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ABSTRACT
Cytochrome P-450 (CYP) 1B1 expression in mouse hepatoma
(Hepa-1) wild-type (WT) cells was compared with responses in
Hepa-1 variants LA1 and LA2, which, respectively, exhibit low
aryl hydrocarbon receptor (AhR) level and defective AhR nu-
clear translocator (ARNT) protein. 10T1/2 mouse embryo fibro-
blasts express predominantly CYP1B1 and at a 100 times
higher level than in Hepa-1 cells, whereas they express about
300-fold lower CYP1A1 than Hepa-1 cells. The expression of
CYP1B1 in WT and LA1 variant, although at a much lower level,
follows that of CYP1A1, reflecting their common regulation
through the AhR. The LA2 (ARNT-defective) cells showed a
major difference between CYP1B1 and CYP1A1 expression.
Although CYP1A1 mRNA levels in LA2 were extremely low and
unresponsive to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),
basal CYP1B1 mRNA and protein were expressed at levels

similar to those seen in TCDD-induced WT. The elevated basal
CYP1B1 mRNA in LA2 cells decreased by 50% after transient
transfection of ARNT cDNA, in parallel with substantial resto-
ration of CYP1A1 induction. This implicates ARNT as a sup-
pressor of CYP1B1 basal expression in Hepa cells. In transient
CYP1B1-luciferase constructs in LA2 cells, ARNT shows stim-
ulatory effects in the enhancer region but an inhibitory effect on
the proximal promoter. Two CYP1B1 enhancer elements [xe-
nobiotic-responsive element (XRE) 1/2 and XRE4] formed
TCDD-unresponsive complexes of similar mobility to TCDD-
stimulated AhR-ARNT complex with XRE5. However, because
these two complexes were formed to the same extent in LA2 as
in WT cells, they cannot be due to ARNT or contribute to
ARNT-regulated suppression.

Work in this laboratory has led to the identification of a
new form of cytochrome P-450 (CYP) in embryo fibroblasts
and steroidogenic tissues (Pottenger and Jefcoate 1990; Otto
et al., 1991) that is induced by polycyclic aromatic hydrocar-
bons (PAH). Cloning and characterization of the genes en-
coding this P-450 form was reported in rats, mice, and hu-
mans (Shen et al., 1993; Savas et al., 1994; Sutter et al., 1994;
Bhattacharyya et al., 1995), and based on amino acid se-

quence homology with CYP1A1 (40%), this gene has been
designated CYP1B1. Like CYP1A1, CYP1B1 is very active in
the metabolism of PAHs but exhibits distinct regioselectivity,
particularly for 7,12-dimethylbenz[a]anthracene (DMBA). In
rodents, CYP1B1 produces the 3,4- and 10,11-dihydrodiols as
major products, which are almost absent with CYP1A1 (Pot-
tenger et al., 1991; Savas et al., 1997). An important impli-
cation for this difference in product formation is that
CYP1B1 is more effective than CYP1A1 in converting DMBA
to the ultimate carcinogenic 3,4-dihydrodiol 1,2-epoxide
(Wislocki et al., 1980). CYP1B1 represents the predominant
PAH-metabolizing P-450 in rodent embryo and mammary
fibroblasts and the mouse embryo fibroblast 10T1/2 cell lines.
CYP1B1 also is coexpressed with CYP1A1 in mesodermal
epithelial cells (skin and breast), although CYP1B1 predom-
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inates under basal conditions. This preferential display of
CYP1B1 has prompted questions about the cell-specific reg-
ulation of these two genes (Christou et al., 1995; Eltom et al.,
1998).

The better inducibility of CYP1B1 protein by benz[a]an-
thracene (BA) than by 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), the strongest Ah receptor (AhR) agonist (Savas and
Jefcoate, 1994), and the observation that CYP1B1 and not
CYP1A1 was expressed constitutively in livers of AhR knock-
out mice (Ryu et al., 1996) raise the question of whether
induction of CYP1B1 by PAHs is solely via AhR. The AhR,
which is a ligand-activated basic helix-loop-helix (bHLH)
transcriptional factor (Burback et al., 1992), binds PAHs and
mediates their biological responses, including induction of
drug-metabolizing enzymes. The action of AhR in the induc-
tion of CYP1A1 has been studied extensively and has estab-
lished the role of a functional ligand-receptor complex in the
expression of CYP1A1 (Legraverend et al., 1982; Jones et al.,
1985). The binding of inducers to AhR results in its transfor-
mation into a form that readily forms a heterodimer in the
nucleus with the related bHLH, ARNT protein (Hoffman et
al., 1991). Binding of the receptor complex to DNA-recogni-
tion motifs designated as xenobiotic-responsive elements
(XREs) results in enhanced transcription of multiple genes,
including CYP1A1 (Denison et al., 1989). Studies in this
laboratory have identified an enhancer region with five con-
served, putative XREs in the upstream 59 flanking sequence
of CYP1B1 gene (Zhang et al., 1998) that closely resembles a
similarly located enhancer region in CYP1A1 gene.

