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Abstract: The activity of various genomic segments at the 5′-flanking region of the human
CYP2C9 gene in driving gene expression and their involvement in pregnane X receptor (PXR)
and constitutive androstane receptor (CAR) mediated activation were evaluated in mouse
hepatocytes. Using the genomic sequence of human CYP2C9 as a template, segments covering
different regions of CYP2C9 5′-flanking sequences starting from the translation start site were
amplified by PCR and inserted into a pGL-3 luciferase vector. Plasmid DNA containing the 0.2K,
1K, 2K, 3K, 5K, or 10K upstream sequences of the CYP2C9 gene were transfected into mouse
liver by hydrodynamic delivery, and the activity of each fragment in driving reporter gene
expression was assessed. With the exception of the 10K fragment, the level of luciferase activity
in transfected mouse liver was similar among the constructs examined. Cotransfection of these
reporter constructs with the pCMX-PXR or pCMX-CAR plasmids resulted in a slight increase in
luciferase gene expression that could be significantly enhanced by chemical inducers. In mice
cotransfected with pCMX-PXR, pregnenolone-16 R-carbonitrile (PCN) induced a 20-fold increase
in the luciferase level compared to a 70-fold increase induced by rifampicin. Similarly, when
animals were cotransfected with the pCMX-CAR plasmid, phenobarbital and 1,4-bis[2-(3,5-
dichloropyridyloxy)]benzene enhanced luciferase gene expression by 10- and 57-fold, respec-
tively. The element responsible for PXR- and CAR-mediated activation of luciferase gene
expression by chemical inducers was found to reside in the -2000 to -1000 bp region of the
5′-flanking sequence of the CYP2C9 gene. These results prove that PXR and CAR are
transcription factors regulating CYP2C9 gene expression.
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Introduction
The human CYP2C subfamily consists of four members,

CYP2C8, CYP2C9, CYP2C18, and CYP2C19, whose genes
are located in chromosome 101-3 and predominantly ex-
pressed in the liver.4-6 The total CYP2C enzymes account

for about 18% of total adult liver CYP proteins7 with
CYP2C9 as the predominant isoform.4 CYP2C9 metabolizes
about 16% of clinically important drugs,8 including the
hypoglycemic tolbutamide,9 the anticonvulsant phenytoin,10

and the anticoagulantS-warfarin,11 known for their narrow
therapeutic indices. In principle, changes in the level of
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functional CYP2C9 enzyme could have significant pharma-
cological and toxicological consequences for many drug-
based treatments.

Control of the CYP2C9 enzyme level is carried out at the
transcriptional level. As demonstrated by induction studies
using primary culture and human hepatoma cell lines,
regulation of CYP2C9 gene expression has been reported to
involve the pregnane X receptor (PXR) and constitutive
androstane receptor (CAR).12 Vitamin D receptor,13 gluco-
corticoid receptor,14 hepatic nuclear factor 4R (HNF4R),15

HNF3γ,16 and CCAAT/enhancer binding proteinR (C/
EBPR),17 all have been shown to up-regulate the expression
of CYP2C9. Furthermore, four different regulatory elements
in the 5′-flanking region of CYP2C9 were identified and
functionally studied, including the HNF4R binding site
(-155 bp),15 glucocorticoid receptor-responsive element
(-1675 bp),16 proximal CAR-responsive element (-1839
bp),14 and distal CAR-responsive element (-2899 bp).18

However, the results from some of these in vitro studies are
controversial. For example, using human hepatocytes, Runge
et al.19 reported that rifampicin and phenobarbital have no
inductive role in the expression of CYP2C9 while Raucy et
al.20 demonstrated the opposite. The reasons for the discrep-
ancy are currently unknown, but could be due to the biology
of the systems employed since these studies were conducted
in vitro using primary culture or established cell lines.
Although widely used and the best system available, these
in vitro systems often suffer from the lack of many crucial
liver specific transcription factors that might have been lost
during the culturing.21 To overcome this problem we
employed the newly developed hydrodynamics-based pro-
cedure22 to transfect mice liver cells and evaluate the activity
of human CYP2C9 5′-flanking region in driving gene
expression in whole animals.23 This procedure has been used
to evaluate gene regulation of other CYP genes in vivo.24-27

The experiments described in this report were designed to
determine the functional role of CYP2C9 5′-flanking region,
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PXR, and CAR in CYP2C9 induction. Using a series of
plasmid constructs containing a reporter gene and various
lengths of 5′-flanking region inserted at the 5′-end of the
coding sequence of reporter gene, here we demonstrate that
both PXR and CAR are essential CYP2C9 inducing factors.
We also point out that the critical responsive element(s)
required for both PXR and CAR resides within the-1K
and-2K region of CYP2C9 5′-flanking sequences.

