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Abstract 

Hepatic cytochrome P450 (CYP) enzymes metabolize exogenous and endogenous 

compounds and many are inducible by xenobiotics. Their synthesis is tightly regulated, 

particularly through nuclear receptors. Expression of murine CYP2B genes is strongly activated 

by treatment with phenobarbital or phenobarbital-like inducers and detectable response requires 

the presence of the constitutive androstane receptor (CAR). However, other compounds can also 

induce murine CYP2B proteins. For example, dexamethasone is known to induce rat CYP2B1 

and CYP2B2 and mouse CYP2B10. Using human HepG2 and rat H4IIEC3 hepatoma cell lines, 

we found that dexamethasone induction of CYP2B2 and Cyp2b10 luciferase reporters required 

the glucocorticoid receptor. Given the well-known observation that CYP2B genes are not 

phenobarbital-responsive in cultured cell lines, the dexamethasone responsiveness of CYP2B 

reporter constructs in cell lines demonstrates in itself that the mechanism of dexamethasone 

induction is distinct from that of phenobarbital. We also analyzed the relative importance of the 

phenobarbital response unit (PBRU) and of a known glucocorticoid response element in this 

response. Both sites contributed to the response, but other sites were required for maximal 

induction. CAR was also found to act as an accessory factor to stimulate the response to 

dexamethasone by the glucocorticoid receptor. Furthermore, in H4IIEC3 cells, CAR activated 

the PBRU in the natural sequence context of the CYP2B2 and Cyp2b10 5’ flanks. In summary, 

there are at least two independent mechanisms of CYP2B induction: one involving phenobarbital 

and phenobarbital-like inducers, and another involving glucocorticoids that induce via the 

glucocorticoid receptor where CAR is an accessory factor. 
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The induction of cytochrome P450s (CYPs) by xenobiotics and the mechanisms 

governing this process are major concerns in the field of drug metabolism. CYP proteins play a 

vital role in the metabolism of endogenous and exogenous compounds, including environmental 

pollutants and medicinal products (Tompkins and Wallace, 2007), and are the first line of 

defence against toxic xenobiotics. Mouse CYP2B10 and the closely related rat CYP2B1 and 

CYP2B2 forms are highly induced in the liver by phenobarbital (PB) and PB-like inducers 

(Handschin and Meyer, 2003; Anderson, 2008). PB responsiveness is conferred by the PB 

response unit (PBRU), a 163-bp fragment located at −2317/−2155 in CYP2B2 5' flank, which has 

the properties of a transcriptional enhancer (Trottier et al., 1995; Stoltz et al., 1998). Contained 

within the PBRU are three DR-4 elements, NR1, NR2 and NR3 (Fig.1A) (Honkakoski et al., 

1998a; Kim et al., 2001), which are required for induction by PB-like inducers (Honkakoski et 

al., 1998b; Paquet et al., 2000), and are recognized by heterodimers of the constitutive 

androstane receptor (CAR) and the retinoid X receptor (RXR) (Honkakoski et al., 1998b; 

Tzameli et al., 2000; Zhang et al., 2006). The PB-responsive enhancer module (PBREM) is a 51-

bp portion of the PBRU, containing only the NR1 and NR2 sites, surrounding an NF1 site (Fig. 

1A). It confers PB responsiveness comparable to the PBRU in primary hepatocytes when placed 

directly adjacent to a basal promoter (Honkakoski et al., 1998a; Paquet et al., 2000). CAR is 

normally retained in the cytoplasm in hepatocytes. Following treatment with PB-like inducers it 

relocalizes to the nucleus where it is thought to activate the transcription of its different targets, 

including CYP2B genes (Kawamoto et al., 1999). 

Another nuclear receptor, the pregnane X receptor (PXR), which activates transcription 

of different genes, including CYP3A23 (Huss and Kasper, 2000), also recognizes and activates 

the PBREM in reporter assays and activates Cyp2b10 transcription in vivo (Xie et al., 2000). 
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Furthermore, CAR can recognize some PXR binding elements and activate its targets (Xie et al., 

2000). Because of their role in the inducible response to xenobiotics, CAR and PXR are referred 

to as xenosensors (Handschin and Meyer, 2003).  

CYP2B genes are also inducible by dexamethasone (DEX), a potent synthetic 

glucocorticoid and an agonist ligand for the glucocorticoid receptor (GR). GR is normally 

sequestered in the cytoplasm but, after treatment with glucocorticoids, it relocalizes to the 

nucleus where it can bind to its DNA recognition sites, glucocorticoid response elements 

(GREs), and activate transcription of target genes (Schoneveld et al., 2004). Glucocorticoid 

regulation of many genes involves glucocorticoid response units (GRUs), which consist of 

GRE(s) associated with one or more binding sites for accessory transcription factors. The 

paradigmatic GRU of the gene for rat phosphoenolpyruvate carboxykinase (PEPCK) (Imai et al., 

1990) consists of four accessory factor binding sites, (gAF1, gAF2 and gAF3 and a cAMP 

response element) and two GREs (Scott et al., 1996). By themselves, neither the accessory factor 

binding sites nor the GREs confer DEX responsiveness on the PEPCK promoter in H4IIE cells. 

Mutation or deletion of any one of the accessory factor sites leads to about a two-fold reduction 

in DEX responsiveness and mutation of any two gAF sites essentially abolishes DEX 

responsiveness (Imai et al., 1990; Scott et al.,1996). 

