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ABSTRACT

Binding of nuclear receptors to drug-responsive enhancer units
mediates transcriptional activation of cytochromes P-450 (P-
450) by drugs and xenobiotics. In previous studies, a 264-base-
pair (bp) phenobarbital-responsive enhancer unit (PBRU) lo-
cated at —1671 to —1408 upstream of the chicken CYP2H1
transcriptional start-site increased gene expression when acti-
vated by the chicken xenobiotic-sensing orphan nuclear recep-
tor CXR. In extension of these studies, we now have function-
ally analyzed a second distal drug-responsive element and
delimited a 643- and a 240-bp PBRU located between 5 and 6
kilobases upstream of the transcriptional start site of CYP2H1.
Both PBRUs were activated by CXR after treatment with differ-
ent drugs. A nuclear receptor binding site, a direct repeat-4
(DR-4) hexamer repeat, was identified on the 240-bp PBRU.
Site-directed mutagenesis of this DR-4 abolished activity in
reporter gene assays in the chicken hepatoma cells leghorn

male hepatoma as well as transactivation of the 240-bp PBRU
by CXR in CV-1 cells. CXR bound to this PBRU in electromo-
bility shift assays and the complex remained unaffected by
unlabeled 240-bp PBRU with a mutated DR-4. In cross-species
experiments, both the human xenobiotic-sensing nuclear re-
ceptors pregnane X receptor and constitutive androstane re-
ceptor bound to this element, suggesting sequence conserva-
tion between chicken and mammalian PBRUs and between the
DNA binding domains of these receptors. Of two orphan nu-
clear receptors involved in cholesterol and bile acid homeosta-
sis, only chicken liver X receptor (LXR) but not chicken farne-
soid X receptor bound to the 240-bp PBRU. These results
suggest that CYP2H1 induction is explained by the combined
effect of multiple distal enhancer elements interacting with
multiple transcription factors, including CXR and LXR.

Numerous xenobiotic and endobiotic substances are me-
tabolized by members of the cytochrome P-450 (P-450) gene
superfamily in the liver and to a lesser extent in extrahepatic
tissues such as intestine, skin, or brain (Waxman and Az-
aroff, 1992; Nelson et al., 1996). Drug-metabolizing P-450s
mainly belong to the CYP1, CYP2, CYP3, and CYP4 families.
A subset of these P-450s can be transcriptionally induced by
their own substrates and other compounds (Waxman and
Azaroff, 1992). Phenobarbital (PB) represents one of the five
prototypical inducer classes; the others are represented by
aromatic hydrocarbons (dioxin), glucocorticoids (dexametha-
sone), peroxisome proliferators (clofibrate), and ethanol. PB
and PB-type inducers affect predominantly the transcription
of the CYP2B, CYP2C, and CYP3A subfamily genes in addi-
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tion to at least 50 other genes in the liver (Waxman and
Azaroff, 1992; Frueh et al., 1997; Kemper, 1998). Transcrip-
tional induction of P-450s by PB has been observed in differ-
ent species such as mammals, birds, and bacteria (Waxman
and Azaroff, 1992; Kemper, 1998).

Recently, enhancer regions in the 5'-flanking region of
PB-inducible P-450s have been isolated in chicken, rat,
mouse, and human, and DNA binding proteins associated
with these elements have been identified (for reviews, see
Kemper, 1998; Savas et al., 1999; Waxman, 1999; Honkako-
ski and Negishi, 2000; Zelko and Negishi, 2000). Important
mediators of the induction process are transcription factors of
the nuclear receptor superfamily, in particular the pregnane
X receptor (PXR) and the constitutive androstane receptor
(CAR) in mammals and the xenobiotic-sensing receptor in
chicken (CXR) (Honkakoski et al., 1998; Kliewer et al., 1998;
Handschin et al., 2000). Although PXR, CAR, and CXR pre-

ABBREVIATIONS: P450, cytochrome P450; PB, phenobarbital; PXR, pregnane X receptor; CAR, constitutive androstane receptor; CXR, chicken
xenobiotic receptor; kb, kilobase(s); bp, base pair(s); PBRU, phenobarbital-responsive enhancer unit; PBREM, phenobarbital-responsive enhancer
module; LMH, leghorn male hepatoma; RXR, 9-cis-retinoic acid receptor; LXR, liver X receptor; FXR, farnesoid X receptor; PCR, polymerase chain
reaction; DR, direct repeat; CAT, chloramphenicol acetyltransferase; ELISA, enzyme-linked immunosorbent assay; DMEM/F-12, Dulbecco’s
modified Eagle’s medium/Ham’s F-12; NF-1, nuclear factor-1; USF, upstream stimulatory factor; NR-1/2, nuclear receptor-1/2.
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dominantly regulate CYP3As, CYP2Bs, and CYP2Hs, respec-
tively, these receptors have considerable overlap in their
inducer profiles and can interchangeably bind to their respec-
tive response elements even across species boundaries (Jones
et al., 2000; Xie et al., 2000Db).

