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ABSTRACT

Assessing the inducibility of CYP3A4 by various xenobiotics
can predict potential drug interactions. In the present investi-
gation, human hepatoma cells were stably integrated with ei-
ther the CYP3A4 enhancer region and a luciferase reporter
gene or the CYP3A4-luciferase construct and the human preg-
nane X receptor (PXR). Several colonies containing one to three
copies of luciferase per cell were identified by Southern blot
analysis. Those transformants producing high luciferase activity
in response to rifampicin were used to standardize a 96-well
plate screening system with minimal inter- and intraplate vari-
ability. Standardization also consisted of assessing viability of
cells cultured in medium containing various serum concentra-
tions. In cells maintained for 48 h in medium with less than 5%
serum, a significant (p < 0.01) decline was observed in viability
accompanied by altered induction. A defined serum-free me-
dium also produced less viable cells but did not alter the
inductive response. Treatment of transformants with various

concentrations of rifampicin produced a dose-response curve
with maximal induction at 10 uM (5.6 = 0.18- and 2.1 =
0.3-fold above dimethyl sulfoxide (DMSO)-treated cells in
transformants with and without PXR, respectively). Of addi-
tional agents examined for their ability to induce CYP3A4,
omeprazole (200 uM) was the most potent inducer (12.8 + 1.9-
and 2.4 = 0.2-fold above DMSO-treated cells in transformants
with and without PXR, respectively). Mifepristone and mevas-
tatin produced modest induction (~3-fold) in the cell line con-
taining exogenous PXR, but produced less than 1.2-fold in-
creases in cells lacking PXR. Thus, only potent inducers can be
identified in the cell line without PXR. In contrast, cells contain-
ing the receptor can be used to rank CYP3A4 induction. Be-
cause a high volume of chemicals can be readily and accurately
screened for their ability to induce CYP3A4 with this format,
such a system could be valuable in the initial stages of preclin-
ical drug development.

One of the most abundant P450 enzymes present in human
liver is CYP3A4, which can account for 30 to 60% of hepatic
P450s, depending on the individual (Wrighton et al., 2000).
Due to this wide range of hepatic content of CYP3A4, vari-
ability in metabolism occurs that can lead to unpredictable
therapeutic outcomes. Individual differences in expression of
hepatic CYP3A4 can be caused by several factors, including
prolonged exposure to certain xenobiotics. As a result of
elevated CYP3A4 concentrations, therapeutics metabolized
by this P450 exhibit either lower or higher efficacy if metab-
olism results in inactivation or activation, respectively, of the
substrate. Therefore, it is important to individualize drug
therapies by identifying agents possessing the ability to in-
duce CYP3A4. Unfortunately, it is difficult to predict which
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agents will induce this P450 because its expression is en-
hanced by a variety of structurally unrelated chemicals. For
this reason, it is important to test new drug candidates in
biological systems for their ability to increase expression of
CYP3A4 and other drug-metabolizing enzymes. Assessing
the inducibility of candidates before marketing can alleviate
the liability associated with these types of drug interactions
that lead to either a lack of efficacy or toxicity.

Recent studies have demonstrated that activation of
CYP3A4 by certain xenobiotics results from orphan nuclear
receptors, including the pregnane X receptor (PXR; NR112)
(Kliewer et al., 1998a,b; Lehmann et al., 1998). This receptor
interacts with certain chemicals and binds to specific DNA
elements in the CYP3A genes (Barwick et al., 1996; Huss et
al., 1999). These elements contain two nuclear receptor half-
sites of the consensus sequence AGTTCA, organized as either
a direct repeat with a three-nucleotide spacer or an everted
repeat with a spacer of six nucleotides. To induce CYP3A4,
PXR interacts with a number of natural and synthetic ste-

ABBREVIATIONS: P450, cytochrome P450; PXR, pregnane X receptor; PCN, pregnenolone 16a-carbonitrile; bp, base pair(s); hPXR, human
pregnane X receptor; DMSO, dimethyl sulfoxide; PXRE, pregnane X response element; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal
bovine serum; HMM, hepatocyte maintenance media; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; SF, serum-free media; RLU, relative light unit;
OMP, omeprazole; HTS, high throughput screening; CAR, constitutive androstane receptor.
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roids such as dexamethasone, antiglucocorticoids such as
pregnenolone 16a-carbonitrile (PCN) and mifepristone
(RU486), and the macrolide antibiotic rifampicin (Desai et
al., 2002; Jones et al., 2000). In addition to these agents,
chemicals that activate PXR include the antifungal clotrim-
azole, the antidiabetic troglitazone, the human immunodefi-
ciency virus protease inhibitor ritonavir, and the herbal St.
John’s wort (Kliewer and Willson, 2002). The receptor also
plays a role in the activation of other genes, including the
drug transporters MDR1 (Synold et al., 2001) and MRP2
(Kast et al., 2002). In addition to activating several genes,
PXR is predominately expressed in liver and intestine where
the majority of drug metabolism occurs and is present in all
mammals examined to date (Lehmann et al., 1998). Among
those studied, rat, rabbit, mouse, and human PXR share
>90% amino acid identity in the DNA binding domain. How-
ever, there is marked divergence in the ligand binding re-
gion, which may account for species differences in response to
various agents such as PCN and rifampicin (Barwick et al.,
1996; Kliewer and Willson, 2002). Rodent CYP3A and not
rabbit or human responds to PCN, whereas human and rab-
bit CYP3A, but not rat, responds to rifampicin.

Because CYP3A4 exhibits species differences with regard
to induction, testing drug candidates for their ability to in-
duce this enzyme is generally performed by the use of in vitro
human systems. The availability of primary cultures of hu-
man hepatocytes has afforded the pharmaceutical industry
the ability to obtain clinically relevant in vitro drug interac-
tion data. There are however, many disadvantages associ-
ated with the use of primary cultures, including difficulty in
obtaining liver specimens and significant variability among
samples and culture conditions. Thus, other in vitro systems
are being investigated. Transcriptional activation has been
performed in vitro for a number of years to investigate
changes in gene expression of P450 enzymes by chemicals
(Plant et al., 2000). The most common type is use of transient
transfections of a reporter gene construct into a suitable cell
line. However, within this system there may be biological and
experimental variation. More recently, high-throughput PXR
activation and ligand binding assays to identify drug candi-
dates that induce CYP3A gene expression have been devel-
oped (Moore and Kliewer, 2000). This system provides a
robust assay with readily interpretable results, but it does
not assess function and is limited to chemicals that bind
PXR.