DEX is a moderately effective inducer of rat CYP2B1 and CYP2B2 (Lake et al., 1998) 

and is about as effective as PB in inducing mouse CYP2B10 mRNA and protein (Corcos, 1992; 

Jarukamjorn et al., 1999). Jaiswal et al. (1990) described a functional GRE located 

approximately 1.3 kb upstream of the CYP2B2 gene (referred to here as GRE1.3; Fig. 1B and 

Fig. 2) and Stoltz et al. (1998) identified a putative GRE within the CYP2B2 PBRU (referred to 

here as GRE-A) (Fig. 1A). Furthermore, the basal level of hepatic CYP2B10 protein is reduced 
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in mice with a targeted GR gene disruption, and the CYP2B10 protein is not inducible by DEX 

in such animals (Schuetz et al., 2000). These clues led us to investigate whether GR could 

activate transcription of CYP2B reporter genes in response to DEX and whether CAR or PXR 

had a role to play in this response. 

We report here that in two hepatoma cell lines, human HepG2 and rat H4IIEC3, CYP2B 

reporter constructs are highly responsive to DEX. We used these lines to demonstrate GR 

dependence of DEX induction and to investigate the role therein of the PBRU and GRE1.3. 

Moreover, we show that CAR acts as an accessory factor in this induction. 
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Materials and methods 

Materials and animals. DEX was from Sandoz Canada (Boucherville, Canada) as an injectable 

solution; for cell culture experiments, this solution was diluted in dimethyl sulfoxide (DMSO) 

(1:100 v/v). Tris-HCl was from LabMat (Québec, Canada). All enzymes were from Fermentas 

(Burlington, Canada). TRIzol® Reagent, Waymouth’s medium, minimum essential medium (α-

MEM), fetal bovine serum (FBS), penicillin-streptomycin, gentamicin and EDTA were from 

Invitrogen (Burlington, Canada). Oligonucleotide primers were from Sigma-Genosys (Oakville, 

Canada). All other chemicals were from Sigma-Aldrich (Oakville, Canada). Male Sprague–

Dawley rats (150-175 g) and C57-Black/6 mice (20-25 g) were from Charles River (St-Constant, 

Canada). Animals were treated in accordance with the requirements of the Comité de protection 

des animaux du CHUQ/CPAC. 

Plasmids and plasmid constructs. pSG5-hGR, an expression vector for human GR, was from 

J-M. Pascussi. The pCDG-mPXR and the pCMX-mCARβ expression vectors for mouse PXR 

and mouse CAR, respectively, were from R.G. Evans. CYP2B2-based plasmid constructs are 

shown in Fig. 2. The pGL3-2B2X vector (herein referred as pGL3-2B2-Luc), based on the 

pGL3-Basic vector (Promega, Montréal, Canada) and containing 2.5 kb of the CYP2B2 5' flank, 

including the natural promoter and the PBRU, subcloned upstream of the firefly luc reporter 

gene, has been described (Paquet et al., 2000). The ∆PBRU construct is the pGL3-2B2-Luc 

vector from which the PBRU has been deleted, and the PBREM−120 construct contains the 51-

bp Cyp2b10 PBREM fused to the first 120 nucleotides of the CYP2B2 5’ flank (Paquet et al., 

2000). The other deletion constructs were prepared by amplification of pGL3-2B2-Luc or 

∆PBRU with primers flanking the region to be deleted (Bauer et al., 2004). The forward and 

reverse primers for deleting GRE1.3 were: 
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5'−ATTGAATTCGGGGTGGCAGGACACTTAGAGGAAA−3' and 

5'−ATTGAATTCTGAACTTCTGAGACAGATTTCACAT−3', respectively, and both had an 

added EcoRI site at the 5' end. The PCR product was digested with both EcoRI and DpnI and 

finally ligated with T4 DNA ligase to obtain the new constructs, ∆GRE and ∆∆ (where the 

PBRU and GRE1.3 were deleted). To obtain the pGL3-2b10-Luc plasmid, the 5'-flanking region 

(2.5 kb) of Cyp2b10, homologous to the 2.5 kb of the 5' flank of CYP2B2, was amplified by PCR 

from C57-Black/6 mouse liver genomic DNA extracted with TRIzol® Reagent according to the 

manufacturer’s instructions. The amplified fragment was cloned into the XhoI-SmaI sites of the 

pGL3-Basic vector (Promega) containing the firefly luciferase reporter gene. The forward and 

reverse primers were 5'−AATCCCGGGGCTCTCAACTACCGAGCTCTTGACACTTGA−3' 

and 5'−AATCTCGAGGGGCTCCATGGTCCTGGTCTAACCAATGTT−3', respectively. The 

reference sequence was taken from GenBank, accession number AB043884. All plasmids were 

purified with Qiagen plasmid purification kits (Qiagen, Missisauga, Canada), and the relevant 

regions were subjected to DNA sequencing by the DNA sequencing service of the Centre de 

recherche du CHUL (Québec, Canada).  