In chicken liver, CYP2Hs are major PB-inducible enzymes
that are closely related to mammalian CYP2Cs (Mattschoss
et al., 1986). In an initial analysis, a 4.8-kb PB-responsive
enhancer fragment was identified (Hahn et al., 1991), which
later could be dissected into two enhancer elements with a
size of about 1.3 kb and 264 bp, respectively (Dogra et al.,
1999; Handschin and Meyer, 2000). The 264-bp PB-respon-
sive enhancer unit (PBRU) is activated by the same tran-
scription factors that activate the rat CYP2B2 163-bp PBRU,
the mouse Cyp2b10 51-bp PB-responsive enhancer module
(PBREM), and the human CYP2B6 51-bp PBREM (Hand-
schin and Meyer, 2000; Handschin et al., 2000). Neverthe-
less, the contribution of additional, more distal enhancer
elements of CYP2H1 in the induction response and their
relatedness to mammalian enhancers remain an open ques-
tion.

In this study, we functionally analyzed a 1.3-kb fragment
located between —5896 and —4528 in the 5'-flanking region
of CYP2H1 by reporter gene assays in the chicken hepatoma
cell line LMH. We could derive two independent PBRUs
within these 1.3 kb. Proteins binding to and activating these
PBRUs were identified and our results indicate that the
novel PBRUs are closely related to the previously identified
CYP2H1 264-bp PBRU (Handschin and Meyer, 2000). Thus,
all chicken PB-responsive enhancers discovered so far
strongly resemble mammalian PBRUs, allowing a compari-
son of the sequences of nuclear receptor binding sites and of
putative auxiliary transcription factors modulating PB in-
duction to derive a common pattern of all known PBRUs.

Materials and Methods

Reagents. Dexamethasone, 2-methyl-1,2-di-3-pyridyl-1-pro-
panone (metyrapone), 5-pregnen-33-0l-20-one-16a-carbonitrile, ri-
fampicin, and clotrimazole (1-[o-chlorotrityl]-imidazole) were ob-
tained from Sigma (Buchs, Switzerland). Peter Sinclair (VA
Hospital, White River Junction, VT) generously provided propyliso-
propylacetamide. Glutethimide and B-naphtoflavone were purchased
from Aldrich (Buchs, Switzerland). 5-Ethyl-5-phenyl-barbituric acid
sodium salt (phenobarbital sodium salt) was obtained from Fluka
(Buchs, Switzerland). Poly(dI-dC)+#poly(dI-dC) was from Amersham
Pharmacia Biotech (Diibendorf, Switzerland). All other reagents and
supplies were obtained from standard sources. Cell culture media,
sera, and tissue culture reagents were purchased from Life Technol-
ogies (Basel, Switzerland), unless noted otherwise.

Plasmids. The subcloning of the coding regions of chicken CXR,
chicken RXRvy, and human CAR into the expression vector pSG5
(Stratagene, Basel, Switzerland) has been described previously
(Handschin et al., 2000). The expression vector for human PXR,
pSG5-hPXR, was kindly provided by Dr. S. A. Kliewer (Department
of Molecular Endocrinology, Glaxo Wellcome Research and Develop-
ment, Research Triangle Park, NC). The cloning and characteriza-
tion of the chicken liver X receptor (LXR) and farnesoid X receptor
(FXR) will be described elsewhere.

Cloning of CYP2H1 Subfragments. The 1369-bp fragment was
amplified by PCR from the 4.8-kb enhancer in pBLCAT5 (Handschin
and Meyer, 2000) by using the primers 5-TCA TGT CTG GAT CTC
GAA GC-3' and 5'-CGG GAT CCC GTC CTC TAG ATA GTG GGC
A-3’ and was subcloned into the reporter gene vector pPBLCATS5 after

digestion with BamHI and HindIIl. The 726- and 643-bp elements
(Fig. 1) were obtained by digesting the 1369-bp pBLCATS5 vector with
HindIIl/Sphl or Sphl/BamHI, respectively, followed by Klenow re-
action and religation of the truncated, blunt-end constructs. The
726-bp pBLCATS5 construct was digested with HindIII/BspMI or
BspMI/BamHI to exclude the 299- or the 427-bp elements, respec-
tively, followed by Klenow reaction and religation. We used the
643-bp pBLCATS5 as template, and the 324-bp element was amplified
by PCR with the primers 5'-TCA TGT CTG GAT CTC GAA GC-3'
and 5'-CGG GAT CCC GTT GCA ACA AAA TAT TGT CA-3/, the
319-bp element with the primers 5’-CCC AAG CTT GGG TCA TAT
TTT TCA CAC C-3' and 5’-CGG GAT CCC GTC CTC TAG ATA GTG
GGC A-3’, and the 260-bp element with the primers 5'-CCC AAG
CTT GGA GAC TCA TCT GAA ATT TAC-3' and 5’-CGG GAT CCC
GTA GCC ATC GTC ATT AAC CG-3'. The primers 5'-CCC AAG CTT
GCA TGA AAC ACG GAG ATA CTT-3’ and 5'-CGG GAT CCC GGA
CTG TTA TGA AAT GCT CTG-3' were used to amplify the 240-bp
element from the 726-bp pBLCATS5. These four PCR products were
digested with HindIII and BamHI and subcloned into pBLCATS5. All
constructs were verified by sequencing.

