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Nuclear receptors CAR and PXR play a key role in
cytochrome P450 gene induction by xenobiotics. Hu-
man cytochrome P450 3A7 (CYP3A7) is expressed from
early in gestation until the perinatal period, when
there is a switch in expression to CYP3A4. Here we
demonstrate that a PXR and CAR responsive enhancer
is located approximately 8 kb upstream of the proxi-
mal CYP3A7 promoter. This distal xenobiotic respon-
sive enhancer module (XREM) is conserved with the
XREM of CYP3AA4. Interestingly, not only the XREM,
but also the entire promoters exhibit 90% sequence
identity up to —8.8 kb, indicating a close evolutionary
distance. We propose that the promoters have co-
evolved to functionally conserve P450 gene induction
in response to xenobiotics through CAR and PXR.
Thus, nuclear receptors for xenobiotics may not only
play a role to provide a survival advantage during
adulthood, but also to protect the embryo against en-
dogenous and exogenous toxins. © 2000 Academic Press
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The hemoproteins cytochrome P450 3A (CYP3A) are
important both for the metabolism of structurally
divers xenobiotics, including the majority of therapeu-
tic used drugs and endogenous substances such as
xenobiotics including steroid hormones, retinoic acid
and bile acids (1, 2). The CYP3A4 isoform is the pre-
dominant P450 expressed in liver, and is highly induc-
ible by a variety of endogenous and exogenous com-
pounds (3). The CYP3A4 protein is 95% identical to the
CYP3AY protein and the two isoforms possesses simi-
lar, although not identical, substrate specificity (1). In
contrast to CYP3A4 that is only expressed during
adulthood, the CYP3A7 isoform is the major P450 ex-
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pressed in fetal liver. In addition, CYP3A7 is reported
to be expressed in the placenta and at low levels also in
endometrium, liver, lung, kidney and certain tumors of
the adult (4-8). CYP3A7 has been postulated to play a
role by protecting the developing embryo against toxic
levels of xenobiotics, bile acids, steroids and retinoic
acid (2, 8). Currently little is known regarding molecular
mechanisms for regulation of CYP3A7 gene expression
(9-11) but it can been speculated that impaired regu-
lation could be deleterious to the growing embryo.

The nuclear receptor super-family include receptors
for small lipophilic molecules, such as steroid hor-
mones, fatty acids, retinoids and vitamin D. Recently a
novel nuclear receptor called PAR (NR112), PXR, SXR
or CXR (hereafter called PXR) was cloned (12-16).
Subsequently this receptor was shown to be expressed
in liver and intestine and reported to be transcription-
ally activated by a broad range of endogenous and
exogenous compounds known to induce the expression
of CYP3A (12-15). Based on these results, it has been
suggested that PXR is a key “xenosensor” and regula-
tor of CYP3A4 gene expression that protect the organ-
ism against endogenous and exogenous toxicants. In-
deed, PXR responsive elements have been identified in
the proximal part of both the CYP3A7 and the CYP3A4
gene promoters (9, 13-15). In addition to these proxi-
mal promoter elements a “xenobiotic responsive en-
hancer module” (XREM) has been identified approxi-
mately 8 kb upstream of the proximal PXR responsive
enhancer of the CYP3A4 gene (17). This XREM con-
tains two conserved PXR binding sites that in collabo-
ration with the promoter proximal enhancer has been
shown to mediate the transcriptional response to xe-
nobiotics through PXR.

Xenobiotic induction of CYP3A gene expression is
known to be highly species specific. Interestingly, it
has been shown that this species specificity in induc-
ibility of CYP3A gene expression by overlapping but
distinct compounds, correlate with the activation po-
tential of PXR from different species (18). For example,
it has been shown that pregnenolone 16«-carbonitrile
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which induce the expression of mouse but not human
CYP3A (18), also is an activator of mouse PXR but not
human PXR. The nuclear receptor CAR (NR113) have
similar DNA binding preference as PXR and has re-
cently also been shown to share xenobiotic and steroid
ligands (19). CAR has been shown to be important for
the regulation of the CYP2B gene through a phenobar-
bital responsive element (20, 21). In addition, CAR has
also been demonstrated to modulate the expression of a
CYP3A4 reporter gene containing PXR response ele-
ments (19), indicating that the xenobiotic response to
foreign compounds is regulated through two related
nuclear receptors. The importance of both PXR and
CAR in vivo in the regulation of P450 gene expression
and detoxification of drugs is further corroborated by
recent studies using animal models engineered to lack
either PXR (22) or CAR (23). These mice were shown to
become more sensitive to toxicity by certain drugs me-
tabolized by CYP3A.