Materials. PCR kits were purchased from Epicentre
(Madison, WI). The RP11-208C17 BAC clone containing
the full genomic sequence of human CYP2C9 was obtained
from CHORI (Oakland, CA). PCR primers were synthesized
at IDT (Coralville, IA). Rifampicin (RIF), phenobarbital
(PHB), 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (BOP),
pregnenolone-16R-carbonitrile (PCN), and DMSO were
obtained from Sigma-Aldrich (St. Louis, MO). Luciferase
assay kits were purchased from Promega (Madison, WI).
Protein assay reagent was from Bio-Rad (Hercules, CA). All
other chemicals were obtained from Sigma-Aldrich (Saint
Louis, MO). CD-1 mice (female, 18-20 g) were obtained
from Charles River (Wilmington, MA).

Plasmid Construction.Various fragments of CYP2C9 5′-
flanking sequences were cloned into pGL3-basic vector
(Promega, Madison, WI). The primer sequences for PCR
amplification are listed in Table 1, and the cloning procedures
are illustrated schematically in Figure 1. The primer se-
quences were synthesized with aKpnI site attached to the
5′-end of the forward and anXhoI site to the 5′-end of the
reverse primers. The reverse primer for the 2K fragment was
synthesized with anMluI site attached to the 5′-end. The
10K fragment was ligated from two PCR products (4K, 6K)
afterXbaI digestion. BAC clone was used as PCR template
for all generated CYP2C9 fragments (with exception of the
2K, for which we used genomic DNA of human liver as
template). To clone a CYP2C9 fragment into the pGL3-basic
vector, the PCR product was separated on an agarose gel
and the proper fragment isolated. After digestion with the
proper restriction enzymes, PCR fragments and linearized
pGL3-basic vector were ligated and transformed intoEs-
cherichia coli (DH-5R). Each sequence insertion was con-
firmed by PCR and restriction enzyme digestion. The
resulting plasmids were named on the basis of the length of
the inserted CYP2C9 fragment. The p2C9-4K-Luc plasmid
which contains the sequence from-5485 to-9900 without
promoter sequence was constructed as the negative control.
The expression vectors for mouse CAR (pCMX-CAR) and
human PXR (pCMX-PXR) were kindly provided by Dr. Wen
Xie (Center for Pharmacogenetics, University of Pittsburgh
School of Pharmacy).

Plasmid DNA Preparation. Plasmid DNA was purified
from transformedE. coli (DH-5R) using cesium chloride
gradient centrifugation and kept in saline. DNA purity was
confirmed by spectroscopy and gel electrophoresis.

Hydrodynamic Transfection of Animals. CD-1 mice
were injected via the tail vein within 4-5 s with 1.8 mL of
saline solution containing different CYP2C9 plasmid con-
structs with or without pCMX-PXR or pCMX-CAR. To
investigate the effects of drug treatment, the animals were
intraperitoneally (ip) treated with 100µL of DMSO contain-
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2003, 1619,254-262.
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agents.Mol. Pharmacol.2002, 62, 439-445.
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CYP3A4.Nat. Med.2003, 9, 220-224.
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Table 1. Primer Sequences for PCR Amplificationa

