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Abstract

We previously reported that the pregnane X receptor (PXR) interferes with vitamin D receptor (VDR) target genes, notably CYP24,
by targeting the same responsive elements. Since PXR and constitutive androstane receptor (CAR) share responsive elements in the pro-
moter of their target genes, we wondered whether CAR also interferes with CYP24 expression. The current study shows that: (i) CAR-
RXR heterodimer binds to and transactivates the proximal promoter of CYP24 (—1200/+22) and both VDRE-1 and VDRE-2 which
control its expression in response to 1,25-dihydroxyvitamin D3, (ii) androstanol an inverse agonist of hCAR inhibits transactivation
of VDREs by hCAR, (iii) mutations of either VDRE-1 or -2 half sites inhibit h\CAR-mediated transactivation, and (iv) in primary human
hepatocytes (n = 11) CITCO, a specific hCAR agonist, is an inducer of CYP24 as well as of CYP2B6 and CYP3A4 mRNAs. In con-

clusion, CAR/PXR and VDR bind to and transactivate the same response elements in CYP24 promoter.

© 2007 Elsevier Inc. All rights reserved.
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Vitamin D receptor (VDR, NR1I1), a member of the
non-steroid receptor superfamily, controls a large battery
of genes mediating biological functions such as cell differ-
entiation, apoptosis, immunomodulation, calcium and
phosphate homeostasis, and bone mineralisation [1]. Its
major agonist is the 1lo,25-dihydroxyvitamin Dj
(1,25(0OH),-D) which results from hydroxylation of vita-
min D at position 25 and 1 in liver and kidney, respectively,
by appropriate CYP enzymes [2,3]. After ligand binding,
VDR forms a heterodimer with RXRa which transacti-
vates the vitamin D response elements (VDRE) present in
the regulatory region of target genes. The consensus
sequence of VDREs is a direct repeat of the core
AGGTCA separated by three nucleotides (DR3). One of
the VDR target genes is CYP24 which encodes a mitochon-
drial cytochrome P450 that hydroxylates 1,25(OH),-D and
other vitamin D derivatives at position 24 [4,5]. This bio-
transformation converts these molecules to inactive metab-
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olites. CYP24 expression is dependent on two responsive
elements (VDRE-1 and VDRE-2) located in the proximal
region of the promoter [6,7]. Transactivation of these ele-
ments by VDR/RXR leads to increased expression of
CYP24, reduced level of the biologically active
1,25(OH),-D, and downregulation of VDR-target genes.
Vitamin D homeostasis appears therefore to be autoregu-
lated at least in part through VDR and CYP24.

The NR1I family comprises at least two other members,
the pregnane X receptor (PXR, NRI12) and the constitu-
tive androstane receptor (CAR, NR113). Both PXR and
CAR form heterodimers with RXR and bind to and trans-
activate various response elements (including ER6, DR3,
and DR4) present in the promoter of their target genes
[8,9]. PXR and CAR thus control the inducible expression
of a wide battery of genes involved in xenobiotic and drug
metabolism and transport including CYP2 and CYP3 fam-
ilies, UGTs, STs, MDRs, MRP, etc [10]. Several groups
have reported that, when activated by 1,25(OH),-D,
VDR is able to induce CYP2 and CYP3 gene expression
in different cell types including primary human hepato-
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cytes, and this was shown to result from the fact that VDR
binds to and transactivates the PXR—CAR responsive ele-
ments present in the promoter of these genes [11-13]. More
recently, we reported that PXR binds to and transactivates
VDRE-1 and VDRE-2 of the CYP24, and that PXR ago-
nists increase CYP24 mRNA expression in human hepato-
cytes and mouse kidney [14]. These findings suggest that
the VDR-PXR crosstalk resulting from the recognition
of same response elements is reciprocal. Such crosstalk pro-
vides, at least in part, an objective explanation to the obser-
vation that long-term treatment of patients with drugs that
are PXR agonists results in low 1,25(0OH),-D levels and
osteomalacia [15-17].