The in vitro system described herein is also designed to
detect induction of the human CYP3A4. The technique de-
tects transcriptional activation by foreign compounds of the
CYP3A4 enhancer and a reporter gene that have been stably
transfected into human hepatoma cells. It is a standardized
microtiter plate assay and results can be obtained within 3
days. The advantage of this in vitro transcription system over
isolated human hepatocytes or transient transfections lies in
its consistency and reproducibility. Furthermore, interindi-
vidual variability, culture conditions, and transfection effi-
ciencies that can influence results and add to varied re-
sponses are eliminated from this system. It is a high-volume
screening system using 96-well plates and will accurately
predict induction of the CYP3A4 gene through its proximal
enhancer. Using this system could reduce the number of
compounds tested in human hepatocytes, thereby reducing
cost and time associated with drug discovery. Furthermore,
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the potential for drug interactions would be identified at the
initial phases of the development process.

Materials and Methods

Construction of Plasmids for Transfections. The full-length
coding region of human PXR was derived by reverse transcription-
polymerase chain reaction from RNA obtained from a human liver
sample (UC9203). The forward and reverse oligonucleotide se-
quences were 5'-ATG GAG GTG AGA CCC AAA GAA-3' and 5'-CTC
AGC TAC CTG TGA TGC CGA-3’, respectively. The polymerase
chain reaction conditions consisted of denaturation at 94°C for 4 min,
followed by 30 cycles of 94°C for 45 s, 55°C for 1 min, and 72°C for 2
min with a final extension at 72°C for 7 min. The 1300-bp amplified
product was cloned into pCR2.1 (Invitrogen, Carlsbad, CA) and sub-
jected to sequence analysis. The sequences obtained agreed over the
entire coding region with that described previously (Lehmann et al.,
1998). The hPXR ¢DNA was then excised from pCR2.1 by digestion
with BamHI and NotI and cloned into analogous sites of a pIRES .,
vector (CLONTECH, Palo Alto, CA) containing a neomycin selection
cassette.

Forward and reverse primers were made to a 5'-flanking region of
CYP3A4, known to contain the pregnane X receptor response ele-
ment (PXRE) (—568 to —110 bp) (Quattrochi et al., 1995). The
forward and reverse oligonucleotide sequences were 5'-GAG CTC
ACC TCT GTT CAG GGA AA-3’' and 5'-CAC CTT GGA AGT TGG
C-3’, respectively. This 458-bp region was amplified by polymerase
chain reaction from genomic DNA isolated from a sample of human
liver (UC9203). The amplifier was cloned into pCR2.1 and se-
quenced. The enhancer region was then liberated from pCR2.1 with
EcoRI, blunt-ended, and subsequently cloned into the Smal site of
the pGL3-promoter (simian virus 40) vector (Promega, Madison, WI).
A double stranded oligonucleotide (75 bp) containing an EcoRI site
flanked by two additional PXREs with Xhol sites on the 5’ and 3’
ends was synthesized and inserted into the Xhol site at the 3’ end of
the CYP3A4 enhancer. Sequence analysis of the entire enhancer
region containing the 75-bp oligonucleotide verified its identity
(Quattrochi et al., 1995) and that the oligonucleotide had been in-
serted.

Generation of Stable Cell Lines Expressing CYP3A4 Re-
sponse Elements. HepG2 cells were harvested at approximately
50% confluence and seeded in six-well dishes at 5 X 10° cells/well in
DMEM containing 10% FBS. After 24 h recovery, cells were trans-
fected with the following combinations: CYP3A4 enhancer/pGL3 pro-
moter (p3A4) and PXR/pIRES, ., (pPXR) at a ratio of 5:1 (6 ug of total
DNA/well), p3A4 and pIRES, ., (5:1 ratio, 6 ug of DNA/well), and
pGL3 promoter and pPXR (5:1 ratio, 6 ug of DNA/well) using the
calcium phosphate coprecipitation procedure (Ausubel et al., 1990).
The control cells were those that received plasmid DNA containing
pGL3 promoter + pPXR. After 16 h of exposure to the precipitated
DNA, the culture medium was removed, cells washed twice with
DMEM, and fresh media containing 10% FBS were added. After an
additional 24 h, media were replaced with that containing 400 ug/ml
geneticin (G418; Invitrogen). Media were changed every 2 days for 3
weeks, to ensure that an adequate concentration of G418 was
present in the medium, until small colonies were visible. These
colonies were then tested for luciferase activity and positive colonies
randomly selected. A microplate dilution technique was performed to
purify the selected transformants. Confluent T75 flasks of the puri-
fied colonies were trypsinized and used to seed 96-well plates to
measure rifampicin-induced luciferase response of individual clones
to test for the presence of recombinants as described below.