Cells and transfection assays. HepG2 cells and H4IIEC3 cells were cultured and maintained 

(5% CO2/37 ºC) in medium B (Adeli and Sinkevitch, 1990), supplemented with 10% (v/v) FBS 

plus antibiotics (gentamicin at 50 mg/ml or penicillin-streptomycin at 100 U/mL and 100 µg/ml, 

respectively). To perform transfections, all of which were in duplicate, 2 × 105 cells in 1 ml of 

medium B with FBS were first incubated overnight in 24-well Primaria culture dishes (VWR 

International, Ville Mont-Royal, Canada). The medium was then removed, the cells were washed 

with HEPES buffer (6.4 mM KCl, 10 mM HEPES, 0.15 M NaCl, pH 7.6), once for HepG2 and 

twice for H4IIEC3; fresh medium with FBS but without antibiotics was then added, and cells 
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were incubated for 2 h. For cotransfections, each well received 37.5 ng of expression vector for 

mouse CAR or human GR, or corresponding empty vectors; 0.75 ng of pCMV Renilla or 2.5 ng 

of pRLSV40 Renilla (internal control plasmids for HepG2 and H4IIEC3 cells, respectively); and 

200 ng of luc reporter plasmid. When present, the PXR expression vector was also at 37.5 ng per 

well. The total DNA content was made up to 500 ng with pBluescript SK+ as carrier. Six μl of 

GeneJuice® Transfection Reagent (VWR International) was then added to a DNA mix for 4 wells 

(control and treated, in duplicate) and transfection was carried out according to the 

manufacturer’s instructions. After 8 h of incubation, the medium was removed, the cells were 

rinsed with HEPES buffer and incubated in medium B with FBS and antibiotics overnight. For 

the HepG2 cells, after an additional rinse with HEPES buffer in the morning, 1.5 ml of medium 

B with DEX or DMSO but without FBS was added, and the incubation was continued for an 

additional 24 h before harvesting. For the H4IIEC3 cells, 1.5 ml of medium B with FBS and 

DEX or DMSO was added and the incubation was continued for an additional 48 h, with one 

wash with HEPES buffer and addition of fresh medium after 24 h. After the DEX treatments, the 

medium was removed, the cells were washed once with HEPES buffer, 120 μl of passive lysis 

buffer (Promega) was added, and the cells were harvested by scraping and lysed by freeze–thaw 

treatment. Luciferase activity of each sample was assayed by luminometry with the Dual Luc kit 

(Promega). The firefly luciferase values were divided by the Renilla luciferase values to obtain 

the relative luciferase activity. For all the experiments, DEX was added at 100 nM. For both 

DEX treatment and controls, DMSO was present at a dilution of 1:1000 (v/v) in the medium.  

Microsomes and Western blotting. The rats were treated with DEX (40 mg/kg, i.p.), vehicle 

(water with 0.15% methyl-4-hydroxybenzoate and 0.02% propyl-4-hydroxybenzoate, i.p.) or PB 

(80 mg/kg, i.p.). Three injections were given, one every 24 h, and 24 h after the last injection the 
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rats were sacrificed and liver microsomes were isolated (Desrochers et al., 1996). Western blots 

were performed as described previously (Roberge et al., 2004). The anti-CYP2B1 antibody was a 

gift from David Waxman and its capacity to recognize rat CYP2B proteins has been described 

elsewhere (Waxman, 1984; Desrochers et al., 1996). For detection of actin, the membranes were 

incubated with the H-196 antibody (sc-7210) from Santa Cruz Biotechnology (California, USA) 

for one hour at a 1:1000 dilution. Actin was detected as an 80-kDa covalent complex with 17ß-

estradiol dehydrogenase (Leenders et al., 1994). This complex is present in liver (Renwick et al., 

1981) and can be isolated with microsomes (Henderson and Warren, 1984).  

Data analysis. Data are shown as the average ± S.D. of results of at least three independent 

experiments. Differences between test and control conditions were assessed by Student’s one-

tailed t test, assuming unequal variance. 
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Results  

The response of CYP2B reporter genes to DEX requires GR. Fig. 3 illustrates the induction in 

rat liver by DEX and PB of CYP2B1 and CYP2B2 proteins, which are not well resolved under 

our electrophoresis conditions. The faster migrating form recognized by the anti-CYP2B1 

antibody is the constitutive CYP2B3 protein (Desrochers et al., 1996). Although not as high as 

after PB treatment, the DEX-induced levels of CYP2B1/CYP2B2 proteins are clearly higher than 

the basal level, which is barely perceptible. Note that PB and DEX treatments diminished the 

level of the constitutive CYP2B3 form. 

We exploited cultured cell lines as models to study the mechanism of DEX induction. In 

HepG2 cells without added GR, there was no detectable response to DEX of the pGL3-2B2-Luc 

reporter (Fig. 4A, Series 1). However, after cotransfection of a GR expression vector, there was 

approximately a 12-fold induction by DEX (Fig. 4A, Series 2). Induction by DEX was not 

detected after cotransfection of expression vectors for CAR or for PXR (Fig. 4A, Series 3 and 5). 