fragment
name

sequence
range primer sequences

0.2K -211/+25 FP: ATTGAGGTACCAGTGGACAATGGAACGAAGG
RP: AATTACTCGAGGCACAAGGACCACAAGAGAATC

1K -1011/+25 FP: ATTGAGGTACCCACTGAGCGTTTCACTTCTGC
RP: AATTACTCGAGGCACAAGGACCACAAGAGAATC

2K -2145/+2 FP: GGTACCGATCTCAGATATCCCTTCTATC
RP: ACGCGTATTGTTGCCTTCTCTTCTTGAC

3K -3024/+25 FP: ATTGAGGTACCAAGGAAGGGAGAGAGAACACG
RP: AATTACTCGAGGCACAAGGACCACAAGAGAATC

5K -5470/+25 FP: ATTGAGGTACCCAGCGAACTAAGAATAGAGGAGG
RP: AATTACTCGAGGCACAAGGACCACAAGAGAATC

6K -6437/+25 FP: TAGTGAAAGCAGTGGTTAGAGGG
RP: AATTACTCGAGGCACAAGGACCACAAGAGAATC

4K -9900/-5485 FP: ATTGAGGTACCTTGTGGAGGAAGTGAGTCCC
RP: GAATGTGTGCTGGATTTAGGC

a Ligation of 6K and 4K fragments together to make a 10K fragment. FP: forward primer sequence. RP: reverse primer sequence.
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ing RIF (200 mg/kg), BOP (10 mg/kg), PHB (200 mg/kg),
or PCN (200 mg/kg) 2 h posttransfection. Animals were
sacrificed 24 h after hydrodynamic injection and the livers
obtained. Individual tissue samples of approximately 200 mg
were homogenized in 1 mL of lysis buffer (0.1 M Tris-HCl,
2 mM EDTA, 0.1% Triton X-100, pH 7.8), followed by
centrifugation in a microcentrifuge (12 000 rpm, 10 min, 4
°C). Protein concentration and luciferase activity in the
supernatant were determined using assay reagents from Bio-
Rad and Promega, respectively.

Luciferase Assay.Ten microliters of supernatant of tissue
homogenate were added to 100µL of substrate solution
provided as part of the luciferase assay kit. Luciferase activity
was measured in a luminometer (Autolumat LB953, EG &
G, Berthhold, Germany) using a 10 s measurement time.
Luciferase activity in each sample was normalized to relative
light units per milligram of extracted protein.

Statistical Analysis. A one-way ANOVA test was per-
formed between the testing and control groups. AP value
at e0.05 represents a significant difference.

Results
Basal Activity of 5′-Flanking Sequence of CYP2C9 in

Driving Reporter Gene Expression. To systematically
evaluate the function of various segments of the 5′-flanking
sequence of CYP2C9, we generated a series of plasmid
constructs containing different portions of the 5′-flanking
sequence of CYP2C9 ranging from the translation start site

to -9900 bp. Figure 1 illustrates the strategy and procedure
used for generation of the plasmids. The activities of the
inserted 5′-flanking sequences of CYP2C9 in driving lu-
ciferase gene expression were assessed in animals after
hydrodynamic gene delivery. Figure 2 shows that the level
of luciferase expression was very similar among the plasmid
constructs, with the exception of p2C9-10K-Luc. This
construct exhibited a level of luciferase activity lower even
than that of promoterless construct (p2C9-4K-Luc).

Effect of DNA Dose on the Level of Transgene Expres-
sion.The amount of DNA injected into each animal in Figure
2 was 20µg. To rule out the possibility that low activity
seen in p2C9-10K-Luc transfected animals was caused by a
relatively low copy number of the injected plasmid, we
transfected mice with increasing amounts of plasmid DNA.
Three constructs (p2C9-1K-Luc, p2C9-5K-Luc, and p2C9-
10K-Luc) were selected and the injection dose was adjusted
to give equal molar amounts to each animal. The data
presented in Figure 3 show an increase in luciferase gene
expression with increasing amounts of p2C9-1K-Luc and
p2C9-5K-Luc. However, the level of luciferase gene expres-
sion resulting from injection of an identical molar amount
of p2C9-10K-Luc remained significantly low.