Luciferase Assays. Luciferase assays were performed as speci-
fied by the manufacturer (LucLite system; Packard Bioscience, Me-
riden, CT). Activity was determined using the Lumistar galaxy lu-
minometer (BMG Labtechnologies, Offenburg, Germany), and
results were expressed as relative light units or fold increase above
control (DMSO-treated cells).
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Treatment of Transformed Cultures. The HepG2-derived
transformed cell lines were grown as monolayers in medium com-
prised of DMEM (Invitrogen), 50 U/ml penicillin, 100 pg/ml strepto-
mycin, 0.1 mM nonessential amino acids (Invitrogen), 400 ug/ml
G418 (Invitrogen), and 10% FBS (Hyclone Laboratories, Logan, UT)
and maintained in an atmosphere of 5% CO, and 95% air at 37°C.
Those lacking exogenous PXR also received 10”7 M dexamethasone
in the media (Pascussi et al., 2000). Cells were seeded in T75 flasks
and grown to confluence and passage was limited to 30. Upon 75%
confluence, cells were removed from flasks by trypsinization and
replated in 96-well plates at a density of 7.5 X 10* cells/well in
DMEM medium containing 10% FBS and G418. After a 3-h recovery,
medium was replaced with fresh medium that was serum free
(HMM; Clonetics, San Diego, CA) (Raucy et al., 2002), DMEM con-
taining 10% dextran-treated FBS, or various amounts of dextran-
treated FBS ranging from 0.1 to 5% and cells treated with 0.1%
DMSO (control) or inducer dissolved in DMSO at various concentra-
tions. That cells contained the p3A4 was verified by comparing
results with control cells transfected with pPXR and pGL3 promoter.
Screening for cells containing the pGL3/3A4 enhancer was per-
formed by treatment with 10 uM rifampicin and 0.1% DMSO. Those
cells exhibiting greater than 3-fold increases in luciferase activity
above cells containing control plasmids were considered transformed
with the correct plasmids and were used for further testing or frozen
in liquid nitrogen for future use. Finally, copy number of p3A4
integrated into the genome of the HepG2 cells was verified by South-
ern blot analysis as described below.

To test the cell lines considered positive for the pPXR and p3A4 or
the p3A4 alone, time-course studies were performed. Cells were
treated with 10 uM rifampicin for 24 to 72 h, with analysis of
response determined at 24-h intervals. In addition, dose-response
curves were constructed for various known CYP3A4 inducers to
assess sensitivity of the cell lines and a noninducer of CYP3A4,
TCDD, to confirm the specificity of the response element. The dose-
response curves consisted of concentrations ranging from 0.1 to 200
uM, depending on the agent. The compounds tested were mifepris-
tone (RU486; BIOMOL Research Laboratories, Plymouth Meeting,
PA), mevastatin (BIOMOL Research Laboratories), rifampicin (Sig-
ma-Aldrich, St. Louis, MO), omeprazole (Astra, Héassle, Mélndal,
Sweden) and TCDD (Chemsyn Science Laboratories, Lenexa, KY).
Cells were exposed to each compound for 48 h. All agents were
dissolved in sterile DMSO (Sigma-Aldrich) and this solvent was
added to control cells at 0.1%.

RNA Isolation and Northern Blot Analysis. Total RNA from
transformed HepG2 cells, human hepatocytes, or liver was isolated
using TRIzol reagent (Invitrogen) or QIAGEN column purification
(QIAGEN, Valencia, CA) and quantified by measuring absorbance at
260 nm; purity was assessed by determining the 260/280-nm ratio
and integrity of the 28S and 18S bands on agarose gels. The human
liver sample was from subject UC9203 and the hepatocytes were
from subject 928. The latter subject (928) was a Caucasian male, 53
years old with a history of smoking one pack of cigarettes per day and
a drug history that included sertraline. Subject UC9203 was a 24-
year-old Caucasian female with no drug, alcohol, or tobacco history.
Northern blot analysis was performed by electrophoresis of total
RNA (10 pg) through a 1% agarose-2.2 M formaldehyde gel, followed
by blotting onto a nylon membrane (Qiabrane; QIAGEN) (Shih et al.,
1999). RNA was cross-linked to the membranes using a UV
Crosslinker (Stratagene, La Jolla, CA) and the membranes hybrid-
ized to random-primed ¢cDNA probe encoding human CYP3A4 or
PXR. The ¢cDNA probe for human CYP3A4 spanned a 263-bp region
between 110 and 383 bp and that for PXR was 367 bp in length and
analogous to a region between 990 to 1357 bp of the full-length clone.
A probe for human 18S rRNA probe (Ambion, Austin, TX) was used
to normalize for RNA quantity. Hybridization of blots was performed
as described previously (Allen et al., 2001). Autoradiographs of
Northern blots were quantified by scanning autoradiograms with a
ScanMaker II (Microtek, Redondo Beach, CA) and digitizing with

Un-Scan-It software (Silk Scientific, Orem, UT). Exposure times
used were in the linear range for the film Kodak XAR-5 (Sigma-
Aldrich).

Southern Blot Analysis. The number of copies of each plasmid
DNA incorporated into G418-resistant colonies was determined by
Southern blot analysis of genomic DNA isolated from HepG2 cells
and several transfectants. Total cellular DNA was extracted from
HepG2 cells using the Genomic DNA preparation system (QIAGEN),
and 15 pg was digested for 36 h with the restriction enzyme Mfel. A
segment of luciferase DNA (456 bp) spanning 203 to 659 bp was used
to establish a standard curve and as a probe for determining plasmid
DNA incorporation. For the standard curve, digested DNA from
nontransformed HepG2 cells was mixed with various amounts, 1.1 to
33.3 pg, of the luciferase cDNA fragment and loaded onto a 0.8%
agarose gel. A 100-bp DNA marker and Mfe I digested DNA (15 pg)
isolated from several transfectants were also subjected to agarose gel
electrophoresis. The gel was then rinsed in 0.1 M HCl for 2 X 15 min,
washed in distilled water, placed in denaturing buffer (1.0 M NaCl
and 0.5 M NaOH) for 2 X 30 min, and rinsed again with distilled
water. After this rinse the gel was exposed to a neutralizing buffer (1
M Tris pH 8.0 and 0.5 M NaCl) for 2 X 30 min. The DNA samples
were then transferred onto a nylon membrane (Brightstar plus;
Ambion) overnight in 20X standard saline citrate. After transfer, the
membrane was hybridized with the 32P-labeled luciferase fragment
as described above for Northern blots and exposed to Kodak XAR-5
film (Sigma-Aldrich). The developed film was scanned and quantified
and the number of plasmid copies incorporated into the transfor-
mants determined from the standard curve of luciferase fragments.

Viability and Protein Determination of HepG2 Cells in Mi-
crotiter Plate. Protein quantification was by a modification of a
method described previously (Ziccardi et al., 2000) using bovine
serum albumin as a standard. The bovine serum albumin was added
to a row in the microtiter plates in varying amounts ranging from 15
to 105 pg/well. Fluorescamine (500 pg/ml) (Molecular Probes, Eu-
gene, OR) in 100 ul of acetonitrile was added to each well. Fluores-
cence was quantified using a microtiter plate fluorometer (Packard
Bioscience) set at an excitation of 400 nm and an emission of 460 nm.
Results were calculated from the standard curve.

