCB11). Using luciferase reporter 
gene assays, we show that the human ABCB11 promoter is transactivated by the 
coordinate action of the bile salt CDCA, FXR, and its interacting partner RXRα. 
Analysis of the transcriptional control of the genomic ABCB11 locus in HepG2-rNtcp 
cells confirmed the essential role of FXR in bile-salt-dependent up-regulation of 
human ABCB11 transcription. 
The bile salt export pump is an ATP-dependent transporter in the canalicular 
membrane of hepatocytes that transports bile salts against a steep concentration 
gradient into bile. The functional amount of ABCB11 is precisely controlled to fit the 
needs of the cell and the organism to maintain bile homeostasis. 
To analyze the transcriptional control of the human ABCB11 gene, we cloned a 1.7-
kilobase-promoter region of the ABCB11 gene. The promoter region seemed to 
contain several possible response elements for ubiquitous (activator protein 1) and 
liver-enriched transcription factors (CCAAT/enhancer-binding protein β, hepatocyte 
nuclear factor 3 β), including a putative FXRE or IR-1. The FXRE was present in the 
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human and murine ABCB11 promoter regions at identical spacing from the 
translation initiation site, consistent with a ubiquitous role of FXR as an endogenous 
bile salt sensor in the mammalian liver. The FXRE sequence in the human ABCB11 
promoter does not correspond exactly to the previously described consensus sequence 
as found in the promoter region of intestinal bile acid-binding protein. However, a 
recent study demonstrated that FXR/RXRα heterodimers bind and activate a number 
of FXRE elements that differ from the consensus sequence at 1 or 2 positions. 
However, the highest affinity was observed for the consensus IR-1 sequence.11 
This study shows that FXR, RXRα, and CDCA synergistically transactivate the 
human ABCB11 promoter in HepG2-rNtcp cells. FXR alone already significantly 
induced the ABCB11 promoter activity in these cells. This is probably due to the 
endogenous production of bile salts by HepG2 cells that may activate overexpressed 
FXR.26,27 This view is supported by our finding that, in a kidney-derived cell line 
(Hek293), FXR required exogenously added CDCA to transactivate the ABCB11 
promoter (data not shown). Adding increasing amount of CDCA up to 100 μmol/L 
to the culture medium further increased the ABCB11 promoter activity, showing that 
the level of activation is dependent on the concentration of bile salts. To show that 
the putative FXRE is indeed responsible for the FXR- and bile salt-dependent 
activation, the FXRE sequence was mutated. FXR and CDCA showed a strongly 
reduced effect on transactivation of the mutant ABCB11 promoter constructs. 
However, a low but significant induction was still observed. This may be caused by a 
combination of factors, including the involvement of other liver-specific transcription 
factors, endogenous bile salts, and the excess of FXR present in the transiently 
transfected cells. The possible presence of another FXRE site is unlikely because 
other putative bile salt response elements were not found in this region. Furthermore, 
the mutant promoter constructs were almost silent in Hek293 cells after FXR/CDCA 
induction, suggesting the involvement of other liver-specific factors in activation of 
these constructs in HepG2-rNtcp cells (data not shown). Therefore, our data suggest 
that the putative FXRE indeed plays an important role in the FXR-dependent 
regulation of the ABCB11 promoter activity. 
Essentially the same results were recently described by Ananthanarayanan et al., who 
also showed that the human ABCB11 promoter is transactivated by bile salts, FXR, 
and RXRα.18 In addition, we extended our studies to the transcriptional control of the 
genomic ABCB11 locus in HepG2(-rNtcp) cells. These studies were performed to (1) 
compare and validate our results of the ABCB11 promoter studies to the 
transcriptional control of the genomic ABCB11 locus, (2) determine the kinetics of 
CDCA- and FXR-dependent transactivation of endogenous ABCB11, (3) analyze the 
effect of overexpression and underexpression of FXR on ABCB11 mRNA levels, and 
(4) evaluate the possible role of the large, 13-kilobase-long, intron in the 5’-
untranslated region of the primary ABCB11 transcript on CDCA/FXR-dependent 
regulation. 
Both conventional and real-time detection RT-PCR analysis showed that the 
endogenous ABCB11 mRNA level is significantly induced by adding CDCA to the 
medium of HepG2 cultures. Maximum induction was observed approximately 24 
hours after CDCA stimulation. In the time course (up to 96 hours after CDCA 
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stimulation), no further change in the FXR mRNA levels was observed. 
Overexpression of rFxr (by transient transfection) alone had little effect on ABCB11 
mRNA levels, but resulted in a strong increase (25-fold) when activated by CDCA in 
the culture medium. The ABCB11 mRNA levels were even further increased (more 
than 100-fold) by co-overexpression of rFxr and RXRα in the presence of CDCA. 
Reducing the level of endogenous FXR by RNA interference using siRNA molecules 
specific for human FXR led to a marked decrease in CDCA-induced activation of 
ABCB11 transcription to uninduced levels. The successful application of RNA 
interference in HepG2-rNtcp cells to reduce the mRNA level of endogenous FXR 
opened the possibility to analyze the effect of temporary reduction of transcription of 
a single gene at the cellular level. It is therefore compatible with studies on gene 
knockout mice in which the long-term effects of gene elimination are observed. In 
Fxr-null mice, the basal level of Abcb11 mRNA was reduced to 30% of wild-type mice 
and bile acid-induced up-regulation of Abcb11 mRNA (6-fold in wt mice) was 
absent.17 Our data show that reducing the level of FXR immediately results in the 
absence of bile salt-dependent up-regulation of the ABCB11 transcript and that the 
cellular amount of FXR is the major determinant of the level of bile salt-induced 
ABCB11 transcription. 
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