From the mouse hepatoma cell line, Hepa variants low
activity class 1 (LA1) and low activity class 2 (LA2) were
derived as benzo[a]pyrene-resistant variants of mouse hepa-
toma (Hepa-1)c1c7 (WT) and were identified based on their
failure to induce aryl hydrocarbon hydroxylase activity (Leg-
raverend et al., 1982; Miller et al., 1983; Hankinson et al.,
1985) in response to PAH treatment. LA1 cells have been
reported variously to express only 10% of WT AhR and
CYP1A1 mRNA levels (Legraverend et al., 1982; Miller et al.,
1983). The LA2 variant, which has no detectable basal or
inducible aryl hydrocarbon hydroxylase activity, contains a
normal cytosolic AhR, but fails to translocate the receptor to
the nucleus because of a defective ARNT gene (Hoffman et
al., 1991).

In the present work we used the Hepa-1 cell lines to inves-
tigate the role of AhR and ARNT in regulating CYP1B1 in
relation to CYP1A1. The use of reverse transcription-poly-
merase chain reaction (RT-PCR) method for quantitation of
the low CYP1B1 expression in these epithelial cells has al-
lowed us to address further the question of cell specificity in
CYP expression. The activity of luciferase-reporter con-
structs that use various CYP1B1 promoter sequences has

been examined in LA2 and WT cells to assess their regulation
by ARNT. Transient transfection of ARNT cDNA in LA2 cells
has provided the means to directly examine the role of ARNT
in modulating the transcription of CYP1B1 in Hepa-1 cell
lines. We have probed nuclear extracts from WT and LA2
cells in electrophoretic mobility-shift assays (EMSAs) with
oligonucleotides corresponding to various CYP1B1 putative
XREs, and the contribution of ARNT to these complexes has
been assessed with anti-ARNT antibodies. Evidence for an
unusual participation of ARNT-like proteins in CYP1B1 reg-
ulation is presented.

Materials and Methods
Cell Culture and Treatments. Mouse hepatoma cell lines,

Hepa-1 WT, and class I and II mutants (LAI and LA2) were the kind
gift of Dr. James Whitlock, Jr. (Stanford University, Stanford, CA).
Cells were maintained in Dulbecco’s modified Eagle’s medium with
high glucose and 5% heat inactivated fetal bovine serum, 100 U/ml
penicillin, 100 mg/ml streptomycin, and 2.5 mg/ml amphotericin B as
fungizone. All cultures were maintained in a humidified atmosphere
containing 5% CO2 and 95% air, at 37°C. Cells were treated at
subconfluency with 10 mM BA, 10 nM TCDD, or an equivalent
volume of DMSO to a final 0.1% concentration (vehicle control) for
the indicated times. Cells that were used for RNA isolation and
analysis were lysed directly in Trizol reagent after removal of the
treatment media. Alternatively, cells were harvested after treat-
ment, by mechanical scraping into cold PBS, and pelleted by centrif-
ugation, and cell pellets were washed in PBS and used to prepare
microsomes for Western blotting and DMBA metabolism.

RNA Isolation and RT-PCR Analysis. A quantitative RT-PCR
assay was developed to measure the level of induction of both
CYP1B1 and CYP1A1 mRNA levels. Total cellular RNA was pre-
pared from control or treated cells by an improved method using the
Trizol reagent (Chomcynski, 1993). To remove the possible genomic
DNA contamination, all RNA samples were treated with RNase-free
DNase (Promega, Madison, WI) in the presence of 10 mM MgCl2 and
0.1 mM dithiothreitol (DTT) for 1 h at 37°C. RNA was then double-
extracted in phenol/chloroform and precipitated with acidic sodium
acetate and ethanol. cDNA templates for PCR were synthesized from
total RNA by reverse transcription as follows: 1 mg of total RNA in
diethyl-pyrocarbonate-treated water was annealed with 0.5 mg nano-
mer random primers at 65°C for 5 min, then cooled slowly to room
temperature. Reverse transcription was carried out in a total volume
of 25 ml and a final buffer concentration of 50 mM Tris-HCl (pH 8.3),
75 mM KCl, 3 mM MgCl2, 10 mM DTT, 1 mM each of dATP, dGTP,
dCTP, dTTP, 25 units of placental RNase inhibitor, and 200 U of
murine Moloney leukemia virus reverse transcriptase (Promega).
Samples then were incubated at 40°C for 1 h, and the reaction was
terminated by heating the samples at 95°C for 5 min. PCR primers
for CYP1B1 and CYP1A1 were designed based on the mouse cDNA
sequences of these two genes (Table 1) and were synthesized with an
Applied Biosystems 380A synthesizer. Primers for glyceraldehyde
3-phosphate dehydrogenase (GAPDH), which were designed to am-