Site-Specific Mutagenesis. Mutations in the putative nuclear
receptor binding half-sites (Fig. 2) were introduced by PCR with
standard overlap techniques as described previously (Handschin and
Meyer, 2000). Briefly, subfragments were amplified with overlap-
ping, mutated primers and vector primers. These subfragments were
chosen as template in a second round of PCR by using the vector
primers alone for amplification of the full-length, mutated fragment.
The vector primers in the first and the second round of PCR were
5'-TCA TGT CTG GAT CTC GAA GC-3’ and 5'-TTC GCC AAT GAC
AAG ACG C-3' and the 240-bp pBLCAT5 construct was used as
template for the single mutations. The complete, mutated 240-bp
fragments were then digested with BamHI and HindIII and cloned
into the pBLCAT5 vector. The 5’ half-site of the DR-4 element
(AGTTCA) was mutated into a Sacll recognition site (CCGCGG) by
using the primers 5'-AGT GCC GCG GTG CAA GTT CTT GTT CCT
CGT G-3' and 5'-TGC ACC GCG GCA CTG GAT TAG GAG GTG
GAC A-3’ and denominated HS1. The 3’ half-site (AGTTCT) was
replaced by a EcoRV recognition site (GATATC) with the primers
5'-TGC AGA TAT CTG TTC CTC GTG GAA TGC AGG TC-3' and
5'-AAC AGA TAT CTG CAT GAA CTC ACT GGA TTA G-3' and the
mutant was called HS2. To obtain the double mutant (double), HS1
pBLCATS5 construct was used as template for PCR amplification
with the primers 5'-TGC AGA TAT CTG TTC CTC GTG GAA TGC
AGG TC-3' and 5'-AAC AGA TAT CTG CAC CGC GGC ACT GGA
TTA G-3'. All PCR products were cut with HindIII and BamHI
followed by subcloning into pBLCATS5. The constructs were verified
by digestion with Sacll and EcoRV in addition to sequencing.

Culture and Transfection of LMH Cells. LMH cells were cul-
tured and transfected as described previously (Handschin and
Meyer, 2000). Briefly, LMH cells were cultivated in Williams’ E
medium supplemented with 10% fetal calf serum, 1% glutamine (2
mM), and 1% penicillin/streptomycin (50 IU/ml) on gelatin-coated
dishes. Transfections were performed using the FuGENE 6 Trans-
fection reagent (Roche Molecular Biochemicals, Rotkreuz, Switzer-
land) in serum-free suspension according to the supplier’s manual.
This procedure ensured equal transfection efficiencies for control and
treated cells. The cells were then plated on six-well dishes and
medium was replaced 4 h after transfection by induction or control
medium, respectively.

Analysis of Reporter Gene Expression. Sixteen hours after
drug treatment, the cells were harvested and nonradioactive chlor-
amphenicol acetyltransferase (CAT) assays were performed using
the CAT-ELISA kit according to the supplier’s manual (Roche Mo-
lecular Biochemicals). Cell extracts were also used for the determi-
nation of protein concentration with the use of the ESL (Exact,
Sensitive, Low Interference) protein assay for normalization of spe-
cific CAT expression to total protein content (Roche Molecular Bio-
chemicals).
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Transcriptional Activation Assays. CV-1 cell transactivation
assays were carried out as described previously (Handschin et al.,
2000). Briefly, CV-1 cells were maintained in DMEM/F-12 medium
supplemented with 10% fetal bovine serum. Before experiments,
cells were split 1:10 in DMEM/F-12 without phenol red, supple-
mented with 10% charcoal-stripped fetal bovine serum. After a 3-day
incubation, cells were plated onto six-well dishes at a density of
625,000 cells/well. Transfection mixes contained 150 ng of receptor
expression vector, 400 ng of reporter plasmid, 800 ng of B-galactosi-
dase expression vector (pSV-BGalactosidase; Promega, Catalys AG,
Wallisellen, Switzerland) and carrier plasmid, in total 2.5 ug of DNA
per well. Cells were transiently transfected using LipofectAMINE
reagent (Life Technologies) according to the manufacturer’s instruc-
tions. Twenty-four hours after transfection, the medium was re-
placed by DMEM/F-12 without phenol red, supplemented with 10%
delipidated, charcoal-stripped fetal calf serum (Sigma) containing
the inducer compounds of interest. Cells were then incubated for an
additional 24 h, after which cell extracts were prepared and assayed
for chloramphenicol acetyl transferase as described above. At the
same time, 3-galactosidase activities were determined by adding 180
wl of chlorophenol red-1B-pD-galactopyra; Roche Molecular Biochemi-
cals) substrate solution (0.5 mM chlorophenol red-13-D-galactopyra,
20 mM 2-mercaptoethanol, 60 mM Na,HPO,, 45 mM NaH,PO,, 10
mM KCl, 1 mM MgSO,, pH 7.0) to 20 ul of the cell lysates. After 10
min of incubation at 37°C, absorption at 550-nm wavelength was
measured using a Labsystems Multiskan RC microplate reader (Lab-
systems GmbH, Frankfurt am Main, Germany). CAT concentrations
were then normalized against measured absorption at 550 nm to
compensate for intersample variations in transfection efficiencies.