Thus, in HepG2 cells the addition of exogenous GR is necessary and sufficient to confer DEX 

responsiveness on the pGL3-2B2-Luc reporter. The same pattern was seen in HepG2 cells for the 

pGL3-2b10-Luc reporter, which contains 2.5 kb of the Cyp2b10 5' flank. In the absence of added 

GR, there was no response to DEX (Fig. 4B, Series 1). Cotransfection with a GR expression 

vector again conferred DEX responsiveness (Fig. 4B, Series 2), and again no induction by DEX 

was detected after cotransfection of expression vectors for CAR or for PXR (Fig. 4B, Series 3 

and 5). Hence, in HepG2 cells the absence of DEX responsiveness of the CYP2B reporters 

appears to be only caused by the lack of GR, which, if present, can confer it. This conclusion is in 

agreement with the requirement in HepG2 cells for exogenous GR to detect DEX responsiveness of 

human CYP2C9 reporters (Gerbal-Chaloin et al., 2002).  
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In H4IIEC3 cells on the other hand, there was approximately a 60-fold response to DEX 

of the pGL3-2B2-Luc reporter in the absence of the GR expression vector (Fig. 5A, Series 1). 

Addition of exogenous GR by cotransfection increased the fold induction by a factor of 2 (Fig. 

5A, Series 2). Here again, the results argue against a role of PXR in the DEX induction, as 

cotransfection of a PXR expression vector diminished significantly both the basal and induced 

levels (Fig. 5A, compare Series 1 and 5). As expected, no appreciable response to DEX was 

observed with the pGL3-Basic vector (Fig. 5A, Series 6). As was the case in HepG2 cells, the 

behavior of the pGL3-2b10-Luc reporter in H4IIEC3 cells was similar to that of pGL3-2B2-Luc. 

Without addition of exogenous nuclear receptor, the response to DEX was about 6-fold (Fig. 5B, 

Series 1). The addition of GR by cotransfection enhanced the response to DEX, up to about 40-

fold (Fig. 5B, Series 2). Hence, H4IIEC3 cells contain sufficient GR to permit DEX induction of 

CYP2B reporters, but insufficient to permit a maximal response. A similar conclusion was 

reached by Imai et al. (1990) with respect to DEX induction of a PEPCK reporter. The response 

to DEX was dependent on GR in H4IIEC3 cells, as shown by its inhibition by the GR antagonist 

RU486 (Fig. 6). This indicates that the DEX induction seen in H4IIEC3 cells without addition of 

exogenous GR is mediated by endogenous GR. 

 

Stimulation of DEX induction by CAR. In HepG2 cells, exogenous CAR had no appreciable 

effect on the basal levels of transcription for the pGL3-2B2-Luc or pGL3-2b10-Luc reporter 

constructs (Figs. 4A and 4B, compare Series 1 and 3). Surprisingly however, exogenous CAR 

stimulated the response to DEX in presence of GR, by increasing the induced levels about 3-fold 

for pGL3-2B2-Luc and about 1.7-fold for pGL3-2b10-Luc (Figs. 4A and 4B, compare Series 2 

and 4). In H4IIEC3 cells, in the absence of exogenous GR, CAR increased DEX-induced levels 
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of transcription by 4.3- or 19-fold for the pGL3-2B2-Luc and pGL3-2b10-Luc reporters 

respectively (Figs. 5A and 5B, compare Series 1 and 3). In the presence of exogenous GR, CAR 

also increased DEX-induced levels of transcription for both reporters (Figs. 5A and 5B, compare 

Series 2 and 4). Taken together, these results show that CAR alone does not mediate induction 

by DEX, but that it acts to stimulate DEX induction mediated by GR in both cell lines. 

As it is known that CAR-RXR heterodimers bind to the NR1, NR2 and NR3 sites of the 

PBRU (Honkakoski et al., 1998b; Tzameli et al., 2000; Beaudet et al., 2005; Zhang et al., 2006), 

the impact of exogenous CAR on induction by DEX was evaluated with the ΔPBRU reporter 

construct. When added by cotransfection to H4IIEC3 cells, CAR reduced significantly both the 

basal and induced levels of transcription for the ΔPBRU reporter construct (Fig. 7, compare 

Series 4 and 5). Hence, in H4IIEC3 cells, the stimulation of DEX-induced transcription by CAR 

clearly depends on the PBRU, because when it was deleted not only was the stimulation no 

longer observed, but DEX responsiveness was actually reduced. In HepG2 cells, the ΔPBRU 

reporter construct gave approximately the same induction as the pGL3-2B2-Luc reporter, around 

13- to 15-fold (Fig. 8, compare Series 1 and 3). For the ΔPBRU reporter, the addition of CAR 

did not increase the induced level (Fig. 8, compare Series 3 and 4). Thus, in HepG2 cells, when 

the PBRU was deleted, CAR was no longer able to increase the DEX-induced levels.  

  

In H4IIEC3 cells CAR activates reporter gene transcription driven by the CYP2B PBRUs 

in their natural sequence contexts. In HepG2 cells, exogenous CAR activates reporter gene 

transcription driven by the murine CYP2B PBRU or PBREM when the enhancers are placed 

directly adjacent to an enhancerless basal promoter such as that of tk (Honkakoski et al., 1998b, 

CYP2C1 (Kim et al., 2001) or CYP2B2 (Beaudet et al., 2005). We confirmed these results here, 
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where CAR activated the PBREM−120 construct by 24-fold in H4IIEC3 cells (Fig. 7, compare 

Series 2 and 3, without DEX) and by 38-fold in HepG2 cells (Fig. 9, compare Series 1 and 3, 

without DEX). These results are consistent with the known absence from HepG2 cells of 

appreciable levels of functional CAR (Honkakoski et al., 1998b) and of CAR mRNA (Rencurel 

et al., 2005) and they indicate that H4IIEC3 cells also lack functional CAR. With the 

PBREM−120 construct in H4IIEC3 cells, in the presence of exogenous CAR, a modest 2.5-fold 

further increase in transcription was observed in the presence of DEX (Fig. 7, Series 3); but with 

this construct in HepG2 cells, in the presence of CAR or of CAR plus GR, no further increase in 

transcription was observed in the presence of DEX (Fig. 9, Series 3 and 4).  