Cellular viability was assessed by using CellTiter-Glo Lumines-
cent Cell Viability assay (Promega). This assay is designed for use
with multiwell plate formats and detects a luminescent signal pro-
portional to the amount of cellular ATP that is present. The amount
of ATP is directly proportional to the number of viable cells in
culture. Briefly, 100 ul of CellTiter-Glo reagent was added to each
well and contents mixed for 2 min. The plates are then incubated at
ambient temperatures for 10 min and luminescence measured.

Data Analysis. Student’s ¢ test was used for the statistical anal-
ysis of data. Statistical significance was defined at a level of p < 0.01.
Data are expressed as the mean + S.D.

Results

Stable cell lines were developed by transforming the plas-
mids, p3A4, pPXR, and control vectors into HepG2 cells and
selecting for G418 resistance. After a 6- to 8-week period,
resistant colonies were identified for p3A4, p3A4 + pPXR,
and pPXR + control vector, pGL3 promoter. Randomly se-
lected colonies were tested for basal or inducible luciferase
activity by treatment with 0.1% DMSO or 10 uM rifampicin
in DMSO. Transfection of p3A4 into HepG2 cells, followed by
G418 selection, resulted in the isolation of several G418-
resistant colonies, of which 13 were tested for basal or induc-
ible luciferase activity. Eleven G418-resistant colonies were
able to support basal-level luciferase expression and six col-
onies supported inducer-mediated luciferase activity when
treated with 10 uM rifampicin for 48 or 72 h. Of the 40
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colonies screened that contained the stably integrated p3A4
and pPXR plasmids, 36 displayed inducible luciferase activ-
ity when treated with rifampicin. Three control antibiotic-
resistant colonies harboring the pPXR + pGL3 plasmids
exhibited basal level luciferase activity. After microplate di-
lution experiments to purify clones, we chose the p3A4 +
pPXR and p3A4 transformants containing the highest induc-
ible luciferase activity for further studies and these cell lines
were referred to as C1F1 and C13-2 cells, respectively. South-
ern blot analysis of total cellular DNA from several transfor-
mants, including the latter two colonies, confirmed the pres-
ence of stably integrated p3A4 (Fig. 1) with copy numbers
ranging from one to three. The C1F1 cell line exhibited one
copy per cell of the p3A4 plasmid, and C13-2 cells had two
copies per cell of the luciferase-containing CYP3A4 enhancer
plasmid.

Validation that PXR was stably integrated into cells re-
ceiving this plasmid was by Northern blot analysis. Blots
containing total RNA from human liver, human hepatocytes
treated with DMSO or rifampicin, and from the C1F1 and
C13-2 cell lines were probed with a PXR ¢cDNA. All samples
displayed two transcripts at 2.6 and 4.3 kb (Fig. 2), consistent
with previous observations (Lehmann et al., 1998). In the
liver sample, the 2.6-kb transcript was more abundant than
that at 4.3 kb. Similarly, the C13-2 cells exhibited greater
concentrations of the 2.6- than the 4.3-kb transcript with the
former being 50% of that in the liver sample. Hepatocyte
expression of the smaller transcript was also less than that in
human liver (15% of hepatic levels) but unlike liver, the
4.3-kb transcript in hepatocytes was more abundant. Treat-
ment of hepatocytes with 10 uM rifampicin did not increase
either transcript above levels observed in DMSO-treated
cells. In the C1F1 cell line, concentrations of the 2.6-kb tran-
script were similar to those in liver or C13-2 cells, whereas
the 4.3-kb mRNA was highly expressed (7-fold) compared
with RNA from C13-2 cells (Fig. 2). Overexpression of the
larger transcript in C1F1 cells was due to both exogenous
PXR (1300 bp) and also to neomycin phosphotransferase
(antibiotic resistance marker, 3000 bp). Because the pIRES
vector containing the PXR was designed to contain an inter-
nal ribosome entry site of the encephalomyocarditis virus, it

9 10 11 12

1 2 3 4 5 6 78

Fig. 1. Luciferase-containing plasmids in stably transformed HepG2
cells. Genomic DNA (15 ug) was extracted from stable transformants,
digested with Mfel, and subjected to Southern blotting, as described
under Materials and Methods. A standard curve was constructed using
various amounts of luciferase cDNA to quantify the integration of this
gene in the transformed cells. Lanes 1-6 represent a standard curve with
lane 1 containing one copy of luciferase cDNA/2 cells (1.1 pg); lane 2, one
copy of luciferase/cell (2.2 pg); lane 3, two copies of luciferase/cell (4.4 pg);
lane 4, five copies/cell (11.1 pg); lane 5, 10 copies/cell (22.2 pg); and lane
6, 15 copies/cell (33.3 pg). Lanes 7 to 12 contain DNA (15 pg) from
randomly selected stable transformants. Lane 7 is DNA from C13-1 cells;
lane 8, DNA from C13A cells; lane 9, DNA from C13-2 cells; lane 10, DNA
from C13-6 cells; lane 11, DNA from C1F-4 cells; and lane 12, DNA
extracted from the C1F1 cell line. The blot was hybridized with a 32P-
labeled ¢cDNA to luciferase, exposed to X-OMAT film, developed, and
quantified as described under Materials and Methods.

High-Throughput Screening for CYP3A4 Induction 415

permits the translation of two open reading frames from one
mRNA, hence, the larger band. However, when translated,
two separate proteins were synthesized, PXR and neomycin
phosphotransferase. Coincidentally, the overexpressed PXR
and antibiotic resistance marker mRNA migrated in the
same region as the 4.3-kb PXR transcript observed in hepa-
tocytes or liver. Functionality of the stably integrated PXR
was determined by treating several PXR cell lines with 10
uM rifampicin and measuring HepG2 CYP3A4 mRNA levels.
For all PXR containing colonies tested, HepG2 CYP3A4
mRNA was 200 to 800% of that in DMSO-treated cells (data
not shown).