TABLE 1
Oligonucleotide primers and conditions for PCR amplification of cDNA fragments of CYP1A1 and CYP1B1
RNA was isolated from cultured mouse Hepa-1 cell lines (WT and variants) using Trizol reagent and subjected to RT to obtain cDNA. Aliquots of cDNA were amplified by
PCR using these primers and according to conditions described below.

Primers Location on Respective cDNA Sequence

Forward-CYP1B1 753–774 59-GATCCAACGCCGCCGGTCATTG-39
Reverse-CYP1B1 1077–1098 59-GCCCAAAAGAAAGCGTCTGGGG-39
Forward-CYP1A1 249–268 59-TTGCCCTTCATTGGTCACAT-39
Reverse-CYP1A1 739–758 59-GAGCAGCTCTTGGTCATCAT-39
Forward-GAPDH 586–605 59-ACCACAGTCCATGCCATCAC-39
Reverse-GAPDH 1018–1037 59-TCCACCACCCTGTTGCTGTA-39
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plify the region between 586 and 1037 of GAPDH cDNA sequence,
were obtained commercially from Clontech (Palo Alto, CA) .

PCR conditions were optimized using these sets of primers and
plasmid vectors, which carry the respective cDNA of CYP1B1 and
CYP1A1 as templates (Table 1). In each PCR experiment, water was
used as a template (no DNA) to control for background contamina-
tion while GAPDH cDNA was amplified as an internal standard to
normalize quantitation. Simultaneous PCR amplification of GAPDH
did not interfere with CYP1B1 or CYP1A1 amplification. The PCR
product of each of these genes was quantitated during the exponen-
tial phase of amplification. For this purpose, PCR amplifications
were carried out after serial dilution of cDNA samples and variation
of the number of amplification cycles. To verify the identity of the
PCR-amplified fragments, the PCR products were electrophoresed
on agarose gels, transferred to nylon membranes, and hybridized
with 32P-labeled cDNA probes for, respectively, CYP1B1 (1028-bp
mouse cDNA, EcoRI-HindIII, 2 3 106 cpm/ml, 16 h at 42°C) (Savas
et al., 1994), full-length mouse CYP1A1 cDNA probe (1 3 106 cpm/
ml, 16 h at 42°C) (Gonzalez et al., 1984), and full-length GAPDH
cDNA (1 3 106 cpm/ml, 16 h at 42°C) (Fort et al., 1985).

In each PCR experiment, cDNA samples containing the expected
highest level of expression were serially diluted and PCR-amplified

to generate a standard (calibration) curve (Fig. 1). Serially diluted
cDNA (calibration dilutions) or the diluted unknown cDNA was
PCR-amplified in a final reaction volume of 25 ml using the Perkin-
Elmer thermal cycler according to the conditions listed in Table 2.
Aliquots of the PCR products were electrophoresed on 1.5% agarose
gels and visualized with ethidium bromide staining. Negative im-
ages of gels were generated using Type 55 Polaroid films. These
images were scanned and translated into TIFF-formatted files using
a Hewlett-Packard ScanJet 3p scanner (Palo Alto, CA) and Adobe
Photoshop software (Adobe Systems Inc., Mountain View, CA). The
intensity of the bands were quantified using the NIH-image analysis
computer program. The integrated area under the curve represent-
ing the optical intensity of each band, measured in pixels, was
plotted against the dilution of the corresponding cDNA template to
generate calibration curves as shown in Fig. 1. The relative level of
each amplified unknown sample (hence, the level of the initial RNA
expression) is calculated from the calibration curve and normalized
for its relative GAPDH levels. Only the linear range of the curve (at
high dilution) was used, and unknown cDNA samples were diluted
before PCR amplification to fit within this range.