Gel Mobility Shift Assays. Electromobility-shift assays were
performed as described previously (Handschin et al., 2000). Chicken

CXR, chicken RXRy, human CAR, and human PXR were synthesized
in vitro using the TNT T7 Quick Coupled Transcription/Translation
system (Promega, Catalys AG) according to the manufacturer’s in-
structions. Probes were labeled with Klenow enzyme in the presence
of radiolabeled [a-*2P]ATP and the probe was purified over a Biospin
30 chromatography column (Bio-Rad, Glattbrugg, Switzerland). A
volume of labeled oligonucleotide corresponding to 100,000 cpm was
used for each reaction in 10 mM Tris, pH 8.0, 40 mM KCl, 0.05%
Nonidet P-40, 6% glycerol, 1 mM dithiothreitol, 0.4 ug/ul bovine
serum albumin, 0.2 pg poly(dI-dC)+poly(dI-dC), and 2.5 ul of the in
vitro synthesized proteins. To test for supershifts, 0.5 ul of monoclo-
nal anti-mouse-RXR rabbit antibody (kindly provided by Dr. P.
Chambon, Institut de Génétique et Biologie Moléculaire et Cellu-
laire, Université Louis Pasteur, Illkirch, France) were added to the
reaction mix. This antibody has been positively tested for cross-
reaction with the chicken RXRy in Western blots (data not shown).
The mix was incubated for 20 min at room temperature and subse-
quently electrophoresed on a 6% polyacrylamide gel in 0.25X% Tris/
borate/EDTA buffer followed by autoradiography at —70°C.
Computer Analysis of Putative Transcription Factor Bind-
ing Sites. The different enhancer elements were analyzed using the
MatInspector program (Quandt et al., 1995) to detect putative tran-
scription factor binding sites stored in the TRANSFAC version 5.0
transcription factor binding sites database (Wingender et al., 2000).
All the matrices of the vertebrate group were compared with the
PBRUs with a threshold of 0.75 core similarity and 0.85 matrix
similarity. The number of hits of the single matrices was compared
with their relative expectancy on the respective number of bp and
only matrices with higher occurrence than would be expected on a
random sequence of the same length as the PBRUs were considered
for further analysis. Of those, nonhepatic transcription factors and
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-5896 5.9-kb -1071 e
-5896 -4528 1369-bp
1369-bp
Fig. 1. Functional analysis of a
-5253 -4528 726-bp 1.3-kb PB-responsive fragment
726-bp from the chicken CYP2H1 5'-
flanking region. Subfragments
-4954 W -4528 427-bp of the 1.3-kb element were gen-
erated by restriction digests
and PCR as described under
-5253 9-bp -4954 299-bp Materials and Methods. These
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transcription factors that did not appear on all PBRUs or at least on
the two chicken PBRUs were discarded.

Results

Isolation of PB-Responsive Enhancer Elements in
CYP2H1 5'-Flanking Region. In two independent studies,
the 5’-1.3-kb section of the original 4.8-kb enhancer element
of chicken CYP2H1 was found to be inducible by PB (Dogra et
al., 1999; Handschin and Meyer, 2000). We analyzed this
region (—5896/—4528) to locate PBRUs and the correspond-
ing transcription factors. Subfragments were generated ei-
ther by restriction digests or by PCR as described under
Materials and Methods, subcloned into the pBLCAT5 re-
porter gene vector containing a heterologous thymidine ki-
nase promoter, and transfected into LMH cells. A heterolo-
gous promoter was used because the CYP2H1 1.1-kb
promoter region exhibits high constitutive activity in the
LMH cells as described in previous experiments in chicken
primary hepatocytes (data not shown). After induction with
400 pM PB for 16 h, cells were harvested and the CAT
reporter gene level determined. As shown in Fig. 1, enzy-
matic digestion of the 1369-bp fragment into a 643-bp
(—5896/—5254) and a 726-bp fragment (—5253/—4528) re-
vealed that both elements are still inducible between 3- and
4-fold. Serial restriction digestion of the 726-bp fragment
lead to a 240-bp element (—5120/—4881) that retained about
5-fold PB inducibility (Fig. 1A), whereas the same approach
on the 643-bp fragment did not produce an obvious PBRU
because none of the three overlapping subfragments showed
PB induction in reporter gene assays (Fig. 1B). Further anal-
ysis of this fragment was not pursued at this time. In com-
parison, the previously described CYP2H1 264-bp PBRU was
about 8-fold induced in this set of experiments (data not
shown).

Site-Directed Mutagenesis of Putative Nuclear Re-
ceptor Binding Site. PB induction of the 726-bp fragment
was abolished when cutting with BspMI at position —4954
(Fig. 1A). We searched for canonical nuclear receptor half-

AGTTCATGCAAGTTCT
Wildtype -4977 ———=——————=——=—— -4962
TCAAGTACGTTCAAGA

—
CCGCGGTGCAAGTTCT

HS1 mutant -4977 —--~—==———mmme 4962
GGCGCCACGTTCAAGA

|

[ Control
B Phenobarbital

—
AGTTCATGCAGATATC

HS2 mutant -4977 —---—--———o—m—- ~4962
TCAAGTACGTCTATAG

CCGCGGTGCAGATATC
Double mutant -4977 -----------—--—- -4962
GGCGCCACGTCTATAG

LI

T T T T T T 1
0 05 1 15 2 25 3 35
relative CAT level

Fig. 2. Site-directed mutagenesis of the DR-4 element in the 240-bp
PBRU. The hexamer half-sites of the DR-4 element within the 240-bp
PBRU were mutated in a PCR-based approach as described under Mate-
rials and Methods. Mutations are depicted in boldface. The mutated
240-bp constructs were cloned into the pBLCAT5 reporter gene vector
and subsequently transfected into LMH cells. After 16-h treatment with
400 uM PB, CAT levels were determined using a CAT-ELISA. The rela-
tive CAT expression was standardized against untreated control cells and
expressed as fold induction. Values are the average of three independent
experiments, and error bars represent standard deviation.