Initial experiments were performed to determine optimal
inducer exposure periods. In addition, the recovery time, i.e.,
that period between cell plating and inducer treatment, was
assessed. Immediately after plating, luciferase activities
were variable and background levels (DMSO-treated cells)
were higher in either stable transformant, suggesting that
cells were responding to stress associated with trypsinization
and replating. However, 12 to 24 h after plating and 24 to
72 h of DMSO exposure produced lower luciferase activities
that were within 10 to 15% variation. For the time-response
curves, exposure to 10 uM rifampicin ranged from 0 to 72 h
and were performed in both 24- and 96-well culture dishes.
Curves generated for rifampicin induction were found to be
similar in 24- or 96-well plates for either the C13-2 or C1F1
cell lines. In either transformant or culture plate format,
rifampicin (10 uM) produced increases in luciferase activity
at 24 and 48 h of exposure in a time-dependent manner and
activity was maximal at 48 h (data not shown). However at
72 h, induction began to decline. We also tested the effect of
DMSO and rifampicin exposure at various times on basal-
level luciferase activity using a control transformant contain-
ing the pPXR + pGL3 promoter vectors. Variable exposure
times to DMSO or rifampicin did not alter luciferase activi-
ties in the cells harboring control vectors. Based on these
time course results, all subsequent experiments used 12-h
recoveries and 48-h exposures to inducers.

Because serum constituents can vary among manufactur-
ers and even between different lots of FBS and certain com-
ponents, including hormones, may affect PXR-mediated tran-
scriptional activation of CYP3A4, further characterization
consisted of testing lower concentrations of serum in DMEM
(ranging from 0.1 to 10%). A specifically defined medium
used for maintenance of human hepatocytes (HMM) was also
used here as the serum-free (SF) medium (Runge et al.,
2000). Cell viability was assessed by determining mitochon-
drial ATP levels, and comparisons were made between me-
dium in the presence of various concentrations of serum and
in SF medium. We found that by adjusting serum concentra-
tions below 5% FBS in DMEM, C13-2, and C1F1 cells treated
with DMSO or media alone exhibited a substantial decline in
viability by 60 h in culture (12-h recovery and 48-h exposure).
Indeed, when serum concentrations were 0.1% in DMEM,
viability was low with ATP values 6% (9,689 + 443 relative
light units) of those at 10% FBS in DMEM (161,489 + 7,382
relative light units) (Table 1). At a serum concentration of
5%, ATP values indicated that viability in DMSO-treated
cells or those exposed to medium only was the same (100%)
as that at 10% FBS in DMEM. At 0.5% serum in DMEM,
viability was significantly less (p < 0.01) than that at 10%
serum with ATP values 80% of those at 10%. Thus, culturing

9T0Z ‘ST Jequieldas uo sfeulnor 1 34SY e Buo'sjeuano fladse 1ad [ wiou) papeojumoq


http://jpet.aspetjournals.org/

416 Raucy et al.

185 rRNA

PXR

Fig. 2. PXR mRNA levels in human liver, hepatocytes,
and stable cell lines. PXR transcripts in total RNA
isolated from hepatocytes, liver, and C1F1 and C13-2
stable cell lines was measured by Northern blotting
with a cDNA probe to PXR, as described under Mate-
rials and Methods. Top, representative Northern blot
is shown that contains RNA (10 ug) from liver sample
UC9203, hepatocytes from subject HH928, and cell
lines C1F1 and C13-2 upon hybridization with cDNA
probes to PXR and 18s rRNA. Lane 1 contains RNA
from the human hepatocytes treated with 0.1%
DMSO; lane 2 is RNA from the same hepatocytes
treated with 10 uM rifampicin; lane 3 contains RNA

from human liver; lane 4 is RNA from C1F1 cells; and
lane 5 is RNA from C13-2 cells. Bottom, quantification
of PXR transcripts shown in the above Northern blot
demonstrates 2.6- and 4.3-kb mRNA levels. The PXR
signal intensities were normalized to that of 18s rRNA
and results are expressed as PXR mRNA/18s rRNA
absorbance unit (AU)/ug RNA.
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TABLE 1

Effect of various serum concentrations and serum-free media on stable
transformants
Values are expressed as RLUs * standard deviation of 12 replicates.

Percentage of FBS in ATP Relative Light Units

DMEM or Serum-Free

Medium (HMM) C13-2 Cells C1F1 Cells
10 161,489 *+ 7,382 127,846 + 2,921
5 151,908 *+ 6,121 118,272 + 1,801
1 138,881 + 6,349* 93,946 = 2,107*
0.5 129,191 + 5,906* 87,078 = 4,116*
0.1 9,689 * 443* 73,948 = 2,117*

Serum-free 135,212 + 7,308* 110,133 *+ 4,446*

* Denotes statistically significant differences from 10% FBS in DMEM (p <
0.001).

stably transformed HepG2 cells in serum concentrations be-
low 5% causes significant cell death. This cell death was
accompanied by alterations in response to the inducer rifam-
picin. Surprisingly, rifampicin or omeprazole stabilized cells
against declines in viability. Only those cells exposed to
DMSO or media only (control) were less viable and produced

minimum luciferase activity. This decline in luciferase light
units in control cells produced artificially high induction
(10-80-fold). In addition, greater well-to-well variability oc-
curred in the DMSO treated cells and was dependent on the
number of viable cells remaining in each well. Thus, lowering
serum concentrations below 5% can produce greater induc-
tion but the induction is highly dependent upon the ability of
the inducer to protect against cell death.