Isolation of Cellular Proteins for AhR and ARNT Measure-
ments. Cells were harvested under denaturing conditions by lysing
them directly in Trizol. Trizol lysate was used for isolation of total
cellular proteins after the consecutive isolation of both total cellular
RNA and DNA. Proteins first were precipitated with isopropanol,
followed by multiple washes of protein pellets with guanidine-HCl
solution in 95% ethanol. Final protein pellets were dried from 100%
ethanol and solubilized by sonication in 2% SDS. Protein concentra-
tion was determined by the bicinchoninic acid method (Smith et al.,
1985).

Transfection and Luciferase Assay. The CYP1B1 59 deletion
constructs linked to the luciferase reporter gene were designed as
described in previous studies (Zhang et al., 1998). Cells were cul-
tured in Dulbecco’s modified Eagle’s medium/F12 medium supple-

Fig. 1. Calibration curve for quantitation of
CYP1A1 and CYP1B1 mRNA by RT-PCR. Each
point is average of duplicate PCR. PCR products
of serially diluted cDNA samples were electro-
phoresed on 1.5% agarose gel, and negative film
images of gel were scanned digitally to quantify
optical density (OD) of bands. Calculated OD of
each band was plotted against logarithmic value
of corresponding cDNA dilution to generate stan-
dard curves. Regression-analysis equation of
curve was used to calculate relative dilution of
tested samples, which were run simultaneously.

TABLE 2
Conditions that varied among three amplified cDNAs
The rest of the PCR conditions are similar for all three cDNAs and were carried out
as described in Materials and Methods. Amplification of CYP1B1 and GAPDH was
carried out simultaneously; first, CYP1B1 primers were added and samples were
amplified for 15 cycles, then cycler was stopped and GAPDH primers and fresh Taq
polymerase were added and reaction resumed for an extra 20 cycles.

PCR Conditions CYP1B1 CYP1A1 GAPDH

Primer concentration 250 nM each 400 nM each 250 nM each
Number of cycles 35 25 20
Annealing temperature 60°C 56°C 60°C

TABLE 3
Oligonucleotides (30-mer) used in gel mobility-shift experiments
Positions of XREs relative to transcription initiation site and their sequences are listed. Regions that match CACGC or CACGCAA motifs are underlined. E-box motif
CAGGTG is double-underlined.

Element Sequence Position

XRE1/XRE2 CGGCAGCTGTGCGTGCGCCGCCAAGGGTGG 21033/21004
XRE3 GCCGCCGCCTCGGCGTGTCAGGTGTCGTGA 2980/2951
XRE4 AGAAGCGGCGCACGCAAGGCACAGCTCCGC 2890/2861
XRE5 ACAGCTCCGCACGCAAGGGGGAGGCGACAG 2870/2841
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mented with 5% fetal bovine serum. All plasmids containing con-
structs and either plasmid pmARNT containing murine ARNT cDNA
or the vector plasmids were cotransfected by electroporation method
using Gene Pulser apparatus with Capacitance Extender (Bio-Rad,
Hercules, CA), according to a modified manufacturer’s protocol: five
million cells were harvested by trypsinization and dispersed to a
single-cell suspension in PBS. Cells in a total of 0.4 ml volume then
were placed in the electroporation cuvette, and 10 mg DNA of ARNT
cDNA or its vector were added in addition to 4 mg DNA of recombi-
nant reporter constructs. The b-galactosidase expression vector
pCH110 was cotransfected to normalize for transfection efficiency.
Cells were pulsed at 4°C for 30 s at these machine settings: 0.3 kV,
1.5 kV/cm field strength, and 960-mF capacitors with no resistor.
Cells then were plated in six-well plates for either luciferase activity
measurements or RNA isolation and subsequent RT-PCR analysis.
Cells were allowed to grow for 24 h in their regular culture medium,
and then they were treated with 1 nM TCDD or DMSO for 24 h.
Luciferase activity was determined using the luciferase assay kit
(Promega, Madison, WI) according to the manufacturer’s instruc-
tions, and luciferase activity was measured immediately in a lumi-
nometer.

EMSA. The EMSA was performed using the oligos listed in Table
3 as DNA probes. Nuclear extracts were prepared from control and
TCDD-induced (1 nM for 2 h) Hepa-1 WT or LA2 variant lines. The
preparation of nuclear extracts and 32P-labeling of DNA using T4
polynucleotide kinase were as described previously (Zhang et al.,
1998). In addition, parallel binding was run in the presence of either
purified anti-AhR IgGs or anti-ARNT IgGs, where these antibodies
were incubated after oligo binding to nuclear extracts.