sites in this region on the 240-bp PBRU and detected two
hexamers that fit the consensus AG™/;TCA sequence (at
—4977/—4972 and —4944/—4939). Both half-sites were mu-
tated but only site-directed mutagenesis of the 5’ half-site
had an effect on PB inducibility of the 240-bp PBRU (data not
shown). In the vicinity, an imperfect half-site (AGTTCT) was
subsequently identified at —4967/—4962, which, together
with the first half-site, formed a direct repeat with a spacing
of four nucleotides (DR-4). These hexamers were mutated by
PCR, and the respective 240-bp PBRUs subcloned into the
reporter gene vector pBLCAT5 and transfected into LMH
cells. CAT levels were measured after a 16-h induction with
400 uM PB. Site-directed mutagenesis of either one of these
half-sites (HS1 mutant and HS2 mutant) or of both together
(double mutant) drastically reduced PB induction of the
240-bp PBRU (Fig. 2), establishing an important role of this
nuclear receptor recognition sequence for PB induction on
the 240-bp PBRU.

Activation of PBRUs by Orphan Nuclear Receptor
CXR. Previously, we identified a 264-bp PBRU in the
CYP2H1 5'-flanking region that contains a DR-4 element
and that is activated by the chicken orphan nuclear receptor
CXR (Handschin and Meyer, 2000; Handschin et al., 2000).
Having also detected a DR-4 element in the 240-bp PBRU, we
tested whether CXR could activate the PBRUs found in the
1.3-kb element. The PBRUs cloned in pBLCAT5 were trans-
fected into CV-1 cells together with CXR in the expression
vector pSG5 and the cells were induced for 24 h before CAT
levels were determined. Both the 240- and the 643-bp PBRU
were activated by CXR by using different drugs in the same
manner as the 264-bp PBRU reported previously (Handschin
et al., 2000). Metyrapone (400 uM), propylisopropylacet-
amide (250 uM), glutethimide (500 uM), and clotrimazole (10
uM) were the most potent compounds, inducing the 240-bp
PBRU between 4- and 8-fold and the 643-bp PBRU between
3- and 4-fold (Fig. 3A). PB (400 uM), dexamethasone (50 uM),
B-naphthoflavone (10 uM), 5-pregnen-33-0l-20-one-16«a-car-
bonitrile (50 uM), and rifampicin (100 M) had only low
effects on both elements (Fig. 3A).

Mutations in the DR-4 element abolished PB induction of
the 240-bp PBRU in reporter gene assays in the LMH cells.
The double mutant 240-bp PBRU was therefore transfected
into CV-1 cells together with CXR and stimulated with either
400 uM PB or 10 uM clotrimazole for 24 h, and CAT levels
compared with those of the wild-type 240-bp PBRU. Induc-
tions by clotrimazole (7-fold) and PB (2-fold) of the wild-type
240-bp PBRU could not be reproduced using the double mu-
tant 240-bp PBRU (Fig. 3B). CXR apparently is responsible
for drug induction of both PBRUs via the DR-4 element on
the 240-bp PBRU and by an as-yet-unknown element on the
643-bp PBRU.

CXR Binds to DR-4 on 240-bp PBRU. Electromobility
shift assays were performed to check whether CXR directly
binds to the 240-bp PBRU or whether drug induction of the
240-bp PBRU by CXR is due to an indirect effect. As shown in
Fig. 4, neither CXR nor chicken RXRy alone bound to radio-
labeled 240-bp PBRU (Fig. 4, lanes 2 and 3). CXR/RXRy
heterodimers formed a complex on the 240-bp PBRU (Fig. 4,
arrow b) that was supershifted (Fig. 4, arrow ¢) when adding
anti-RXR antibodies (Fig. 4, lanes 4 and 5). This protein-
DNA complex signal could be decreased by adding a 50-fold
excess of unlabeled, wild-type 240-bp PBRU but not by add-
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ing a 50-fold excess of unlabeled DR-4 double mutant 240-bp
PBRU (Fig. 4, lanes 6 and 7). The DR-4 therefore is the direct
binding site for CXR on the 240-bp element and this receptor-
DNA interaction is responsible for drug induction by CXR.
The 240-bp PBRU Is a Target for Different Orphan
Nuclear Receptors. A high degree of similarity was found
between the chicken CYP2H1 264-bp PBRU and mammalian
PBRUs from rat, mouse, and human (Handschin and Meyer,
2000; Zelko and Negishi, 2000). We could show interchange-
ability of avian and mammalian PBRUs and avian and mam-
malian orphan nuclear receptors, suggesting that the same
mechanisms are responsible for drug induction from chicken
to human (Handschin and Meyer, 2000; Handschin et al.,
2000). To expand findings from the 264-bp PBRU, binding of
human PXR and human CAR to the 240-bp PBRU was tested

A
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D 240-bp PBRU
Il 643-bp PBRU
6_
e
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=
S 4
£
=
1
2_
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N N @ & & &
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(SR oo & N & E
& & F & S &
X
8 N
[ wildtype
B double mutant I
6_
°
&
F
.
2
=
[
2_
Control Phenobarbital Clotrimazole