In agreement with earlier results (Beaudet et al., 2005), no activation by CAR was 

detectable when the CYP2B2 PBRU in its natural sequence context in the pGL3-2B2-Luc 

construct was tested in HepG2 cells (Fig. 4A, compare Series 1 and 3, without DEX). Similarly, 

no activation by CAR was detected when the Cyp2b10 PBRU in its natural sequence context in 

the pGL3-2B10-Luc construct was tested in HepG2 cells (Fig. 4B, compare Series 1 and 3, 

without DEX). For both reporters, similar results were obtained in HepG2 cells in the presence 

of exogenous GR (Figs. 4A and 4B, Series 2 and 4, without DEX).  

However, in H4IIEC3 cells CAR did activate transcription driven by the CYP2B PBRUs 

when they were in their natural sequence contexts. This activation was about 14-fold for the 

CYP2B2 reporter construct and about 13-fold for the Cyp2b10 reporter construct (Figs. 5A and 

5B, compare Series 1 and 3, without DEX). The activation by CAR was essentially unchanged 

when exogenous GR was also present (Figs. 5A and 5B, compare Series 3 and 4, without DEX). 

This activation by CAR depends on the PBRU, because, as for the stimulation of DEX induction, 

when the PBRU was deleted, the activation by CAR was abolished, and indeed the basal level 
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was reduced by about two-fold in the presence of exogenous CAR (Fig. 7, compare Series 4 and 

5, without DEX).   

 

Sites other than the PBRU and GRE1.3 are needed for maximal response to DEX. To begin 

the characterization of the sequence elements involved in the DEX response, we analyzed DEX 

responsiveness of CYP2B2 reporter constructs with different deletions. In H4IIEC3 cells, the 

effect of deleting the PBRU in the absence of exogenous CAR was to reduce the fold-induction 

by DEX by a factor of 2 (Fig. 7, compare Series 1 and 4), indicating that the PBRU plays a role 

in DEX induction in these cells. Furthermore, the basal CYP2B2 promoter construct retained the 

capacity for a modest response, about 4 fold, in H4IIEC3 cells (Fig. 7, Series 7), but not in 

HepG2 cells (Fig. 9, Series 5). In both cell lines, with the PBREM−120 construct, the DEX 

response was increased compared to that of the basal CYP2B2 promoter alone (Fig. 7, compare 

Series 2 and 7, for H4IIEC3 cells; Fig. 9, compare Series 2 and 5, for HepG2 cells). Thus, 

sequences within the PBREM can contribute to the DEX response in both cell lines. However, in 

HepG2 cells the deletion of the PBRU in the natural sequence context did not diminish the 

response to DEX (Figure 8, compare Series 1 and 3), although, as we have seen, it eliminated the 

stimulation of the DEX-induced levels by CAR (Fig. 8, compare Series 3 and 4). Therefore, 

sequences within the PBRU can contribute to DEX induction mediated by GR in H4IIEC3 cells, 

and are necessary for stimulation of this induction by CAR in both cell lines. 

We also investigated the possible role of the GRE reported by Jaiswal et al. (1990), 

GRE1.3, in the response to DEX. In both cell lines its deletion reduced but did not eliminate 

DEX responsiveness (Fig. 7, compare Series 1 and 6, for H4IIEC3 cells; Fig. 8, compare Series 1 

and 5, for HepG2 cells). In H4IIEC3 cells, deletion of both the PBRU and GRE1.3 had the same 
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effect as deletion of the PBRU only (Fig. 7, compare Series 4 and 8), indicating that their effects 

are not additive. In HepG2 cells, deletion of GRE1.3 and the PBRU had the same effect as 

deletion of GRE1.3 only (Fig. 8, compare Series 5 and 7). In both cell lines, deletion of both the 

PBRU and GRE1.3 reduced DEX responsiveness by about two-fold alone (Fig. 7, compare 

Series 1 and 8, for H4IIEC3 cells; Fig. 8, compare Series 1 and 7, for HepG2 cells). Taken 

together, these results show that in H4IIEC3 cells the role of GRE1.3 is secondary to that of the 

PBRU in conferring DEX responsiveness whereas in HepG2 cells, GRE1.3 but not the PBRU 

contributes to DEX-responsiveness. Moreover, when GRE1.3 was deleted, the stimulation by 

CAR of the DEX-induced levels was conserved (Fig. 8, compare Series 5 and 6). 
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Discussion 

We have demonstrated that GR is responsible for the induction of CYP2B2 and Cyp2b10 

luciferase reporters by DEX treatment in HepG2 cells, wherein induction by DEX was only seen 

with the addition of exogenous GR. In H4IIEC3 cells on the other hand, DEX responsiveness 

was observed without addition of exogenous GR. The abrogation of DEX responsiveness in 

H4IIEC3 cells by the addition of RU486 indicates that GR is also required for DEX 

responsiveness in H4IIEC3 cells. Furthermore, given the well-known observation that CYP2B 

genes are not PB-responsive in cultured cell lines, the DEX responsiveness of CYP2B reporter 

constructs in cell lines demonstrates in itself that the mechanism of DEX induction is distinct 

from that of PB. 