Results obtained in the SF media (HMM) were also com-
pared with those in medium containing 10% FBS (Table 1).
After 60 h in culture, 12-h recovery, and 48-h treatment,
viability was significantly (n = 12, p < 0.01) better (16%) for
the C1F1 cells in medium containing 10% serum (131,848 +
5,013 RLUs) than in SF medium (110,133 * 4,446 RLUs).
For the C13-2 cells, viability was also significantly (n = 12,
p < 0.01) better (16%) for those cultured in the presence of
10% FBS (161,489 = 7,382 RLUs) than in SF medium
(135,212 = 7,308 RLUs). Interestingly, in both cell lines,
rifampicin-mediated induction was slightly higher in SF me-
dium (Fig. 3A). Indeed, in the C1F1 and C13-2 cells rifampi-
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Fig. 3. Effect of serum containing and serum-free
media on induction of CYP3A4 in stable transfor-

mants. Stable cell lines C13-2 and C1F1 were in-
cubated in serum-free medium (HMM) or DMEM
containing 10% FBS for 12 h after plating. After
recovery, cells were treated with either 10 uM ri-
fampicin (A) or 1 nM TCDD (B) for 48 h and lucif-
erase activity assessed as described under Materi-
als and Methods. Results are expressed as the fold
increase above DMSO-treated cells and is the mean
of five separate analyses comprised of 12 replicates

in each = S.D.
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cin-mediated induction in HMM was 5.97 + 0.3- and 2.08 +
0.3-fold above DMSO-treated cells, respectively, compared
with 5.56 * 0.18- and 1. 67 = 0.1-fold in C1F1 and C13-2 cells
cultured in DMEM containing 10% FBS, respectively. How-
ever, the difference in rifampicin-mediated induction be-
tween SF medium and that containing 10% FBS was not
significantly different (p < 0.01) in either the C13-2 or C1F1
cells. As a negative control, TCDD (1 nM) was examined in
both cell lines and in the SF and 10% FBS-containing media
(Fig. 3B). TCDD did not increase luciferase activity in either
medium or cell line.

A factor that might cause variability between plates (in-
terplate error) and within a single plate (intraplate error) is
differing cell numbers. Given this potential for variation, a
method was established to standardize the assay and maxi-
mize reliability. First, the number of C13-2 and C1F1 cells
cultured in DMEM with 10% FBS added to each well was
varied to optimize the assay. Increasing cell numbers rang-

ing from 3.8 X 10® to 10° were added to each well of a 96-well
microtiter plate and exposed to 10 uM rifampicin or 0.1%
DMSO for 48 h. With increasing cell number above 50 ul/
well, there was also an increase in rifampicin-mediated lu-
ciferase activity accompanied by an enhanced activity in
DMSO-treated cells. However, at a cell density of 5.7 X 10*
cells/well (150 ul/well) there was a greater fold increase in
the rifampicin-treated cells compared with those treated
with 0.1% DMSO. Moreover, 150 ul/well produced signals
that were on the linear portion of the curve (data not shown).

Cellular proliferation after 60 h in culture could result in
intraplate variability; therefore, protein concentrations in
each well were determined postanalysis. Protein quantifica-
tion revealed that equivalent amounts of cellular protein
(50.6 ug/well + 6.6) were present in each well after the 48-h
exposure period, which consisted of a medium change at 24 h.
To correct for interplate variability, a normalization correc-
tion factor was established for rifampicin induction. This

9T0Z ‘ST Jequieldas uo sfeulnor 1 34SY e Buo'sjeuano fladse 1ad [ wiou) papeojumoq


http://jpet.aspetjournals.org/

418 Raucy et al.
.
- C1F1
TS I 1% FEE
A o m4 | E==nmire
5 :|:
g 15 T
2
& 104
i
m
s
2 s5-
=
2
| l I:I Fig. 4. Omeprazole dose-response curves of
o- 1 1 1 CYP3A4-mediated luciferase activity generated
1 10 25 1 oo am in stably transformed cell lines. Stable cell
lines, C1F1 (A) and C13-2 (B), were cultured in
Omeprazole () DMEM with 10% FBS (M) or SF medium
(HMM, ) for 12 h after plating then exposed to
various concentrations of omeprazole (1, 10, 25,
50, 100, and 200 uM) for 48 h, and luciferase
activity was assessed as described under Mate-
" rials and Methods. Values are expressed as the
mean of the fold increase in activity above that
1w 13-2 in DMSO-treated cells for three determinations
E a I 10 FEE & consisting of 12 replicates per determination +
.g [ Serun Free I sSD.
£ 3 T
S I
w
=
= 2
¥ i
o
L
m
i
m
#
=
=2
L=
L
u T = T
1 i0 = =1 im an
Omeprazole (P

factor was generated from the measurement of induction by
10 uM rifampicin in 15 separate analyses using the stan-
dardized conditions and is the mean fold increase above
DMSO-treated cells. In medium containing 10% FBS, the
correction factor was set at 1.7-fold increase above DMSO-
treated cells for C13-2 cells and 5.6-fold for the C1F1 cell line.
In SF media the normalization factor for 10 uM rifampicin in
the C1F1 cells was set at 6-fold above DMSO-treated cells
and in C13-2 cells the factor was 2.1-fold greater than control
(DMSO-treated) cells.

Using the 96-well plate high throughput format and stan-
dardized conditions including 48-h exposures in SF medium
and that containing 10% serum, we examined known induc-
ers of CYP3A4, namely, rifampicin, mifepristone, and ome-
prazole (OMP). Dose-response curves were generated for
each agent in addition to a noninducer, TCDD, and an agent
that had not previously been shown to be a CYP3A4 inducer,

mevastatin. Both cell lines, C1F1 and C13-2, were examined
for their inductive properties. Enhanced luciferase activity
above DMSO-treated cells occurred at doses as low as 10 uM
OMP and increased in a dose-dependent manner up to 200
uM in either cell line (Fig. 4). In SF and 10% media, ome-
prazole (200 uM) produced a 16.3 = 2.9- and 12.8 = 1.9-fold
difference, respectively, in C1F1 cells between OMP-treated
and DMSO-treated cells (Fig. 4A). In C13-2 cells, the magni-
tude of induction by 200 uM OMP was 2.97 *= 0.2-fold above
DMSO-treated cells in SF medium, whereas that in the me-
dium containing 10% FBS was 2.38 + 0.2-fold above control
(Fig. 4B). Less induction occurred in medium with FBS for
both cell lines. Also noted in either cell line and in the
absence of inducer, was a 2-fold higher luciferase activity in
both cell lines cultured in the SF medium when compared
with those in 10% FBS in DMEM. Thus, promoter activation
occurred by constituents present in the SF medium. How-
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ever, this activation only slightly affected the fold induction
for each agent tested and this affect was not significant (p <
0.01).