Since PXR and CAR have been reported to share
responsive elements in the promoter of their target genes
[18-22], we decided to determine whether CAR interferes
with VDR target genes as well. The data presented here
show that CAR binds to and transactivates the VDREs
present in the CYP24 promoter, and that CITCO, a specific
human CAR agonist [23], increases CYP24 mRNA expres-
sion in primary human hepatocytes.

Materials and methods

Chemicals. Culture media, dimethylsulfoxide, rifampicin, lo,25-
dihydroxyvitamin D3 (1,25-(OH),D), and culture medium additives were
from Sigma (Saint Louis, MO). y-[*>’PJdATP was from Amersham Inter-
national (Amersham, England). SR12813 were purchased from Tebu-bio
(Le Perray en Yvelines, France).

Plasmids. The following plasmids have been described previously:
pSG5-AATS-hPXR, pcDNA3.1-his-tagged PXR, pSG5-mPXR, pSGS5-
mRXRa, pSG5-hVDR, pGL3-hCYP24 (—1200/22)-LUC, p(NRI1)3-
tkLUC, p(VDRE-1)3-tkLUC, and p(VDRE-2)3-tkLUC [11,14]. The
hCAR expression vectors were generated by PCR, using pCDMS8-hCAR
vector as a template (kindly provided by M. Negishi) and oligonucleotides
sense hCAR/ATG 5-CGGAATTCATGGCCAGTAGGGAAG and
reverse hCAR/TGA 5'-AAAAAAGCGGCCGCCTCAGCTGCAGATC
TCCTGG and cloned into plasmids pcDNA3 (Invitrogen, Groningen,
The Netherlands). All subcloned fragments including CYP2B6 NR1 and
CYP24 VDRE-1 and -2 were verified by sequencing.

Primary culture of human hepatocytes. Hepatocytes were prepared and
cultured according to the previously published procedure [24]. Clinical
characteristics of livers and lobectomy donors used in this work are
summarized in Table 1.

Quantitative PCR. Total RNA was extracted using TRIZOL reagent
(Gibco-BRL, Cergy-Pontoise, France). Purity was confirmed by spectro-
photometer. cDNA were synthesized from 1 pg of total RNA using
Superscript II first-strand synthesis system for PCR (Invitrogen) at 42 °C
for 60 min, in the presence of random hexamers (Amersham-Pharmacia
Biotech). Quantification of CYP24, CYP2B6, CYP3A4, GAPDH, and f-
actin mRNA was performed using the Roche Light Cycler apparatus as
described. Sense and reverse primers were as follows, respectively:

GAPDH (NM_002046), 5-GGTCGGAGTCAACGGATTTGGTCG
and 5-CAAAGTTGTCATGGATGACC; B-actin (NM_001101), 5°-TG
GGCATGGGTCAGAAGGAT and 5'-TCCATCACGATGCCAGTG
GT; CYP2B6 (NM_000767), 5'-GGCCATACGGGAGGCCCTTG and
5’-AGGGCCCCTTGGATTTCCG; CYP24 (CYP24A1, NM_000782): 5'-
GTGGCTCCAGCCAGACCCTA and 5-GGCGAGGTTGGTACGAG
GTG, CYP3A4 (NM_017460): 5'-CACAAACCGGAGGCCTTTTG and
5'-ATCCATGCTGTAGGCCCCAA. CYP24 mRNAs amplified frag-
ments were purified using the Nucleospin extract kit (Macherey—Nagel)
and verified by sequencing.

Cell culture and transfections. Hek293 cells (human embryonic kidney
cells) were cultured and transfected as reported [14]. As internal control,

50 ng of pSV-B-galactosidase (Promega) was added. After 12-16 h, the
medium was changed, and fresh medium containing 5% delipidated-
charcoal stripped serum (Sigma) and 0.1% DMSO (vehicle) or inducers
was added. Twenty-four hours after changing media, the cells were har-
vested in reporter lysis buffer (Promega) and cells extracts were analysed
for luciferase and B-galactosidase activities as described. Luciferase values
were normalized with B-galactosidase values calculated by dividing the
maximal response by the response elicited with vehicle.