Fig. 3. CXR activates the 240- and 643-bp PBRUs in CV-1 cell transac-
tivation assays. A, CV-1 cells were cotransfected with an expression
plasmid for CXR and a CAT reporter plasmid containing either the 240-
or 643-bp PBRU depicted in Fig. 1. Cells were then treated with drugs for
24 h and cell extracts were analyzed for CAT expression normalized
against B-galactosidase levels. PIA, propylisopropylacetamide; PCN,
5-pregnen-33-01-20-one-16a-carbonitrile. B, same experimental proce-
dure as in A but using either the wild-type 240-bp or the DR-4 double
mutant 240-bp PBRU reporter gene constructs. Values are the average of
three independent experiments, and error bars represent standard devi-
ation.
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in electromobility shift assays. None of the receptors bound
alone to the 240-bp PBRU (Fig. 5A, lanes 2-5) but as het-
erodimers with chicken RXRy, both human PXR and human
CAR were able to bind to the 240-bp PBRU as did the chicken
orphan nuclear receptor CXR (Fig. 5A, lanes 6, 8, and 10,
arrow b). The complexes formed by these receptors were
supershifted when adding anti-RXR antibody (Fig. 5A, lanes
7,9, and 11, arrow c), establishing specific binding of these
receptors to the 240-bp PBRU.

The response of P-450s to drugs can be influenced by oxy-
sterols and bile acids both at the mRNA and reporter gene
level (J. C. Ourlin and U. A. Meyer, unpublished observa-
tions). These compounds are the endogenous ligands of the
orphan nuclear receptors LXR and FXR (for review, see Repa
and Mangelsdorf, 2000). We cloned the chicken orthologs of
LXR and FXR and tested whether they bind to the 240-bp
PBRU in electromobility shift assays. With chicken RXRvy as
heterodimerization partner, LXR and CXR bound to the
240-bp PBRU, whereas FXR bound neither alone nor as a
heterodimer with RXRy (Fig. 5B, lanes 2-8). Adding anti-
RXR antibody supershifted both the CXR/RXRy and the
LXR/RXRvy complexes bound to the radiolabeled probe (Fig.
5B, lanes 9 and 11). The effect of oxysterols on drug-inducible
P-450s and the binding affinity of LXR to DR-4 elements may
result in cross talk between LXR and xenobiotic-sensing or-
phan nuclear receptors, a question that is under current
investigation in our laboratory.

Thus, the 240-bp PBRU was found to be a target of multi-
ple chicken receptors that modulate induction of CYP2H1.

1 2 3 4 5 6 7

[°P]-240-bpPBRU + + + + + + +
chickenCXR - - + + + + +
chickenRXRy - + - + + + +
anti-RXR antibody - - - - + - -
240-bpPBRUWE - - - ~- - + -
240-bp PBRUdouble - - - - - - +

c—> -

Fig. 4. CXR binds to the DR-4 of the CYP2H1 240-bp PBRU. Radiolabeled
240-bp PBRU was incubated with in vitro transcribed/translated chicken
RXRy (lanes 2 and 4-7), CXR (lanes 3-7), anti-RXR antibody (lane 5),
50-fold molar excess of unlabeled wild-type 240-bp PBRU (lane 6), and
50-fold molar excess of unlabeled DR-4 double mutant 240-bp PBRU (lane
7) as competitors in electromobility shift assays. Arrows depict unbound
probe (a); the complex of CXR, RXRvy, and probe leading to a shift (b); and,
together with anti-RXR antibody, to a supershift (c).
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The cross-species interchangeability of PB-responsive ele-
ments now includes the 240-bp PBRU, and present data also
suggest that similar transcription factors are involved in
mediating drug induction as those interacting with the
chicken 264-bp and the mammalian PBRUs.

Discussion

The 4.8-kb element from the chicken CYP2H1 5'-flanking
region was the first known drug-inducible enhancer frag-
ment of the CYP2 family (Hahn et al., 1991). Two major
PB-responsive regions within these 4.8 kb were derived by
functional analysis of the flanking region by using reporter
gene assays in transiently transfected primary chicken he-
patocyte cultures and the chicken hepatoma cell line LMH
(Dogra et al., 1999; Handschin et al., 2000). One report ex-
pressed doubts that the transcription factors activating the
chicken and rodent PBRUs would be similar and postulated
that either the fundamental mechanism of drug induction is
different or that there is a as yet undiscovered common site
of PB action in aves and mammals (Dogra et al., 1999). We
demonstrated that this element strikingly resembles rodent
and human drug-responsive enhancers and that a similar
nuclear receptor binding site is responsible for drug induc-
tion (Handschin and Meyer, 2000). Furthermore, cloning of

A

1234567809101

[*P}-240-bp PBRU + + + + + + + +
chickenCXR - - + - - + + - = = =
HHEHERR, = ~ = % W « Wk ¥ @
humanCAR - - - - + - - - - + +
chickenRXRy - + - - = + + + + + +
anti-RXR antibody = - = - - - + - + - +
‘A ]

the chicken orphan nuclear receptor CXR identified a candi-
date receptor that mediates drug induction via this element
(Handschin et al., 2000). CXR is closely related to both mam-
malian xenobiotic-sensing receptors PXR and CAR; there-
fore, the basic mechanism of drug induction is more con-
served from chicken to humans than previously assumed
(Handschin et al., 2000).