Rifampicin also induced luciferase activity in both cell
lines in a dose-dependent manner up to 10 uM and then
declined at 50 uM, and the difference between treated and
DMSO-treated cells was slightly greater in SF medium (Fig.
5). In C13-2 cells (Fig. 5B), rifampicin-mediated induction at
10 uM was 2.06 = 0.5-fold above DMSO-treated cells in SF
medium (n = 3), whereas that in C1F1 cells (Fig. 5A) in the
same media were 5.5 * 0.7-fold above control. When a dose-
response curve was generated for mifepristone in the two cell
lines, we found that in the C13-2 cells, this agent did not
produce induction in SF medium and only slightly increased
luciferase activity at 5 and 10 uM (1.2 = 0.07-fold above
control) in DMEM with 10% FBS. In C1F1 cells, mifepristone

A
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produced the greatest induction in medium containing se-
rum, but even at the highest concentration (10 uM), only a
3.72 = 0.23-fold increase above control was noted (Fig. 6).
TCDD produced minimal luciferase activity in either cell
line, < 1.1-fold above control, over the concentration range
examined herein (0.1, 1, and 2 nM) (data not shown). Inter-
estingly, an agent not previously identified as a CYP3A4
inducer, mevastatin, also increased CYP3A4-mediated lucif-
erase activity in C13-2 cells cultured in SF medium only and
at 50 uM was 1.3 = 0.2-fold above DMSO (Fig. 7). However,
in the same cell line cultured in DMEM with 10% FBS,
increases above DMSO-treated cells were not observed. The
C1F1 cell line also exhibited an increase in luciferase activity
in SF medium (2.7 = 0.6-fold above control, n = 3) at 50 uM
mevastatin and in DMEM with 10% FBS (2.8 = 1.1-fold
above control, n = 3). Based on results obtained with these
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cell lines, both mevastatin and mifepristone are moderate
CYP3A4 inducers, whereas OMP and rifampicin are more
potent inducers. These results are consistent with those ob-
tained in primary cultures of human hepatocytes (J. L.
Raucy, unpublished observations).

Discussion

In the present investigation, we examined the response of
the human CYP3A4 enhancer to chemical inducers. Plasmids
were generated using the promoter region (Quattrochi et al.,
1995, 1998; Barwick et al., 1996) and two additional PXREs
fused to the luciferase gene as a reporter for transcriptional
activation. These plasmids were stably integrated into
HepG2 cells. This approach permits specificity of induction
because the response measured, luciferase activity, is the
result of transcription from the human CYP3A4 enhancer.
The results of this integration were cell lines that could be

0

effectively used in a standardized HTS to identify potential
inducers of CYP3A4. Standardization of the HTS consisted of
testing various serum concentrations in DMEM and also a
defined serum-free media (HMM). Several known CYP3A4
inducers were tested in the system. In addition, we demon-
strated that human PXR mRNA exhibited two transcripts
with the most prominent one, 2.6 kb, being expressed in liver
and HepG2 cells. These results agree with previous findings
(Lehmann et al., 1998) that demonstrate a prominent 2.6-kb
transcript in human tissues with less abundant messages at
4.3 and 5 kb.

Stable human hepatoma cell lines that were engineered to
predict inducibility of CYP3A4 included cells with and with-
out exogenous PXR. We found that those lacking exogenous
PXR, C13-2 cells, also responded to known CYP3A4 inducers
but with more modest increases. This is not the first report to
demonstrate that HepG2 cells support CYP3A4 response el-
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Fig. 7. Mevastatin dose-response curves of

CYP3A4-mediated luciferase activity gener-
ated in stably transformed cell lines. Stable
cell lines, C1F1 (A) and C13-2 (B) were cul-
tured in DMEM with 10% FBS (H) or SF
medium (HMM, E) for 12 h after plating then
exposed to various concentrations of mevasta-
tin (1, 5, 10, 20, and 50 uM) for 48 h, and

luciferase activity was assessed as described
under Materials and Methods. Values are ex-
pressed as the mean of the fold increase in
activity above that in DMSO-treated cells for
three determinations consisting of 12 repli-
cates per determination *+ S.D.
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ement-driven luciferase activity. Indeed, the xenobiotic re-
sponse element module (XREM) of CYP3A4 produced activa-
tion of the luciferase reporter in transiently transfected
HepG2 cells in the absence of exogenous PXR (Goodwin et al.,
1999). We also found that C13-2 cells produced dose-response
curves for two inducers tested herein, namely, rifampicin and
omeprazole, that were similar to those curves produced in the
C1F1 cells (Figs. 4 and 5). Characterization of both stably
integrated cell lines, C1F1 and C13-2, revealed that treat-
ment by the inducers, including omeprazole, mimicked in-
duction of CYP3A4 in cultures of human hepatocytes (Pi-
chard et al., 1990; Daujat et al., 1991; Savas et al., 1999).
Indeed, agents examined herein enhanced hepatocyte
CYP3A4 mRNA accumulation and produced dose-response
curves that were similar to those generated in the C1F1 and
C13-2 cells (J. L. Raucy, unpublished observations). More-