Enzyme Activity in Whole Cells in Culture. DMBA metabo-
lism in whole cells was measured as described (DiBartolomeis et al.,
1986). After TCDD treatment (10 nM, 24 h), treatment media were
removed from the cells and were replaced with fresh media contain-
ing the substrate DMBA (10 mM) and incubated for varying times
depending on the cell activity. Media were collected from cells for
DMBA metabolite analysis, and the cells were trypsinized and
counted. The media/metabolites were treated with 0.1 mM b-glucu-
ronidase for 1 h at 37°C. Metabolites were extracted in ethyl acetate/
acetone mixture (2:1 ratio) containing 1 mM DTT and were sepa-
rated and quantified by reverse-phase HPLC.

Enzyme Activity in Microsomal Preparations. Microsomal
fractions from control or TCDD-treated cells (10 nM, 24 h) were
isolated for Western immunoblotting and enzyme activity measure-
ments. DMBA metabolism was measured in microsomal prepara-
tions as described (Pottenger and Jefcoate, 1990). The reaction mix-
tures contained 50 mM potassium phosphate buffer (pH 7.5), 3 mM
MgCl2, and NADPH-generating system (60 mM glucose 6-phosphate,
5 mM NADP, and 0.5 U/ml glucose-6-phosphate dehydrogenase).
Samples (in duplicates) were preincubated 1 min at 37°C, and the
reaction was initiated by the addition of 15 mM DMBA. The reaction
was terminated after 10 min by the addition of ethyl acetate/acetone
(2:1 ratio) containing 1 mM DTT, and metabolites were extracted
and analyzed by reverse-phase HPLC as described previously (Chris-
tou et al., 1989).

Electrophoresis and Immunoblotting. Protein samples were
solubilized in SDS-electrophoresis sample buffer containing 20 mM
DTT, boiled for 5 min, and centrifuged briefly before being electro-
phoresed on 7.5% polyacrylamide gels as described (Laemmli, 1970).
For immunoblotting, proteins were electrotransferred from acryl-
amide gels to nitrocellulose membrane, which was then blocked in
5% nonfat dry milk in Tris-buffered saline (pH 8.0) containing 0.05%
Tween-20. Membranes were washed in Tris-buffered saline (pH 8.0)
containing 0.05% Tween-20 and incubated with rabbit anti-CYP1B1,
anti-CYP1A1, anti ARNT, or anti-AhR antibodies for 2 h. The anti-
rabbit IgG-horseradish peroxidase conjugate served as the secondary
antibody at a 1:20,000 dilution. Immunoreactive proteins were visu-
alized by the enhanced chemiluminescence (ECL) procedure accord-
ing to the manufacturer’s protocol (Amersham Life Science, Arling-
ton Heights, IL). The AhR and ARNT proteins were detected by
polyclonal antibodies raised to AhR or ARNT fusion proteins, respec-
tively (Pollenz et al., 1994). The specific immunodetectable CYP1A1
and CYP1B1 protein bands were quantified by densitometric scan-
ning of the blots as described above for PCR images using micro-
somes from Hepa-1 WT and 10T1/2 cells, respectively, as standards.

Results
To establish the regulation of CYP1B1 relative to CYP1A1

by the AhR, we examined their expression in wild-type
mouse hepatoma cells, Hepa-1c1c7, and its variant cell lines
LA1 and LA2. These cell lines have been used extensively to
study the mechanisms of AhR-dependent induction of
CYP1A1 (Legraverend et al., 1982; Miller et al., 1983).
CYP1B1 is not measurable in Hepa-1 cell lines by Northern
analysis; however, RT-PCR using specific CYP1B1 primers
generates a product of expected size. The identity of the
PCR-amplified fragments was confirmed by Southern blot-
ting via hybridization with a P32-labeled CYP1B1 cDNA
probe. The RT-PCR quantitation of the relative levels of
CYP1B1 and CYP1A1 mRNAs was standardized by serial
dilution (Fig. 1), as described inr Materials and Methods. The
relative values generated by RT-PCR were validated against
values from Northern blot analysis of CYP1B1 and CYP1A1
mRNAs in 10T1/2 and Hepa-1 cells, respectively (data not
shown), and they also were comparable to published data for

Fig. 2. RT-PCR analysis of relative expression of CYP1A1 and CYP1B1 in
WT Hepa-1 cell lines and C3H10T1/2 mouse embryo fibroblast cell lines.
Cells were treated with 10 nM TCDD or DMSO for 20 h, and total RNA
was isolated by Trizol method. Aliquots of RNA samples were subjected to
RT-PCR analysis for CYP1A1 and CYP1B1 expression. Shown is a rep-
resentative image of ethidium bromide-stained gel of PCR-amplified
products of CYP1A1 (25 cycles) and CYP1B1 (30 cycles). These gel images
were quantified to obtain values presented in Table 4.