Electromobility shift assays. Double-stranded oligonucleotides corre-
sponding to the two VDRESs of the human CYP24 gene were synthetized
(Invitrogen): VDRE-1 (-174 to -151): CCGGACGCCCTCGCTCA
CCTCGCTGA; VDRE-2 (—294 to —274): CGAAGCACACCC GGTG
AACTCCGG. CYP2B6 NRI1 probe and binding procedure were previ-
ously described [11,14]. Probes were end-labeled with [**P]-ATP using T4
polynucleotide kinase (Promega), and then incubated 20 min at room
temperature with 1 uL of in vitro synthetized CAR, PXR, his-tagged PXR,
VDR or RXRa (TNT-coupled transcriptional translation, Promega).
DNA-protein complexes were resolved on a 4% polyacrylamide gel (30:1,
acrylamide:bis-acrylamide) in 0.5x TBE (1x TBE =89 mM Tris, 89 mM
boric acid, and 2 mM EDTA). Gels were dried and subjected to autora-
diography with Kodak X-AR film.

Results

CAR binds to and transactivates VDRE-1 and VDRE-2 of
CYP24 promoter

Analysis of VDR- and CAR-binding to specific response
elements has been assessed by electromobility shift assay.
Radiolabeled CYP2B6 NR1 (a typical target of CAR/
RXR) and CYP24 VDRE-1 and VDRE-2 oligonucleotides
were incubated in the absence or presence of CAR, VDR,
and RXRa proteins prepared by a transcription—transla-
tion coupled system, either alone or in association, before
being loaded onto the gel. PXR and his-tagged PXR pro-
teins were also included in these series of experiments as
control of our previous observations [14]. The data of
Fig. 1 (left) shows that the heterodimer CAR/RXR binds
strongly to CYP2B6 NR1, as expected [25]. Both VDR/
RXR and PXR/RXR heterodimers also bind this oligonu-
cleotide albeit with an apparently lower affinity. This is
consistent with the well established fact that CAR and
PXR share response elements in their target genes [18—
22], and that 1,25(OH),-D is a transcriptional inducer of
CYP2B6 and CYP3A4 [11-13]. Note that the mobility of
the VDR/RXR complex is slightly lower than that of the
CAR/RXR complex and slightly faster than that of the
PXR/RXR complex. The data shown in Fig. 1 (right)
reveals that the CAR/RXR heterodimer binds to both
VDRE-1 and VDRE-2 of CYP24 promoter. As expected
from previous observations [14], both VDR/RXR and
PXR/RXR heterodimers bind these response elements as
well although the affinity for VDR/RXR seems greater.
These results show that the CAR/RXR heterodimer binds
to CYP24 VDRE-1 and VDRE-2, as does the PXR/RXR
heterodimer.

In a next series of experiments, the capacity of CAR
to transactivate both CYP24 VDREs was investigated
by cotransfection assays. For this purpose, HEK293
cells derived from human embryonic kidney were tran-
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Table 1

Clinical characteristics of livers and lobectomy donors

Donor identification =~ Gender Age  Pathology

FT 228 M 76 Metastasis of colon cancer
FT 237 F 78 Metastasis of colon cancer
FT 256 F 43 Adenoma on normal liver
FT 257 F 30 Adenoma on normal liver
FT 258 F 76 Metastasis of colon cancer
FT 259 M 50 Adenoma on normal liver
FT 261 F 21 Adenoma on normal liver
FT 263 F 79 Hepatocarcinoma

FT 264 M 68 Metastasis of colon cancer
FT 266 F 70 Adenoma on normal liver
FT 267 F 55 Metastasis of colon cancer
FT 268 F 48 Metastasis of colon cancer
FT 269 F 46 Adenoma on normal liver
FT 270 M 57 Metastasis of colon cancer
FT 271 F 56 Metastasis of colon cancer
FT 272 F 24 Donor

FT 273 M 69 Metastasis of colon cancer
FT 275 M 73 Metastasis of bladder cancer
FT 276 F 62 Metastasis of pancreas cancer
FT 277 M 48 Mucin cystadenoma

FT 278 M 71 Metastasis of rectum cancer
FT 279 F 57 Metastasis of breast cancer
FT 280 M 59 Unknown