From the analysis of large flanking regions, it was suspected
that, apart from the 264-bp PBRU, additional elements may
contribute to overall CYP2H1 response to drugs (Dogra et al.,
1999; Handschin and Meyer, 2000). Here, we report the iden-
tification and characterization of two additional distal enhancer
elements from the chicken CYP2H1 5'-flanking region at
—5896/—5254 and —5120/—4881. Both the 643- and the 240-bp
PBRU were activated by CXR after drug treatment and a DR-4
nuclear receptor binding site was identified on the 240-bp
PBRU. So far, no difference between the 264- and 240-bp
PBRUs was found concerning activation pattern or nuclear
receptors binding to these elements. Interestingly, the DR-4
element that confers drug induction on the 240-bp PBRU is also
located at the very 3’ end of a 299-bp fragment that was not
inducible in our analysis (Fig. 1). These findings indicate that
sequence elements flanking the DR-4 or additional transcrip-
tion factor binding sites are required for drug induction. Al-

1234 5 67 8 91011

+ + + + + + + + + + [?P]-240-bp PBRU
= =4+ - - 4+ - - 4+ - - chicken CXR

- --+ - -+ - - + - chickenFXR

- - - -4 - - 4+ - - + chickenLXR
-+ - = = + 4+ + + + + chickenRXRy

= = = = = = - - 4+ 4+ + anti-RXR antibody

“«c

< b

< a

Fig. 5. Human xenobiotic-sensing receptors PXR and CAR and the chicken oxysterol receptor LXR bind to the 240-bp PBRU. A, radiolabeled 240-bp
PBRU was incubated with in vitro transcribed/translated chicken RXRy (lanes 2 and 6-11), CXR (lanes 3, 6, and 7), human PXR (lanes 4, 8, and 9),
human CAR (lanes 5, 10, and 11), and anti-RXR antibody (lane 7, 9, and 11) in electromobility shift assays. Arrows depict unbound probe (a); the
complex of CXR, hPXR, or hCAR with RXRy and probe leading to a shift (b); and, together with anti-RXR antibody, to a supershift (c). B, radiolabeled
240-bp PBRU was incubated with in vitro transcribed/translated chicken RXRvy (lanes 2 and 6-11), CXR (lanes 3, 6, and 9), chicken FXR (lanes 4, 7,
and 10), chicken LXR (lanes 5, 8, and 11), and anti-RXR antibody (lane 9-11) in electromobility shift assays. Arrows depict unbound probe (a); the
complex of CXR, hPXR, or hCAR with RXRy and probe leading to a shift (b); and, together with anti-RXR antibody, to a supershift (c).
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though CXR activates the 643-bp PBRU in CV-1 cell transacti-
vation assays, several sequence elements within the 643-bp
PBRU might be necessary for activity. In comparison with the
CYP2H1 264- and 240-bp PBRUs that contain DR-4 elements
mediating drug induction, the 643-bp PBRU is apparently or-
ganized in a different way that is currently under investigation
in our laboratory.

To get a broad overview over the structure of chicken
PBRUs and mammalian PBRUs, we compared the chicken
CYP2H1 264- and 240-bp PBRUs with the rat CYP2B2
163-bp PBRU (Trottier et al., 1995; Stoltz et al., 1998), the
mouse Cyp2bl0 (—2426/—2250), and the human CYP2B6
177-bp (—1772/1596) PBRUs (Honkakoski and Negishi,
1997; Sueyoshi et al., 1999) regarding transcription factor
binding sites by using the MatInspector algorithm as de-
scribed under Materials and Methods. Recently, the rat
CYP2B2 163-bp PBRU, which is not equivalent to the 51-bp
PBREM located within the 163-bp PBRU, was found to have
several transcription factor binding sites responsible for
maximal induction (Trottier et al., 1995; Stoltz et al., 1998;
Paquet et al.,, 2000). Therefore, instead of analyzing the
51-bp PBREMs from mouse and human, we used the initially
described mouse Cyp2b10 177-bp PBRU (Honkakoski and
Negishi, 1997) and the corresponding 177-bp from the human
CYP2B6 5'-flanking region. Several sites were found that
have been described previously to be involved in the induc-
tion process (Fig. 6A). All PBRUs contained activator pro-
tein-1, CAAT/enhancer-binding protein and glucocorticoid re-
ceptor binding sites. A nuclear factor-1 (NF-1) recognition

A CYP2H1 CYP2H1 CYP2B2 Cyp2bl0 CYP2B6
177-bp

240-bp 264-bp 163-bp 177-bp
AP-1
C/EBP
CHOP
ER
GATA
HNF-3
GR
NF-1

USF
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site was detected in all elements except the human CYP2B6
177-bp PBRU under the chosen conditions of the MatIn-
spector program, although this site has also been described
in the human PBRU (Sueyoshi et al., 1999). A CAAT/
enhancer-binding protein-homologous protein 10 binding
site was only found in the chicken and the rat PBRUs,
recognition sites for hepatic nuclear factor-3 were present
in all PBRUs except the rat, GATA sites were located in
the chicken and the human PBRUs, whereas exclusively
the chicken PBRUs contained upstream stimulatory factor
(USF) recognition sites. Finally, all but the chicken
CYP2H1 264-bp PBRU contained estrogen receptor bind-
ing sites (Fig. 6A).

The glucocorticoid response element in the rat CYP2B2
163-bp PBRU is essential for conferring maximal phenobar-
bital responsiveness (Stoltz et al., 1998). Moreover, mice
lacking a functional glucocorticoid receptor have a lower
basal Cyp2b level, steroids are no longer able to induce these
enzymes, and PB induction of Cyp2bs is diminished by 37%
compared with wild-type mice (Schuetz et al., 2000). Recent
observations showed that estrogens activate the orphan nu-
clear receptor CAR in induction of the mouse Cyp2b10 and
that estrogen receptor-related receptor binds to the 51-bp
PBREM (for review, see Zelko and Negishi, 2000). Estrogen
receptors’ binding sites are potentially important in modu-
lating sex steroid effects, affect gender-specific CYP induc-
tion, or be binding sites for the repressing estrogen receptor-
related receptor.