In this paper we have cloned, sequenced and com-
pared approximately 10 kb of the upstream promoter
sequences of the CYP3A4 and CYP3A7 genes. Tran-
sient transfection studies, in combination with pro-
moter deletion analyses of CYP3A7 were used to inves-
tigate whether PXR and/or CAR, previously implicated
in CYP3A4 regulation, also regulate CYP3A7 gene ex-
pression. Based on our studies we conclude that
CYP3ATY is regulated by PXR as well as CAR, and that
this regulation to a large extent is mediated via a
CYP3A7 XREM structurally similar to the CYP3A4
XREM.

MATERIALS AND METHODS

Isolation of genomic clones. Two BAC clones, BAC 97c20 and
BAC 156P02, were identified by hybridization screening to contain
the CYP3A4 promoter. The screening was done by using a probe
specific for the CYP3A4 promoter (corresponding to positions 1 to
1070 in GenBank Accession No. D11131). The BAC clones were
cleaved with BamHI and the obtained fragments were ligated into
pBluescript 1l KS(+) (Stratagene). The obtained clones were
screened by PCR for the presence of the CYP3A4 promoter by using
primers specific for the CYP3A4 promoter. One clone containing 11.4
kb was sequenced and shown to contain the CYP3A4 promoter se-
quence. Screening with CYP3AT7 specific primers did not identify any
clones containing the proximal CYP3A7 promoter. After identifica-
tion of the XREM as the PXR responsive region new XREM specific
primers were designed and used to rescreen the original clones. One
clone contained the CYP3A7 promoter between positions —11133
and —3188. The reminding part of the promoter was isolated by PCR
using genomic DNA. The sequences of the primers were 5-GCT GGG
CAT GGT GGT ATA CCT GTA GTA and 5'-agc gga tcc TGC TGC
TGT TTG CTG GGC TGT GT. The latter primer contains a BamHI
site and additional 3 nucleotides not present in genomic DNA (indi-
cated by lowercase letters). This was done in order to clone the
CYP3A7 promoter sequence into a reporter plasmid, see below. The
PCR fragment was cloned into pCR2.1/TOPO (Invitrogen) to create
the plasmid CYP3A7 —3604/+53-Topo. The fragment obtained by
PCR was sequenced. Several independent gene walking experiments
confirmed the sequence (unpublished results).
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Plasmid constructs. Part of the CYP3A4 promoter was amplified
by PCR, using the primers 5'-CAG CAC TGA ACT CTA GCC TGG
GCAACAand5’-agcggatcc TGC TGC TGT TTG CTG GGC TGT GT,
in order to introduce a BamHI site immediately downstream of
position +53. Lower case letters denotes bases not present in the
CYP3A4 sequence. A BamHI/Kpnl fragment from the PCR product
was ligated into the Bglll and Kpnl sites of the pGL3-Basic Vector
(Promega) in order to create the vector CYP3A4 —3192. A BamHI/
EcoRV encompassing —10466 and —3096 of the CYP3A4 promoter
sequence was cloned into the pCR2.1/TOPO vector (Invitrogen). A
Kpnl fragment from the obtained vector were cloned into the Kpnl
site of the CYP3A4 —3192 vector. The final vector, CYP3A4 —10466,
contained CYP3A4 promoter sequence from —10466 and +53 cloned
into the Kpnl and the Bglll sites, the latter was inactivated upon
cloning, of the pGL3-Basic Vector. The vector also contained a Sacl
site just upstream of the promoter sequence, this site originated from
the pCR2.1/TOPO vector.

A BamHI/Hindlll fragment from CYP3A7 —3604/+53-Topo was
cloned into pBluescript Il KS(+) in order to create the plasmid
pBS-3A7 —-3194. The Xhol/Hindlll fragment encompassing —7803
and —3194 of the CYP3A7 promoter was cloned into pBS-3A7 —3194
to create pBS-3A7 —7803. A BamHI/Smal fragment from this plas-
mid was cloned into pGL3-Basic in order to create the plasmid 3A7
—6444. The 3A7 —9302 plasmid was created by ligating a Nhel/Smal
fragment (position —9302/—6444) from the CYP3A7 promoter into
the 3A7 —6444 plasmid. Cutting the CYP3A7 -9302 with Spel and
Nhel and religating created the —3A7 —7478 plasmid. The 3A7
—6444 (—9302/—7479 ins) plasmid was created by ligating the
—9302/—7479 Nhel/Spel fragment of the Cyp3A7 promoter into the
Nhel site of 3A7 —6444.

Expression vector for full-length nuclear receptor PXR (PAR-2)
and the pRSV-AF reporter plasmid have been described previously
(14). Human full length CAR was generated by RT-PCR from total
RNA prepared from C3A/HepG2 cells using the primer pair 5'-CGG
AAT TCT CAG CTG CAG ATC TCC TGG A-3' and 5'-CGG GAT CCA
TGG CCAGTA GGG AAG ATG A-3'. hCAR was cloned into pcDNA-3
vector (Invitrogen) using restriction enzymes BamHI and EcoRI.