TABLE 4
Comparison of relative levels of constitutive and TCDD-induced
CYP1A1 and CYP1B1 mRNA and proteins in Hepa-1 and 10T1/2 cell
lines

CYP1Aa CYP1B1b

Control TCDD Control TCDD

10T1/2 mRNA 1 14 (14)d 93 2059 (21)d

Proteinc 30
Hepa-WT mRNA 30 5284 (170)d 1 18 (18)d

Proteinc 0.04 25 0.02 0.15
a Relative to mRNA levels in untreated 10T1/2 cell line.
b Relative to untreated Hepa-1.
c pmole CYP per milligram microsomal proteins.
d Numbers in parentheses are folds of induction relative to respective untreated

control.
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CYP1A1 and CYP1B1 in these two cell lines (Savas et al.,
1994).

PCR analyses of CYP1A1 and CYP1B1 expression in
Hepa-1 and 10T1/2 cells demonstrated the cell-specific ex-
pression of CYP1A1 and CYP1B1 in Hepa-1 and 10T1/2 cell
lines, respectively (Fig. 2 and Table 4). Whereas the TCDD-
induced CYP1B1 mRNA level was approximately 100-fold
higher in 10T1/2 than in Hepa-1 cells, the level of TCDD-
induced CYP1A1 mRNA in Hepa-1 WT cells was about 300-
fold higher than in 10T1/2. This difference between the two

cell types is because of a 100-fold difference in their basal
expression of CYP1B1 and CYP1A1 mRNA rather than a
difference in induction factor. At the apoprotein level, TCDD-
induced Hepa-1 WT expressed 200-fold-lower CYP1B1 than
10T1/2 cells where we detected about 30 pmol/mg microsomal
protein, as quantified relative to an Escherichia coli-ex-
pressed recombinant mouse CYP1B1 (Fig. 3A and Table 4).

Before using the Hepa-1 wild-type and variant cell lines,
their AhR signal components were verified by immunoblot
analysis of Trizol-protein extract of control or TCDD-treated

Fig. 3. Western immunoblot analysis of
CYP1A1 and CYP1B1 in Hepa-1 cell
lines after treatment with 10 nM TCDD
for 24 h. Indicated amounts of microso-
mal proteins from treated cell lines
were resolved on 7.5% SDS-PAGE and
transferred to nitrocellulose mem-
branes. membranes were probed with
anti-CYP1B1 (A) or anti-CYP1A1 (B)
polyclonal antibodies. goat anti-rabbit-
horseradish peroxidase conjugate was
used as secondary antibody at 1:20,000
dilution. Visualization of immunoreac-
tive proteins was done by ECL system
(Amersham). One microgram of micro-
somal proteins from TCDD-treated
10T1/2 cell lines was run as a positive
control for CYP1B1 quantitation. rela-
tive intensity of specific protein bands
was quantified by digital scanning of
shorter exposure blot images and quan-
tified relative to microsomal protein
from TCDD-treated 10T1/2 cells (specif-
ic activity: 30 pmol CYP1B1/mg pro-
tein) and TCDD-treated Hepa-1 cells
(specific activity: 25 pmol CYP1A1/mg
protein). Values obtained were cor-
rected for protein loading and are pre-
sented in bar graph above correspond-
ing gel image.
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cells. The results presented in Fig. 4A confirmed that the
level of AhR protein in both the WT and LA2 variant was
10-fold higher than in the LA1 variant. Furthermore, the
treatment with TCDD for 2 h resulted in substantial down-
regulation of the receptor protein in WT and LA1 cells, con-
sistent with published reports (Prokipcak and Okey, 1991;
Pollenz, 1996). No down-regulation of AhR by TCDD treat-
ment was observed in LA2. On the other hand, ARNT protein
was not detectable in LA2 variant, whereas it was expressed
at substantial levels in the WT and LA1 cells (Fig. 4A).