The data obtained argue against a role for PXR in the response to DEX under our 

experimental conditions. However, at the concentration of DEX used (100 nM), human or mouse 

PXRs are not expected to be activated (Kliewer et al., 1998; Lehmann et al., 1998), and it is 

possible that at higher concentrations PXR would be activated by DEX and then could activate 

transcription of the CYP2B reporters. 

Our results are in accord with those obtained with GR-null mice by Schuetz et al. (2000), 

indicating that GR is necessary for DEX induction of Cyp2b10 in mice and, by extension, of 

CYP2B1 and CYP2B2 in rats. However, the absence of GR following targeted inactivation of its 

gene may have affected the level of other transcription factors or co-activators (Huss and Kasper, 

2000; Schoneveld et al., 2004). For example, the levels of CAR are increased by the addition of 

GR and DEX to human hepatocytes (Pascussi et al., 2000), so absence of GR could lead to lower 

levels of CAR in mice lacking GR. The advantage of the cell culture system is that it is possible 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 1, 2008 as DOI: 10.1124/dmd.108.022772

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #22772 
 

 18

to add, one by one, specific transcription factors, and thus to obtain direct evidence that GR is 

responsible for DEX responsiveness. 

The putative GRE of the PBRU (GRE-A; Fig. 1A) and GRE1.3 (Fig. 1B and Fig. 2) are 

candidates for conferring DEX responsiveness on rat CYP2B2. Our results demonstrate that 

GRE1.3, although it contributed to DEX responsiveness for the CYP2B2 reporter in both cell 

lines, is clearly not the only sequence element required, as its deletion reduced but did not 

abolish DEX responsiveness. GRE-A apparently has no role to play in the DEX response in 

HepG2 cells when it is in its natural context, as deletion of the PBRU did not influence the 

response to DEX. However, the deletion of the PBRU did diminish DEX responsiveness in 

H4IIEC3 cells, indicating that it contains an element that can contribute to DEX responsiveness. 

Moreover, the PBREM itself, when fused to the basal promoter, conferred DEX responsiveness 

in both cell types. Since GRE-A is ablated in the PBREM (Fig. 1A), these results suggest that 

there is another GRE or accessory site within the PBREM. GRE-B, another putative GRE in the 

PBRU (Fig. 1A) (Stoltz et al., 1998), is a candidate for this site. 

Given that after deletion of both the PBRU and GRE1.3 DEX responsiveness was only 

reduced by about two-fold, other sites are clearly needed to confer maximal induction. The DEX 

response therefore seems to be modulated through several GREs or accessory sites that are 

spread throughout the CYP2B2 5' flank. One or more of these additional sites are outside the 

basal promoter, as the construct in which GRE1.3 and the PBRU were deleted retained higher 

DEX responsiveness than the −120 construct in both cell types. Another site that can contribute 

to DEX responsiveness is located in the basal promoter, as the −120 construct responded to DEX 

in H4IIEC3 cells. A putative GRE half site (5'-TGTTCA-3', −70/−65, lower strand) is present in 

the CYP2B2 basal promoter. For GRE half sites to be functional, they require the presence of an 
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accessory factor bound to an adjacent site (Schoneveld et al., 2004). C/EBPα may act as such an 

accessory factor as there is a C/EBPα binding site adjacent to the putative GRE half site in the 

basal CYP2B2 promoter (Luc et al., 1996; Park and Kemper, 1996). We have identified two 

additional regions in the CYP2B2 5’ flank that can contribute to DEX responsiveness. One, 

active in HepG2 cells, is between −1180 and −1148 and contains a putative GRE; the other, 

active in H4IIEC3 cells, is between −192 and −145 and contains a putative GRE half site on each 

strand (Audet-Walsh et al., 2008). Taken together, these observations suggest that the CYP2B2 5' 

flank contains a GRU (Imai et al., 1990).  Moreover, the high level of DEX responsiveness 

observed in our experiments is in agreement with this conclusion, as the fold induction is often 

higher for GRUs than for simple GREs (Schoneveld et al., 2004). It remains to be determined 

which GREs or accessory sites function in rat liver to confer DEX responsiveness. This issue is 

particularly pertinent given, for example, the different effects on DEX responsiveness observed 

here in the two cell lines after deletion of the PBRU or GRE1.3. 

The role of CAR in activating CYP2B transcription is interesting for several reasons. To 

our knowledge, ours are the first results where the CYP2B2 PBRU placed in its natural sequence 

context at −2317/−2155 in CYP2B2 5' flank is activated by CAR, as observed in H4IIEC3 cells. 

As might have been expected, this was true for the Cyp2b10 reporter construct as well. In HepG2 

cells, only when the PBRU or the PBREM were placed at −120 in CYP2B2 5' flank were they 

activated by exogenous CAR (Beaudet et al., 2005). As CAR is active in the absence of an 

agonist ligand (Baes et al., 1994) and goes directly to the nucleus in HepG2 cells (Kobayashi et 

al., 2003), the question arises as to why is it not able to activate the PBRU in its natural sequence 

context in these cells. It seems likely that H4IIEC3 cells but not HepG2 cells contain 

transcription factors or co-activators that are required for CAR activation of murine PBRU-
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driven transcription when the enhancer is in its natural sequence context. Although the factors(s) 

responsible for this effect are as yet unknown, one transcription factor, GR, can be ruled out: 

HepG2 cells to which GR was added by cotransfection were as refractory to CAR activation of 

the PBRU in its natural sequence context as were HepG2 cells not so cotransfected. 