Cell based reporter assays. Six well plates were seeded with
500,000 C3A cells per well. The cells were maintained in MEM with
phenol red containing L-glutamine and supplemented with nones-
sential amino acids. The medium also contained 10% fetal bovine
serum (Life Technologies). The cells were allowed to settle for 24 h
before the medium was replaced by medium containing 10% charcoal
treated fetal bovine serum (Hyclone Laboratories). Each well was
transfected with 0.1 ug RSV-AF, 2 ug of the indicated reporter and
0.05 ug of the expression vector for PXR, CAR or the empty expres-
sion vector, pcDNA3. Fugene (Roche) was used as transfection
agents according to the recommendation from the manufacturer.
After 24 h the medium was replaced by fresh medium containing
10% charcoal treated fetal bovine serum. The cells were induced by
the addition of either DMSO (vehicle) or the indicated compound at
a concentration of 10 uM. After induction for 48 h the medium was
analyzed for the alkaline phosphatase activity and the luciferase
activity was measured in the cell lysate as described (14). DMSO,
rifampicin and clotrimazole were purchased from Sigma-Aldrich.

RESULTS AND DISCUSSION

The Promoters for CYP3A7 and CYP3A4 Exhibit
a High Degree of Sequence Identity

Little is know regarding the molecular mechanisms
for the switch in expression from CYP3A4 to CYP3A7
at the time of partus as well as mechanisms for induc-
tion of CYP3AY gene expression. Therefore we set out
to clone, sequence and functionally compare the
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FIG. 1. (A) Schematic illustration of the CYP3A7 promoter. Restriction enzyme sites relevant for the cloning of different reporter

construct have been indicated. (B) Comparison of the CYP3A7 and CYP3A4 promoters. Regions with high sequence identity (90%) are
indicated by an open bars and regions with low identity (~25%) are indicated with thin lines. XREM, dNR3 and pNR are shown by black
boxes. (C) Sequence comparison of the different PREs from CYP3A7 and CYP3A4. Nucleotides that differ are underlined. The different

half-sites of the PREs are indicated by bold letters and by arrows.

CYP3A4 promoter with that of CYP3A7. By using a
combination of hybridization screening of BAC clones
and PCR from human genomic DNA approximately 10
kb of the upstream promoter sequences for both
CYP3A4 and CYP3A7 were isolated, cloned and se-
guenced. As illustrated in Fig. 1B, the sequence simi-
larity between CYP3A4 and CYP3AY is 90% from the
transcription initiation site up to —8.8 kb. However,
above —8.8 kb the sequence similarity between the two
promoters sharply fall to approximately 25%, indicat-
ing that this region may be required for functions spe-
cific to either of the two genes. One such function

harbored within this region of the promoters could be
to dictate the perinatal switch in expression from
CYP3AY7 to CYP3A4 (24). In addition to the promoter
proximal PXR binding-site in the CYP3A7 gene re-
cently described by Pascussi et al. (9) there is an addi-
tional putative nuclear receptor binding module (Fig.
1B). This part of the CYP3A7 promoter share a sur-
prisingly high degree of sequence similarity to the po-
tent PXR responsive distal enhancer module, or xeno-
biotic responsive enhancer module (XREM) of the
CYP3A4 promoter (17). All three distal PXR binding-
sites of the CYP3A4 gene are conserved within the
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Identification of the XREM as a PXR responsive element in the CYP3A7 promoter. lllustrations of the CYP3A7-luciferase

reporter constructs are shown to the left, with the XREM, dNR3 and pNR indicated by black boxes. The graph shows the fold induction of
cells treated with 10 uM rifampicin compared to vehicle (DMSO). The black columns symbolize cells transfected with a plasmid expressing
PXR and the white columns symbolize cells transfected with an empty expression plasmid. Data are mean * SD for a typical experiments
with six values in each group. The experiment has been repeated on five different occasions with similar result.

CYP3A7 promoter with only two base pair substitu-
tions (Fig. 1C). These data indicate a close evolutionary
distance of the two sequences and suggest that the two
PXR modules are likely to have co-evolved to preserve
a common and important function of the two genes. To
test this hypothesis we next performed transient co-
transfection studies with different reporter constructs
of the CYP3A7 promoter together with PXR and CAR
as both of these nuclear receptors have been shown to
regulate the induction of the CYP3A4 promoter (19).