NF-1 sites were reported to be positive accessory sites in

Fig. 6. Sequence analysis of chicken and
mammalian PBRUs. A, chicken CYP2H1
264- and 240-bp PBRUs, rat CYP2B2
163-bp PBRU, mouse Cyp2bl0 177-bp
PBRU, and human CYP2B6 177-bp
PBRU were analyzed using MatInspector
software for putative transcription factor
binding sites defined in the TRANSFAC
database. A core similarity threshold of
0.75 and a matrix similarity threshold of
0.85 were chosen. Hits depicted in A were

selected as described under Materials and

B

NF-1

Methods. B, DNA sequence comparisons
of the 51-bp core sequences of these
PBRUs. NR-1 and NR-2 sites are boxed,
hexamer halfsites are marked with ar-
NR2 rows, and NF-1 sites are boxed with

240-bp 2H1 -4960
264-bp 2H1 -1653
163-bp 2B2 -2235
51-bp2b10 -2339

51-bp2B6 -1683

Consensus

dashed lines. Bases that are conserved in
at least four of the five sequences are
boxed in black. In the consensus se-
quence, lowercase characters indicate
bases conserved in four of the five PBRUs.
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the PB-responsive enhancers in rat and mouse (Honkakoski
and Negishi, 1998; Stoltz and Anderson, 1999). NF-1 and
CAR/RXR heterodimers can both bind simultaneously and
independently to the overlapping NF-1 and NR-1 sites and
NF-1 binding increases drug-responsiveness of the 51-bp
PBREM (Kim et al., 2001). GATA proteins are ubiquitously
expressed regulators of tissue-specific gene expression con-
taining a DNA binding domain composed of two adjacent
homologous zinc fingers (Molkentin, 2000). USF have also
been implicated in early stress response or growth signals by
activating mitogen-activated protein kinase phosphatase-1
(Sommer et al., 2000). Moreover, USF competes with the
aryl-hydrocarbon receptor-aryl hydrocarbon nuclear translo-
cator complex for binding to xenobiotic-response elements of
CYP1Al, thereby inhibiting CYP1A1 in rabbits (Takahashi
et al., 1997), and both USF and activator protein-1 are in-
volved in regulating the PB-inducible chicken heme oxygen-
ase-1 (Lu et al., 2000). PBRUs obviously are complex regu-
latory units involved in the response of the cell to various
stimuli.

The exact role of most of these putative transcription factor
binding sites on PBRUs is not clear; at least some of them
seem to be important auxiliary factors involved in drug in-
duction. Strikingly, most of them are involved in stress re-
sponse and might aid the cell in purging potentially toxic
compounds such as drugs. Moreover, these transcription fac-
tors are predominantly expressed in liver or are responsible
for tissue-specific expression of their target genes. Apart
from these sites, all PBRUs include DR-4 nuclear receptor
binding sites. The mammalian CYP2B PBREMs are charac-
terized by two distinct DR-4 sites (NR-1 and NR-2), whereas
the chicken CYP2H1 has a single DR-4 (Handschin and
Meyer, 2000; Zelko and Negishi, 2000). However, sequence
comparisons reveal very high conservation of this NR-1 ele-
ment between CYP2H1 and CYP2B PBRUs (Fig. 6B). Stud-
ies in the rat 163-bp PBRU have shown that NR-1 and NR-2
are not equivalent and that several transcription factors are
needed at the NR-1 site for conferring maximal PB induction
(Paquet et al., 2000). Because both NR-1 and NR-2 alone are
sufficient for PB induction in the context of reporter gene
assays by using a thymidine kinase promoter (Honkakoski
and Negishi, 1998; Sueyoshi et al., 1999) and no NR-2 is
present in the chicken PBRUs, NR-1 clearly is a crucial
element in drug induction.

We conclude that conservation of the mechanism of drug
induction from birds to mammals is observed at different
levels. Nuclear receptors activated by xenobiotic and endobi-
otic compounds are closely related between these species,
PBRUs share similar recognition elements for these recep-
tors with high sequence conservation, and contain compara-
ble binding sites for additional transcription factors. More-
over, the concept of multiple distal enhancer elements
conferring drug induction is evident in human CYP3A4,
where PXR response elements are located near the promoter
and at about 7 kb upstream of the transcriptional start site
and three additional distal cis-acting elements are critical for
maximal xenobiotic responsiveness (Goodwin et al., 1999).
DNasel hypersensitivity assays of 5'-flanking regions of ro-
dent CYP2B genes revealed two hypersensitive sites at —2.3/
—2.2 and in the proximal promoter (Luc et al., 1996). Thus,
chicken and mammalian drug induction mechanisms are es-
sentially identical. The species differences in inducer speci-

ficity are due to differences in the ligand binding domains of
the nuclear receptors (Jones et al., 2000; Xie et al., 2000a).
However, many details of the response need to be investi-
gated, in particular the mechanisms of receptor activation,
dimer formation, DNA binding, and coactivator or corepres-
sor recruitment.
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