CAR is usually thought of as being a transcriptional activator in its own right, but in 

HepG2 cells, as we have seen, it is unable to activate PBRU-driven transcription of the CYP2B2 

or Cyp2b10 PBRUs in their natural sequence contexts. However, CAR is capable, in the 

presence of GR, of activating their DEX-induced transcription. Hence, under these conditions in 

HepG2 cells, CAR clearly acts as an accessory factor for DEX-induced transcription. The 

abrogation, in both HepG2 and H4IIEC3 cells, of the stimulative effects of CAR on DEX 

induction by deletion of the PBRU suggests that CAR does not act by binding to GR, but rather 

by binding to sequence elements within the PBRU, presumably NR1, NR2 and NR3, to increase 

DEX responsiveness. Thus, with respect to DEX induction of murine CYP2B genes, CAR 

behaves a classical accessory factor in the sense in which that term is applied to the PEPCK 

GRU and other GRUs (Imai et al., 1990; Schoneveld et al., 2004). The interactions between 

accessory factors and GRs appear to contribute to the PEPCK glucocorticoid response by 

facilitating GR binding or interaction with coactivators or both (Stafford et al., 2001a; Stafford et 

al., 2001b), and CAR may act similarly to stimulate DEX induction of CYP2B genes. 

GR is not only essential for the DEX response of the CYP2B reporters. It is also 

necessary for maximal PB induction of Cyp2b10 in vivo, as GR-null mice have about two thirds 

of the wild type PB-induced levels of CYP2B10 protein (Schuetz et al., 2000). As demonstrated 

by our results, CAR and GR act independently to activate transcription of CYP2B reporters, but 

CAR can act as an accessory factor in the DEX response and GR may play a similar role in PB-
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responsiveness. This could explain the decrease seen in the PB-induced level of the CYP2B10 

protein in GR-null mice. Moreover, the synergistic effect seen by cotransfection of expression 

vectors for CAR and GR, which, for the pGL3-2b10-Luc reporter in H4IIEC3 cells gave induced 

levels more than 400 times the basal level, is in agreement with previously reported synergistic 

CYP2B induction by cotreatment with DEX and PB in primary hepatocytes (Waxman et al., 

1990).  

Contrary to the effect of DEX in inducing CYP2B1 and CYP2B2 proteins, CYP2B3 

levels decreased in response to treatment with DEX. This is not a surprising result, as the mouse 

ortholog of CYP2B3, CYP2B9, has also been reported to be suppressed in liver by DEX 

treatment (Jarukamjorn et al., 1999). Furthermore, PB treatment also decreased CYP2B3 in rat 

liver, which is in agreement with previously reported results (Desrochers et al., 1996). The 

mechanism by which CYP2B3 is decreased remains unknown. 

In conclusion, murine CYP2B genes are not only regulated by exogenous compounds, but 

also by a pathway that is normally regulated by endogenous compounds. CYP2B proteins are 

well known to possess androgen hydroxylase activity (Waxman, 1984) and glucocorticoid 

hormones may influence androgen levels by regulating CYP2B transcription. In addition, 

H4IIEC3 cells, should be useful for studying CAR activation of CYP2B transcription, as they 

appear to contain factors necessary for this activation that are lacking in HepG2 cells. In 

summary then, there are at least two independent mechanisms of CYP2B induction, one 

involving PB and PB-like inducers, and another involving glucocorticoids that induce via GR 

where CAR acts as an accessory factor. 
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Legends for figures 

Figure 1. (A) Sequence of the rat CYP2B2 PBRU showing the positions of nuclear receptor 

recognition sites NR1, NR2 and NR3, as well as the NF1 site and two putative GREs, GRE-A 

and GRE-B, identified with MatInspector matrix GR_Q6 (Stoltz et al., 1998). The position of the 

PBREM within the PBRU is also indicated. The mouse Cyp2b10 PBREM is identical to the rat 

CYP2B2 PBREM, except for a single bp difference in the NR2 spacer (Paquet et al., 2000). (B) 

Sequence of the rat CYP2B2 5' flank surrounding the GRE at –1.3 kb and the homologous region 

of the mouse Cyp2b10 5' flank. The two horizontal arrows indicate the two half sites (bold) of 

the incomplete palindromic sequence of the putative GRE of CYP2B2 (Jaiswal et al., 1990). 

Under the CYP2B2 sequence are shown the differences in the Cyp2b10 homologous region. 

Hyphens represent deleted bases, while small letters represent base differences. The DNA 

sequence of the Cyp2b10 GRE1.3 region is so different from the CYP2B2 sequence that it may 

be non-functional. In the bottom of this panel is shown the GRE consensus sequence 

(Schoneveld et al., 2004).  

 

Figure 2. Schematic representation of the different CYP2B2-derived luciferase reporter 

constructs used in the study of DEX responsiveness. pGL3-2B2-Luc contains 2.5 kb of the 

5'-flanking region of CYP2B2. In the PBREM−120 construct, the mouse PBREM is fused to the 

CYP2B2 basal promoter (the first 120 nucleotides of the 5' flank). 