The CYP3A7 Promoter Contain a Functional
Xenobiotic Responsive Enhancer Module

Transient transfection experiments in combinations
with deletion analyses of the CYP3A7 promoter was
used to functionally characterize the CYP3A7 pro-
moter. As shown in Fig. 2, transient transfection of a
reporter plasmid containing the CYP3A7 gene pro-
moter up to —9.3 kb relative to the transcription initi-
ation site resulted in an approximately eight fold in-
duction of reporter gene activity when co-transfected
with an expression plasmid encoding human PXR. In-
duction of the CYP3A7 reporter gene was dependent
both on cotransfection of PXR and treatment of the
cells with a PXR activator such as rifampicin (Fig. 2
and data not shown). The PXR and rifampicin depen-
dent induction of the CYP3A7 promoter is in the sim-
ilar range as the induction observed with a reporter

plasmid containing approximately 9 kb of the CYP3A4
promoter (Fig. 2). Next we performed a promoter dele-
tion analysis of the CYP3A7 promoter. Deletion of the
putative distal enhancer module (dNR1 to dNR3) effi-
ciently abrogated the PXR dependent response almost
completely (Fig. 2). This finding is similar to the effects
observed by deletion of the CYP3A4 distal enhancer
(17) and indicate the importance of the distal promoter
elements for xenobiotic induction also of the CYP3A7
gene. Recently Pascussi et al. (9) demonstrated that
PXR activators such as rifampicin in cultured hepato-
cytes could induce CYP3A7 mRNA. Based on transfec-
tion of a reporter gene driven by three copies of the
proximal CYP3A7 enhancer the authors concluded
that this promoter sequence constituted a functional
PXR element. However, our results suggest, in analogy
to the CYP3A4 promoter, that the promoter proximal
element on its own only confer a weak if any PXR
response. To further analyze the importance of the
distal enhancer for the induction of the CYP3A7 gene
we deleted only the two most distal putative PXR bind-
ing sites (dNR1 and dNR2). As shown in Fig. 2, also
this reporter plasmid was almost unresponsive to in-
duction by rifampicin activated PXR. In contrast, the
two most distal enhancer motives (ANR1 and dNR2) in
combination with the proximal enhancer motif (pNR1)
was indistinguishable, in terms of PXR regulation,
from the promoter with all four enhancer elements
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FIG. 3. Identification of CAR as transcription factor for CYP3A7.
C3A cells were transfected with Cyp3A7 promoter with (Cyp3A7-
9302) or without (CYP3A7-7478) the XREM and with CAR expres-
sion vector (CAR) or with empty expression vector (pcDNA3). Cells
were treated with vehicle (DMSO) or 10 uM of rifampicin or clotrim-
azole. Relative luciferase values represent luciferase activity com-
pensated for the alkaline phosphatase reporter. The data are mean
values + SD for six wells of a typical experiment. The experiment
has been repeated on three different occasions with similar result.

(Fig. 2). Taken together, these results demonstrate
the existence of a distal enhancer module present in
the CYP3A7 promoter, and the importance of this
module for a PXR dependent response to drugs such as
rifampicin.

PXR is reported to share DNA binding specificity and
have overlapping ligand specificity with the constitu-
tively activated nuclear receptor CAR (19). This recep-
tor, in contrast to PXR, has been shown to confer high
basal activity to responsive genes in the absence of
activator. In addition, ligands to CAR have been shown
to either activate the receptor or function as inverse
agonists (19, 25). These results have identified CAR as
the first example of a nuclear receptor that function in
a manner opposite to that of conventional nuclear re-
ceptors. To investigate whether CAR could influence
the activity of the CYP3A7 promoter, cells were trans-
fected with CYP3A7 reporters that either contained
(CYP3A7 —9302) or lacked (CYP3A7 —7478) the distal
XREM. As shown in Fig. 3, CAR is a strong activator of
CYP3ATY but only in the presence of the XREM. Treat-
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ment of the CAR transfected cells with clotrimazol,
previously reported to act as an inverse agonist (19),
reduced CAR dependent CYP3A7 reporter activity to
approximately 30% (Fig. 3). These results demonstrate
the importance of not only PXR but also CAR in regu-
lation of genes, including CYP3A7 responsible for the
metabolism of a large number of drugs currently on the
market. In analogy, by using the XREM derived from
CYP3A4 in a transient transfection assay, Moore et al.
(19) suggested that CAR is capable of conferring a
xenobiotic response to genes regulated by PXR.

Our results together with previous observations (19,
22, 23) suggest a hitherto unrecognized complexity in
the molecular regulation of drug metabolism. Further
studies are needed to be able to better predict drug
interactions of importance not only in the adult, but
also for the embryo and the growing number of prema-
ture born children. In addition, as the expression of
CYP3AT is not exclusively limited to the fetal liver, but
also has been detected in adults in endometrium and
some tumors (8, 10), the contribution of PXR/CAR me-
diated drug-interactions has to be considered.
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