Enhancement of the Basal CYP2C9 Activity by CAR
and PXR. When the p2C9-5K-Luc was transfected into
animals, cotransfection with pCMX-PXR increased luciferase
activity by 2-fold, while treatment of the animals with PCN
or RIF brought the level of increase to 18- and 70-fold,

Figure 1. Generation of CYP2C9 plasmid constructs. Various DNA fragments of the 5′-flanking region of CYP2C9 genome
sequences were PCR amplified using selected primers listed in Table 1. After restriction enzyme digestion and to create the
necessary complimentary ends, the PCR product was then ligated to the same restriction digestion site of pGL3-basic vector to
generate CYP2C9 plasmid constructs.
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respectively (Figure 4A). Under our experimental conditions,
RIF appears to be a stronger inducer than PCN. Similarly,
Figure 4B shows that cotransfection with pCMX-CAR
increased luciferase activity by approximately 2-fold, while
treatment of the animals with PHB or BOP generated further
enhancement by a total of 10- and 56-fold, respectively.

Time Response Curve of CAR/PXR-Induced Enhance-
ment of CYP2C9 Activity. Two groups of animals were
cotransfected with 2µg of p2C9-5K-Luc and 5µg of either
pCMX-PXR or pCMX-CAR. The groups of animals cotrans-
fected with p2C9-5K-Luc/pCMX-PXR were treated with RIF
(200 mg/kg), and those cotransfected with p2C9-5K-Luc/
pCMX-CAR were treated with BOP (10 mg/kg). Figure 5

shows that PXR, upon activation by RIF, was able to induce
a transient luciferase gene expression that peaked at 22 h
and declined to background level after 48 h. The same pattern
was seen in animals treated with BOP (CAR-mediated
activation), reaching peak level in 1 day and returning to
background level in about 4 days. Although significantly
lower in magnitude, a second dose of RIF produced a 6-fold
increase in p2C9-5K-Luc activity, while a second dose of
BOP led to a 2-fold increase. These data suggest that drug
induced enhancement of luciferase gene expression is
transient.

Identification of the Functional Elements in the 5′-
Flanking Region of CYP2C9 Responsible for PXR- and
CAR-Mediated Activation. To identify the sequence ele-
ment responsible for PXR- and CAR-mediated activation of
CYP2C9, a cotransfection procedure identical to those

Figure 2. Basal activity of 5′-flanking sequence of CYP2C9
in driving reporter gene expression. Each animal received 20
µg of plasmid by the hydrodynamics-based procedure, and
luciferase activity was analyzed 24 h posttransfection. Values
represent the mean ( SD of 3 independent transfections. P
< 0.05 compared with p2C9-10K-Luc (/), and P < 0.05
compared to p2C9-4K-Luc (//).

Figure 3. Dose dependent luciferase gene expression. Mice
were hydrodynamically transfected with different amounts of
p2C9-10K-Luc (b), p2C9-5K-Luc (9), or p2C9-1K-Luc (O).
Twenty-four hours post transfection, luciferase activities in liver
were determined. Values represent the mean ( SD of 3
independent transfections.

Figure 4. Enhancement of the basal CYP2C9 activity by PXR
and CAR. Mice were cotransfected with 2 µg of p2C9-5K-
Luc and 5 µg of pCMX-PXR (A) or pCMX-CAR (B). Two hours
post transfection, the animals cotransfected with pCMX-PXR
were treated with 100 µL of DMSO with or without PCN (200
mg/kg) or RIF (200 mg/kg). Similarly, animals cotransfected
with pCMX-CAR were treated with 100 µL of DMSO with or
without PHB (200 mg/kg) or BOP (10 mg/kg). Luciferase gene
expression was assessed 22 h after drug treatment. Values
represent the mean ( SD (n ) 3). The asterisk symbol (*)
indicates P < 0.05 compared to control groups without drug
treatment.
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summarized in Figure 5 was performed using different
CYP2C9 plasmid constructs. Figure 6A shows that RIF, in
the presence of PXR, enhanced the p2C9-5K-Luc activity
by 71-fold. It also enhanced the p2C9-3K-Luc activity by
18-fold and the p2C9-2K-Luc by 39-fold. This significant
activation was not observed when p2C9-1K-Luc was used.
In animals cotransfected with pCMX-CAR, BOP enhanced
the activity of p2C9-5K-Luc, p2C9-3K-Luc, and p2C9-2K-
Luc by 57-, 23-, and 52-fold, respectively. Again, no
enhancement was seen in animals transfected with the p2C9-
1K-Luc plasmid (Figure 6B).