FT 281 F 56 Metastasis of colon cancer

siently transfected with a human CAR expression vector
(pSG5-hCAR) or the control expression vector (pSGYH),
in the presence of reporter plasmids pGL3-hCYP24
(—1200/22)-LUC, p(VDRE-1)3-tkLUC or p(VDRE-2)3-
tkLUC (including wild-type and mutated VDRE-1 and
-2). Human PXR (pSG5-A*TS-hPXR) and VDR
(pSG5-hVDR) expression vectors were tested in parallel
experiments. Cells were then treated for 24 h with vehi-
cle (0.1% DMSO; UT), 10 uM androstanol (Anol, a
well-known human CAR inverse agonist) [26], 50 nM
1,25(0OH),-D (VD) or 10 pM rifampicin (RIF). The data
on reporter gene activity is reported in Fig. 2. In the
absence of activator, transfection of CAR produced a
potent induction of the reporter gene, whatever the driv-
ing region, the —1200/+22 promoter of human CYP24
or the CYP24 VDRE sequences (Fig. 2A and B), and
incubation of cells with androstanol decreased this
induction. This is consistent with the fact that CAR
exhibits a strong constitutive transcriptional activity
[25] and that androstanol is a well-known inverse ago-
nist of this receptor [26]. Mutation of either of the
VDREs strongly reduced the reporter gene activity sug-
gesting that transactivation of these elements by CAR
requires the wild type sequence (Fig. 2C and D). In par-
allel experiments, VDR and PXR transactivated the
same reporter constructs in the presence of 50 nM
1,25(OH),-D  or 10 uM rifampicin, respectively, as
expected. Here again, mutation of both VDREs strongly
reduced the reporter gene activity. Collectively, these
results show that CAR binds to and transactivates both
VDREs of the CYP24 promoter.

CITCO and other CAR and PXR activators induce the
expression of CYP24 mRNA in primary human hepatocytes

In order to determine whether CAR activation results in
increased expression of CYP24 gene in a more physiologi-
cally pertinent experimental model, human hepatocytes in
primary culture were treated for 48 h with CITCO, a spe-
cific agonist of human CAR [23], and CYP24, CYP2B6
and CYP3A4 mRNA expression was assessed by quantita-
tive RT-PCR. Note that in these experiments, CITCO was
used at 100 nM, a concentration at which PXR is not acti-
vated; indeed, we have observed that concentrations
greater than 1 uM activate PXR. In parallel experiments,
cells were treated with vehicle (0.1% DMSO; UT),
0.5 mM phenobarbital (a mixed activator of CAR and
PXR), 20 uM rifampicin or 1 uM SR12823 (two potent
agonists of PXR). The data reported in Table 2 was col-
lected from the analysis of different primary hepatocyte
cultures prepared from different donors (see Table 1). It
is of note that there were large interindividual variations
in the extent to which CYP24 and other CYP gene expres-
sion was increased in response to the various compounds.
This accounts for the large standard deviations observed
in some cases. The data shows that CITCO is a significant
inducer (p <0.05, n =11) of CYP24, CYP2B6, and
CYP3A4 mRNAs with similar fold-induction ratios. This
is consistent with the results presented in Figs. 1 and 2
showing that CAR binds to and transactivates both
CYP24 VDREs. However, CITCO was a weaker inducer
of the three tested genes, especially as compared with rif-
ampicin and SR12823. This suggests that PXR is a more
potent transactivator of CYP24 as compared with CAR.
The fold-induction ratio of CYP24 mRNA is approxi-
mately one order of magnitude smaller than that characte-
rising CYP3A4 in response to phenobarbital, rifampicin
and SR12823, while the fold-induction ratio of CYP2B6
appears to be intermediate. Hence, although CYP24
mRNA is indeed induced by both CAR and PXR agonists,
the amplitude of the increase is significantly smaller than
that of CYP2B6 and CYP3A4 mRNAs. This is the mirror
image of what was observed on the induction of these genes
in response to 1,25(OH),-D [11,14].