The basal CYP1A1 mRNA expression in LA1 (low-AhR-
Hepa variant) was only slightly lower than WT, and 18-h
treatment with TCDD unexpectedly resulted in the induction
of CYP1A1 mRNA in LA1 cells to about 60–80% of the level
in induced WT cells (Fig. 4B and Table 5). The expression of
basal and BA- and TCDD-induced CYP1B1 in LA1 followed
the same pattern of CYP1A1, attaining about 80% of the WT
levels for either treatment (Fig. 4B and Table 5).

The induction of CYP1A1 protein and activity in Hepa WT
cells paralleled that of mRNA. Western blot analysis for the

apoprotein expression in Hepa-1 cell lines showed that 24-h
TCDD treatment resulted in ;600-fold induction of CYP1A1
protein in WT cells (Fig. 3B). This corresponded to 500- and
200-fold induction in the enzymatic activity in whole-cell or
isolated-microsome assay, respectively, as measured by
DMBA metabolism (Table 6). However, TCDD induction of
CYP1A1 protein and activity in LA1 cells showed a substan-
tial discrepancy from the induction of its mRNA. In spite of
near-comparable to WT steady-state mRNA levels, TCDD-
induced LA1 cells exhibited only 10% of WT levels of CYP1A1
protein (Fig. 3B) and its associated DMBA metabolism (Table
6). Basal expression of CYP1A1 protein in the LA1 variant
was similar to that in WT cells, consistent with the relative
basal levels of CYP1A1 mRNA (Fig. 4B). CYP1B1 protein
levels, on the other hand, were less responsive to TCDD than
CYP1A1 with an average induction factor of 10 in WT and
LA1 cells. However, unlike CYP1A1, the low but similar
levels of CYP1B1 protein in the WT and LA1 cells (Fig. 3A)
parallels the induction of CYP1B1 mRNA described in Fig.
4B and Table 5 and contrasts with an apparent suppression
of CYP1A1 translation and/or reduced protein stability dur-
ing PAH induction in LA1 cells.

Although the pattern of expression of CYP1B1 parallels
that of CYP1A1 in both the Hepa-1 WT and LA1 variant, the
expression of CYP1A1 and CYP1B1 diverged in the LA2
variant, which is deficient in ARNT protein (Fig. 4A) and
lacks the TCDD-induced expression of CYP1A1 (Fig. 4B).
This variant, however, expressed CYP1B1 mRNA basally at
a level similar to the TCDD-induced WT level, and this basal
CYP1B1 was not responsive to induction by TCDD or BA
(Fig. 4B and Table 5). Western blot analysis confirmed, at the
protein level, the elevated basal expression of CYP1B1 in

Fig. 4. A, Western immunoblot analysis of AhR and ARNT in Hepa-1 WT
and variants. Total cellular proteins were isolated from Trizol lysate of
cells treated with 10 nM TCDD or DMSO for 2 h. Equivalent amounts of
proteins were resolved on 7.5% SDS-polyacrylamide gels and transferred
to nitrocellulose membranes. membranes first were probed with anti-
AhR antibodies and then stripped and reprobed with anti-ARNT antibod-
ies. Visualization of immunoreactive proteins was done by ECL system
(Amersham). B, representative negative film image of ethidium bromide-
stained gel of RT-PCR-amplified CYP1A1 and CYP1B1 mRNA in Hepa-1
cell lines treated for 18 h with 10 nM TCDD (T), 10 mM benz[a]anthra-
cene (B), or DMSO (Co). Equivalent RNA amounts from each cell line
were subjected to RT reaction and subsequent PCR amplification
(CYP1A1 for 25 cycles; CYP1B1 for 35 cycles), as described under Mate-
rials and Methods and Table 2. Similar gel images were scanned and
quantified by digital scanning and normalized to their GAPDH values to
obtain data presented in Table 5.

TABLE 5
Relative expression of CYP1A1 and CYP1B1 mRNA in Hepa-1 cell
lines after treatment with TCDD or BA for 18 h

Cell Line Treatment CYP1A1a CYP1B1a

WT Control 1b 1b

TCDD 179 6 31 20 6 2.5
BA 170 6 17.3 19 6 3.7

LA1 Control 0.8 6 0.4 0.5 6 0.2
TCDD 115 6 26 16 6 1.6
BA 111 6 18 15 6 3.4

LA2 Control 0.6 6 0.2 17 6 2.4
TCDD 0.5 6 0.2 15 6 1.8
BA 0.4 6 0.3 16 6 2.2

a Mean and S.D. of three PCR determinations. Each determination was obtained
by quantifying gel images such as in Fig. 4B, using standard curves similar to the
one in Fig. 1. All values were normalized to GAPDH expression levels.

b Relative to control WT, which is defined as 1 for either CYP1A1 or CYP1B1.