Discussion
In the current study we have evaluated the activity of the

CYP2C9 5′-flanking sequence in driving reporter gene
expression in mouse liver. We also investigated the role of
different nuclear receptors and transcription factors in
regulation of CYP2C9 promoter activity and identified the
elements responsible for PXR- and CAR-mediated activation.

Results in Figure 2 show that all cloned promoter
containing 5′-flanking sequences of CYP2C9 were active in
driving transgene expression in mouse liver with the excep-
tion of p2C9-10K-Luc that exhibited background luciferase
activity. We attributed such weak activity of the 10K

fragment to possible existence of effective repressor se-
quences in the upper flanking region (-5K to -10K). A
similar observation was reported by Schuetz et al.,25 who
demonstrated significantly lower activity of the 10K fragment
than that of shorter fragments derived from the same 5′-
flanking region of CYP3A4. Figure 3 demonstrates that the
difference in plasmid size and DNA amount did not cause
the observed low activity of p2C9-10K-Luc, particularly
when we know that efficient transfection by hydrodynamic
delivery of a much larger construct (157K) has been
reported.28

Under physiological conditions, we found that PXR
significantly enhanced luciferase gene expression of p2C9-
5K-Luc, especially in the presence of xenobiotics. Rifampi-
cin, known for its in vivo and in vitro induction of
CYP2C9,29,30 was found to be the most potent inducer for

(28) Magin-Lachmann, C.; Kotzamanis, G.; D’Aiuto, L.; Cooke, H.;
Huxley, C.; Wagner, E. In vitro and in vivo delivery of intact
BAC DNAscomparison of different methods.J. Gene Med.2004,
6,195-209.

(29) Gerbal-Chaloin, S.; Pascussi, J. M.; Pichard-Garcia, L.; Daujat,
M.; Waechter, F.; Fabre, J. M.; Carrere, N.; Maurel, P. Induction
of CYP2C genes in human hepatocytes in primary culture.Drug
Metab. Dispos. 2001, 29, 242-251.

Figure 5. Time response curve of drug-induced enhancement
of CYP2C9 activity. Two groups of animals were cotransfected
on day zero with either p2C9-5K-Luc/pCMX-PXR (2 µg/5 µg
per mouse) (b) or p2C9-5K-Luc/pCMX-CAR (2 µg/5 µg per
mouse) (O). Each group was further divided into two sub-
groups. For animals cotransfected with p2C9-5K-Luc and
pCMX-PXR, all animals were injected 2 h posttransfection with
RIF (200 mg/kg). The first subgroup was sacrificed at the
indicated time point after drug treatment. The second sub-
group of the animals received a second equivalent dose of
RIF on day 3, and animals were subsequently sacrificed at
the indicated time point. An identical experimental procedure
was used for animals cotransfected with p2C9-5K-Luc and
pCMX-CAR with the exception that animals were treated with
BOP (10 mg/kg) and the second dose was given on day 4.
Arrows indicate the time of drug treatment. Values represent
the mean ( SD (n ) 3).

Figure 6. Identification of the responsive elements in the 5′-
flanking region of CYP2C9 responsible for PXR- and CAR-
mediated activation. Animals were cotransfected with 2 µg of
various CYP2C9 plasmid constructs and 5 µg of pCMX-PXR
(A) or pCMX-CAR (B). Drug treatments were performed 2 h
transfection at the dose of 200 mg/kg for RIF and 10 mg/kg
for BOP. Luciferase activity in the liver was assessed 22 h
after the treatment. Values represent the mean ( SD (n )
3). The asterisk symbol (*) indicates P < 0.05 compared to
group without drug treatment.