Discussion

The results reported here show that: (i) CAR/RXR het-
erodimer binds to and transactivates the proximal pro-
moter of CYP24 (—1200/+20) and both VDRE-1 and
VDRE-2 which control the expression of CYP24 in
response to 1,25(OH),-D, (ii) androstanol a well-character-
ised inverse agonist of hCAR inhibits the transactivation of
VDREs by hCAR, (iii) mutations of either VDRE-1 or -2
half sites inhibit hCAR-mediated transactivation, and (iv)
in primary human hepatocytes CITCO, a specific CAR
agonist, is an inducer of CYP24 as well as of CYP2B6
and CYP3A4 mRNAs.
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Fig. 1. Analysis of VDR-, CAR- and PXR-binding to specific response elements by electromobility shift assay. Radiolabeled CYP2B6 NR1 and CYP24
VDRE-1 and VDRE-2 oligonucleotides (50,000 cpm) were incubated in the absence or presence of VDR, CAR, PXR, his-tagged PXR, and RXRa
proteins prepared by in vitro translation using a transcription—translation coupled system, either alone or in association as indicated, before being loaded
onto the gel. Complexes are identified by a start (*) just above the band. NS refers to nonspecific band. Left, binding to CYP2B6 NR1 oligomer. Right,

binding to CYP24 VDRE-1 and VDRE-2 oligomers.

The recognition of specific response elements by
nuclear receptors in the promoter of their target genes is
a major determinant of the control of many physiological
functions by appropriate stimuli including hormones,
xenobiotics and others [27]. Many reports, however, have
revealed that the specificity exhibited by nuclear receptors
for their response elements is not as high as first thought;
indeed, some receptors bind to and transactivate DNA
motifs that are significantly different from their so-called
“consensus’ response element. This has been shown to
be true for several nuclear receptors such as the glucocor-
ticoid receptor, estrogen receptor, androgen receptor,
VDR, CAR and PXR [18,19,22,28-32]. It is therefore
not surprising that CAR is able to target the DR3-type
response elements of CYP24 promoter, while this receptor
targets DR3, DR4, and ER6 elements in CYP2B6,
CYP2C9, and CYP3A44 gene promoters. The apparent
ability of a given nuclear receptor to target distinct
DNA sequences is believed to result from the flexibility
of either the DNA-binding domain or the hinge domain
or from the association with other transcription factors
or the promoter context. From a functional point of view,
this versatility leads to the possibility of crosstalk such as
the one investigated here.

The observation of osteomalacia and bone mineralisa-
tion disorders in patients treated with agonists or activators
of PXR and CAR has been the incentive of this work. The
present finding that CAR, in addition to PXR [14], might
increase the expression of CYP24 provides a further objec-
tive molecular mechanism by which some xenobiotics affect
1,25(OH),-D level and bone mineralisation in man under
prolonged therapy [15-17].

Interestingly, it was reported recently that CYP2D25,
the porcine microsomal vitamin D 25-hydroxylase, is
downregulated at the transcriptional level by VDR in the
presence of vitamin D metabolites and by both CAR and
PXR in the presence of phenobarbital [33,34]. These obser-
vations are in favor of another aspect of the crosstalk
between CAR, PXR and VDR. However, induction of
CYP24 by xenobiotics via CAR or PXR is certainly not
the only molecular mechanism by which xenobiotics might
induce bone disorders. Indeed, Xu et al. [35] demonstrated
that, in addition to CYP24, CYP3A4 may efficiently con-
tribute to the catabolism of 1,25(OH),-D and other vitamin
D metabolites by generating 23 R- and 24S-hydroxy metab-
olites in liver and intestine under xenobiotic treatment.