over, those that were potent activators of luciferase were also
potent inducers of CYP3A4 mRNA in primary cultures while
those that were moderate inducers in the cell lines were
moderate inducers of CYP3A4 in human hepatocytes.
Additional similarities between the two cell lines existed
and stemmed from their ability to be used in a standardized
high-throughput system. Indeed, a 96-well plate format us-
ing either cell line exhibited minimal (=15%) inter- and
intraplate variability, demonstrating the feasibility of this
system to examine the effects of many different chemicals on
CYP3A4 induction in a single assay. Another approach to
such a system was developed that involved screening chem-
icals for induction by assessing their ability to bind the PXR
ligand binding domain (Jones et al., 2000; Moore and
Kliewer, 2000; Moore et al., 2000). Although this is effective,
there are limitations associated with this type of assay. Both
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agonists and antagonists can bind to a receptor. However, the
antagonist may not exhibit an expected biological response.
An example of such an interaction is the ligand a-naphthofla-
vone, which binds the aryl hydrocarbon receptor with high
affinity but cannot initiate receptor transformation and nu-
clear localization (Gasiewicz and Rucci, 1991; Merchant et
al., 1992; Henry et al., 1999). Therefore this aryl hydrocarbon
receptor ligand does not induce CYP1A1 or CYP1A2. Thus,
one drawback to receptor binding assays is that they may not
dependably predict induction of CYP3A4. An additional lim-
itation associated with the ligand binding assay is that only
chemicals having direct interaction with PXR are considered
inducers of CYP3A4 (Jones et al., 2000). This would elimi-
nate drugs such as phenobarbital that can induce CYP3A4
through the PXR response element but in an indirect man-
ner, namely, through constitutive androstane receptor (CAR)
(Xie et al., 2000). Alternatively, another advantage to the cell
lines described in this report is the “cross talk” between CAR
and PXR (Xie et al., 2000), allowing chemicals that induce
CYP3A4 through either receptor to be identified. Indeed,
HepG2 cells contain appreciable levels of CAR (Moore et al.,
2002) and therefore, those that harbor the CYP3A4 enhancer
such as the C1F1 or C13-2 cells, can be used to identify
activators of this receptor. We found that treatment of the
C1F1 and C13-2 cells with 1 mM phenobarbital enhanced
luciferase activity 9.1- and 7.7-fold above DMSO-treated
cells, respectively (J. L. Raucy, unpublished observations).

The primary difference between the two cell lines devel-
oped in this investigation was that those cells without exog-
enous PXR, C13-2, have limited utility. This cell line may be
used to identify potent CYP3A4 inducers, including rifampi-
cin or omeprazole. Both agents produced 1.7-fold or greater
luciferase activities over DMSO-treated cells. However, the
C13-2 cells may not identify weak or moderate inducers such
as mifepristone or mevastatin (Figs. 6 and 7). In the case of
the latter agents, only mifepristone produced any increase
above DMSO-treated cells in serum-containing medium and
that increase was less than 1.2-fold above control. In con-
trast, the C1F1 cells may be useful in identifying agents that
behave as weak, moderate, or potent CYP3A4 inducers.
Chemicals that are potent inducers would produce luciferase
activities 5-fold or greater over DMSO-treated cells and those
that are moderate would produce activities 3-fold or greater
above control. Weak CYP3A4 inducers would produce lucif-
erase activities less than 3-fold over DMSO-treated cells.
Thus, both cell lines could be used to screen potential induc-
ers of CYP3A4 but in different capacities.

A recent report (El-Sankary et al., 2000) demonstrated a
26-fold induction by rifampicin in HepG2 cells transiently
transfected with a CYP3A4 plasmid containing the proximal
promoter and hPXR. That induction by rifampicin in the
C1F1 cells was only 5- to 6-fold and dissimilar to that previ-
ously reported, may be for several reasons. The first expla-
nation may be because cells were late passage (27-30). We
found that with earlier passage cells (<20), 10 uM rifampicin
produced an 8- to 10-fold increase in luciferase activity above
DMSO-treated cells (data not shown). A second reason may
be that in the study by El-Sankary et al. (2000), background
luciferase activity produced by the control vector was de-
ducted from values obtained for rifampicin- and DMSO-
treated cells. We also found that deducting background levels
markedly increased luciferase activity above control (30-fold)

in the C1F1 cells treated with 10 uM rifampicin. However, in
results reported herein, luciferase values for DMSO and ri-
fampicin were directly compared. Direct comparisons allevi-
ate additional experimental steps and data preparation,
making the assays less subject to variability and more con-
ducive to high throughput. Finally, the lower induction ob-
served in our investigation may be because the distal en-
hancer element described previously (Goodwin et al., 1999)
was not incorporated in our plasmid (p3A4). The additional
enhancer has been shown to increase the responsiveness to
CYP3A4 inducers.

The effects of culturing stably integrated HepG2 cells in
various concentrations of serum and in a defined serum-free
medium were also investigated. Herein, we found that cells
cultured for more than 48 h in DMEM with serum concen-
trations below 5% exhibited a significant decline (p < 0.01) in
cell viability unless a defined serum-free medium was used.
This decline in variability was accompanied by altered induc-
tive responses and greater well-to-well variability. These
findings suggest caution in interpreting results generated
from cells used in transfection assays or stably integrated
cells maintained in DMEM with serum concentrations below
5%. HepG2 cells cultured in SF medium also exhibited a
decline in cell viability when cultured for 60 h (Table 1).
However, this modest 16% decline did not seem to affect the
response of cells to inducers. Induction by the agents exam-
ined here was slightly higher in SF medium, although, not
significantly greater (p < 0.01) than that in cells cultured in
DMEM containing 10% FBS. The only exception to this find-
ing was mifepristone, which produced greater increases in
activity with medium containing 10% serum in C1F1 and
C13-2 cells. The reason for higher luciferase activities in cells
maintained in SF medium than in those cultured in DMEM
with 10% serum and the discrepancy among inducers is un-
clear at present, but may be due to endogenous serum con-
stituents that bind to the hPXR. Indeed because CYP3A4
expression is mediated by hPXR, there is the likelihood that
competition exists between endobiotics and xenobiotics.
Thus, the role of serum in culture media needs to be further
evaluated for its effects on xenobiotic receptor-mediated in-
duction of P450s.

To our knowledge, this is the first report to describe the
generation of stably integrated cells lines harboring the
CYP3A4 enhancer. The significance of this cell line lies in its
ability to be used in a standardized high-throughput system
that permits the ability to simultaneously screen numerous
agents for induction of this human enzyme. More impor-
tantly, this system will allow for screening of inducers at the
initial stages of drug development rather than later in pre-
clinical studies. Prescreening compounds with the HTS de-
scribed herein permits identification of potent inducers of
human P450s that can be essentially “screened out” of devel-
opment. In summary, by using standardized HTS systems
containing enhancers from human P450 genes and an easily
monitored reporter, information regarding the potential for a
drug candidate to induce a human P450 can be rapidly,
reliably, and reproducibly obtained early in the preclinical
stages of drug testing. This would reduce development cost
and time and allow the emphasis to rapidly shift to candidate
compounds devoid of inducing properties.
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