Regulation of Human CYP2C9 in Mouse LiVer articles

VOL. 3, NO. 3 MOLECULAR PHARMACEUTICS 327



CYP2C9 via PXR activation (Figure 4A). In mouse liver,
RIF treatment in the absence of PXR did not exhibit any
enhancement (data not shown), suggesting a crucial role of
PXR in promoting CYP2C9 induction. The fact that PCN
(Figure 4A), a selective rodent PXR activator, was also able
to induce the PXR-dependent CYP2C9 activity proves the
same point. This PCN activity was found to be mainly due
to activation of the injected PXR (data not shown). Our
results disagree with the findings of Gebral-Chaloin et al.14

but agree with the recent findings of Chen et al.21

In mouse liver, we also found that CAR is another potent
factor required for CYP2C9 induction. BOP, a potent
selective mouse CAR activator, was able to significantly
enhance the activity of CYP2C9 (Figure 4B). On the other
hand, BOP was able to partially induce the activity of
CYP2C9 even in the absence of CAR cotransfection (data
not shown), indicating the potential involvement of the
endogenous mouse CAR in the activation. PHB, known for
its inductive activity toward CYP2C9,20,31also enhanced the
activity of CYP2C9 but to a lesser extent (Figure 4B). These
results agree with the findings of Ferguston et al.18 and
Gerbal-Chaloin et al.12 with regard to the essential role of
CAR in CYP2C9 induction.

As shown in Figure 5, the induction mediated by CAR/
PXR in CYP2C9 activity is transient, peaking at 22 h after
drug treatment and returning to the basal level within 48-
72 h. Although drug metabolism is likely the main cause of
activity declining, promoter silencing through methylation
is also likely to be involved. CpG based silencing has been
demonstrated to be the cause for transient transgene expres-
sion in mice,32 and could happen for both CYP2C9 plasmid
construct, PXR, or CAR expression vectors. Nevertheless,
statistically significant enhancement induced by a second
dose of drug treatment suggests that these plasmids remain
functional after 2-4 days posttransfection.

After we found that PXR and CAR are essential factors
for CYP2C9 induction, we proceeded in exploring the
mechanisms underlying CYP2C9 induction by aiming at
identification of the responsive elements in the CYP2C9 5′-
flanking region required for PXR and CAR activation

mechanism. Similar to p2C9-5K-Luc, Figure 6 shows that
p2C9-3K-Luc and p2C9-2K-Luc, but not p2C9-1K-Luc, all
contain these elements. Collectively, these findings indicate
that the PXR and CAR responsive elements are located
within the-2K and-1K region. This is consistent with the
findings of Gerbal-Chaloin et al.12 and Chen et al.,21 who
proposed the responsive element located at-1839 bp as the
primary element required for PXR and CAR activation. A
slightly greater enhancement shown by p2C9-3K-Luc com-
pared to that of p2C9-2K-Luc suggests that elements at
-2988 bp suggested by Ferguson et al.18 are also involved.

While the data presented in this report support the
conclusions of some of the previously published studies, our
results are characterized by their significant and clear
induction profiles. For example, Chen et al.21 showed, using
HepG2 cells, that RIF enhanced CYP2C9 activity by 3-5-
fold in the presence of PXR. In the current study, the extent
of CYP2C9 induction was 18-fold (p2C9-3K-Luc), 37-fold
(p2C9-2K-Luc), and 70-fold (p2C9-5K-Luc) (Figure 6). The
high sensitivity demonstrated in the current and previous
studies24-27 proves that transfection of mouse liver by
hydrodynamic delivery is a valuable system for induction
studies.

Furthermore, unlike most of the previously conducted
studies that investigated regulation of CYP genes using an
artificial promoter with a minimal TK or CMV sequences
adjacent to a short fragment derived from the CYP 5′-
flanking region, all plasmid constructs used in the current
study contain intact genomic 5′-flanking sequences of
CYP2C9. In principle, the sequence in its original alignment
in the chromosome may reflect the real behavior of CYP
gene expression in vivo. This is particularly relevant in view
of recent findings revealing that nuclear receptor binding to
the target of the target gene responsive element is genomic
context dependent.33

In summary, here we provide direct evidence in support
of the conclusion that PXR and CAR are responsible for
xenobiotic-mediated CYP2C9 induction. We further dem-
onstrate that the responsive element, required for both nuclear
receptors, resides within the-2K and-1K in-between area
of the CYP2C9 5′-flanking region. Greater response in
reporter gene expression upon drug treatment proves that
hydrodynamic gene delivery is a valuable tool for studying
regulation of CYP gene expression under physiological
conditions.
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