Finally, Zhou et al. [36] reporting on the PXR-VDR
crosstalk recently concluded, in disagreement with our
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Fig. 2. Transactivation of CYP24 promoter by VDR, CAR, and PXR. HEK293 cells (human kidney) were transiently transfected with human VDR
(pSG5-hVDR), CAR (pcDNA3.1-hCAR) or PXR (pSG5-AATS-hPXR) or control expression vector (pSG5, Ctl), in the presence of reporter vector (pGl3-
luciferase) driven by the indicated human CYP24 promoter sequences, together with pRSV-B-gal transfection control plasmid. Cells were treated with
vehicle (0.1% DMSO; UT), 50 nM 1,25(0OH),D3 (VD), 10 uM rifampicin (RIF) or 10 uM androstanol (Anol) for 24 h. Cells were then harvested and
analyzed for both luciferase and B-galactosidase activities. Values represent B-galactosidase-normalised luciferase activities and are the average of
duplicates 4= SE. These were replicated in independent experiments. (A) CYP24 promoter region —1200/+22. (B) CYP24 VDRE-1 and -2 transactivation
by CAR. (C) CYP24 VDRE-1 wild-type or mutated site. (D) CYP24 VDRE-2 wild-type or mutated site.
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Fig 2. (continued)

Table 2
Fold-induction of CYP24, CYP2B6, and CYP3A4 mRNA by various inducers in cultured human hepatocytes
Inducers® CYP24° CYP2B6 ° CYP3A4°
CITCO 1.8+£12(n=12) 25+£195(n=11) 3.543(n=12)
(0.9-5.2) (0.7-7.5) (0.9-12.4)
p=0.02 p=0.016 » =0.009
Phenobarbital 40£1.7(n=5) 10.7+£9.9 (n=12) 87.2+190.6 (n=13)
(1.6-6.1) (1.4-31.7) (1.9-705)
p =0.009 p =10.003 p = 0.0664
Rifampicin 8.0+6.2 (n=10) 13.7+£10.6 (n=15) 84.2+82.2 (n=16)
(0.9-20) (2-31.2) (1.1-278)
p =0.003 p =0.002 p = 0.0005
SR 3.37+£2.58 (n=28) 27.5+44.6 (n=238) 65.06 £77.11 (n =38)
(0.2-8.6) (2.8-135) (10.6-225)
p=0.02 p=20.07 p=0.03

% Human hepatocytes were cultured in our standard conditions (ISOM) in the absence or presence of indicated inducers for 48 hours. CYP24, CYP2B6,
CYP3A4 mRNA levels were evaluated by quantitative RT-PCR as described [1] using sequence-checked primers, and normalised to the levels of B-actin
mRNA; B-actin mRNA levels were insensitive to the various inducers used. Induction ratios (mRNA in inducer-treated cells/mRNA in untreated
cells) + standard error are presented here. RIF, rifampicin (20 uM); SR, SR128123 (1 uM); PB, phenobarbital (500 uM); CITCO (100 nM).

® n, number of different hepatocyte cultures tested (prepared from different patients); numbers in parentheses refer to the range of variation; p, Student’s

1-test.

previous observations [14], that CYP24 is not induced but
rather downregulated by PXR agonists. In particular, these
authors observed no binding to nor transactivation of the
CYP24 promoter by PXR, nor did they observed any induc-
tion of CYP24 mRNA by PXR agonists in primary human
hepatocytes. However, during the course of the present
work, some of the experiments that were carried out in our
previous investigation [14] had to be repeated as necessary
controls. These included PXR binding to and transactiva-
tion of CYP24 promoter and VDREs, and induction of
CYP24 mRNA in primary human hepatocytes. All these

experiments (reported in Figs. 1 and 2 and Table 2) fully con-
firmed our previous findings on the PXR-VDR crosstalk.
Importantly, all human hepatocyte cultures (n =11 or 12
for CYP24 induction by CITCO or rifampicin, respectively)
used in the present work were posterior to the date of submis-
sion of our previous paper [14], pointing to the reproducibil-
ity of experiments with different hepatocyte cultures. We
therefore, believe that the discrepancies between our work
and that published by Zhou et al. [36] are due to methodolog-
ical differences in hepatocyte cultures, transfection assays
(nature of cell lines) and electromobility shift assays.
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In conclusion, CAR, PXR, and VDR appear to be able
to bind to and transactivate the same response elements,
notably in the CYP24 promoter. This is likely to explain,
at least in part, the xenobiotic-induced bone disorders in
patients under prolonged therapy with drugs that are acti-
vator/agonist of CAR or PXR.
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