 

Figure 3. (A) Western blot analysis of DEX induction of CYP2B1 and CYP2B2 proteins in rat 

liver. Each lane (1.5 µg of microsomal protein) corresponds to one animal. The results shown are 

representative of three independent experiments. (B) Actin immunodetection. (C) Shorter 
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exposure of the blot shown in (A) to permit detection of the effect of PB or DEX treatment on 

the CYP2B3 level.  

 

Figure 4. Response to DEX of the rat CYP2B2 or the mouse Cyp2b10 reporters in HepG2 cells 

in the presence of various nuclear receptors. HepG2 cells were cotransfected with the pGL3-

2B2-Luc reporter (2B2) (A) or the pGL3-2b10-Luc reporter (2b10) (B), and the GR or CAR 

expression vectors or the empty pCMX and pSG5 vectors, or the PXR expression vector, and 

then treated or not with DEX, all as described under Materials and methods. The relative 

luciferase activity obtained for each reporter construct cotransfected with the empty pCMX and 

pSG5 vectors was set at 1. The single asterisk (*), double asterisks (**) and triple asterisks (***) 

denote significant differences (p < 0.05, p < 0.01 and p < 0.001, respectively). Symbols over 

columns denote significant differences between the marked columns and the basal level of Series 

1 of the same panel. 

 

Figure 5. Response to DEX of the rat CYP2B2 or the mouse Cyp2b10 reporters in H4IIEC3 cells 

in the presence of various nuclear receptors. H4IIEC3 cells were cotransfected with the pGL3-

2B2-Luc reporter (2B2) (A) or the pGL3-2b10-Luc reporter (2b10) (B) and the GR or CAR 

expression vectors or the empty pCMX and pSG5 vectors, or the PXR expression vector, and 

then treated or not with DEX, all as described under Materials and methods. The relative 

luciferase activity obtained for each reporter construct cotransfected with the empty vectors 

pCMX and pSG5 was set at 1. The dagger (†) indicates that the induced level in Series 5 shows a 

significant reduction compared to the induced level in Series 1 (p < 0.05). The asterisks denote 

significant differences as described in the legend of Fig. 4.  
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Figure 6. Response to DEX of the pGL3-2B2-Luc reporter construct in H4IIEC3 cells in the 

presence or absence of RU486. H4IIEC3 cells were transfected with the pGL3-2B2-Luc reporter 

construct and treated with DEX as described under Materials and methods. The relative 

luciferase activity in the absence of RU486 was set at 100%. The double dagger (‡) indicates that 

the induced levels show a significant reduction in the presence of RU486 (p < 0.001). 

 

Figure 7. Impact of different deletions in the CYP2B2 5' flank on DEX-responsiveness and CAR 

activation in H4IIEC3 cells. The pGL3-2B2-Luc reporter (2B2) or different deletion constructs 

(Fig. 2) were cotransfected into H4IIEC3 cells with the CAR expression vector or with the empty 

pCMX vector, and then treated or not with DEX, as described under Materials and methods. The 

relative luciferase activity obtained for the pGL3-2B2-Luc construct cotransfected with the 

empty pCMX and pSG5 vectors was set at 1. Series 1 was shown in Fig. 5 and is repeated here to 

facilitate analysis. All the induced levels were significantly different from their basal levels (p < 

0.05). The asterisks and daggers denote significant differences as described in the legends of 

Figs. 4 and 5. 

 

Figure 8. Impact of different deletions in the CYP2B2 5' flank on DEX-responsiveness and CAR 

activation in HepG2 cells. The GR expression vector and the pGL3-2B2-Luc reporter (2B2) or 

different deletion constructs (Fig. 2) were cotransfected into HepG2 cells with the CAR 

expression vector or with the empty pCMX vector, and then treated or not with DEX, as 

described under Materials and methods. The relative luciferase activity obtained for the pGL3-

2B2-Luc construct co-transfected with the empty pCMX and pSG5 vectors was set at 1 and is 
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shown in Fig. 4A. Series 1 and 2 were shown in Fig. 4A and are repeated here to facilitate 

analysis. All the induced levels were significantly different from their basal levels (p < 0.05). 

The asterisks and daggers denote significant differences as described in the legends of Figs. 4 

and 5. 

 

Figure 9. Responses to DEX of the PBREM−120 and the −120 reporter constructs in HepG2 

cells. The cells were cotransfected with the indicated reporter construct (Fig. 2), and the CAR or 

GR expression vectors, and then treated or not with DEX, as described under Materials and 

methods. The relative luciferase activity obtained for the PBREM−120 construct cotransfected 

with the empty vectors pCMX and pSG5 was set at 1. The asterisks denote significant 

differences as described in the legend of Fig. 4. 

 
 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 1, 2008 as DOI: 10.1124/dmd.108.022772

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 1, 2008 as DOI: 10.1124/dmd.108.022772

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 1, 2008 as DOI: 10.1124/dmd.108.022772

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 1, 2008 as DOI: 10.1124/dmd.108.022772

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 1, 2008 as DOI: 10.1124/dmd.108.022772

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 1, 2008 as DOI: 10.1124/dmd.108.022772

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 1, 2008 as DOI: 10.1124/dmd.108.022772

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 1, 2008 as DOI: 10.1124/dmd.108.022772

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 1, 2008 as DOI: 10.1124/dmd.108.022772

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 1, 2008 as DOI: 10.1124/dmd.108.022772

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/