TABLE 6
Total DMBA metabolism in whole-cell culture or in microsomal
preparations of Hepa-1 cell lines after treatment with 10 nM TCDD for
24 h

Cell Line
Treatment

pmol/106 Cell/ha pmol/mg Microsomal Protein/ha

WT-Control 2.2 6 0.3 44 6 2
WT-TCDD 1154 6 4.3 8770 6 35
LA2-Control N.D. N.D.
LA2-TCDD N.D. N.D.
LA1-Control 1.7 6 0.1 23 6 1
LA1-TCDD 117 6 6.6 678 6 126

a Values are mean and S.D. of n 5 4; duplicate assay of duplicate culture.
N.D., nondetectable.
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LA2 cells (Fig. 3A). The data demonstrated that LA2 cells
express CYP1B1 protein to the same level as TCDD-induced
WT or LA1 cells. Although TCDD treatment for 24 h pro-
duced an ;10-fold induction over the basal level in WT and

LA1 cells it did not affect the levels in LA2 cells. The level of
CYP1B1 protein in Hepa cells, however, was too low to con-
tribute any measurable activity toward DMBA metabolism
in these cells, which exhibits a typical CYP1A1 metabolite
profile (Table 6).

To directly address the role of ARNT in CYP1B1 mRNA
expression, LA2 cells were transiently transfected with a
plasmid containing ARNT cDNA. To obtain a high proportion
of transfected cells, it was necessary to use strong electropo-
ration conditions, which sacrificed about half of the cells;
however, we were successful in achieving a very high trans-
fection efficiency, resulting in the expression of approxi-
mately 45% of the WT levels of ARNT protein in surviving
transfected LA2 cells (Fig. 5A). We verified that this cytotox-
icity was not specific to the cells and was seen when the
high-voltage pulse was used without DNA. The introduction
of ARNT into LA2 mutant cells has resulted in the restora-
tion of their TCDD-induced CYP1A1 mRNA expression from
zero to a level equivalent to 25% of TCDD-induced WT cells
(Fig. 5, B and C). This was accompanied by a repression in
the basal expression of CYP1B1 mRNA in these ARNT-trans-
fected LA2 cells to almost 50% of the level of their vector-
transfected controls. This repressed expression, however, re-
mained three times higher than the low WT basal levels.
Thus, the reconstitution of the basal CYP1B1 repression in
ARNT-transfected LA2 variant cells is comparable in effec-
tiveness to the magnitude of the restoration of CYP1A1 in-
duction in these cells (Fig. 5, B and C) and is approximately
proportional to the increase in ARNT expression.

We next tested the effect of transfected ARNT on CYP1B1
promoter activity. A luciferase reporter construct of the min-
imum 59 flanking regulatory sequence of CYP1B1 gene
(21075/1150) was designed to include the enhancer and
proximal promoter regions (Fig. 6A). The basal activity of
this luciferase construct in WT was comparable to that in
LA2 cells. TCDD treatment resulted in about a 3-fold induc-
tion in WT with no equivalent effect in the LA2 variant (Fig.
6B). Basal expression and TCDD induction of CYP1B1-lucif-
erase activity in LA2 were enhanced 2- and 3.5-fold, respec-
tively, after cotransfection of ARNT cDNA into these cells
(Fig. 6B). Transfection of a deletion construct that contains
the proximal promoter and part of an inhibitory region
(2432/1124) resulted in a 4- to 5-fold increased luciferase
activity in LA2 cells compared with transfection in WT Hepa
cells (Fig. 6C). The same segment of CYP1B1 promoter
showed only minimal basal activity in WT cells because of the
effect of an inhibitory region (Zhang et al., 1998). This ele-
vated activity in ARNT-deficient LA2 cells suggests that
ARNT has a negative effect on this proximal region, which
contrasts with the stimulatory effect on the enhancer (21075
to 810) in LA2.

Previous work with 10T1/2 cells (Zhang et al., 1998) has
established that the upstream enhancer of CYP1B1 (21085
to 810) contains two anomalous types of XREs in addition to
a typical XRE that shows TCDD-inducible AhR-ARNT com-
plex (Table 3). Two elements (XRE1/2 and XRE4) form
TCDD-independent complexes of the same size as the typical
XRE5-AhR-ARNT complex. A third element, XRE3, forms a
complex with a faster mobility. This previous work showed
that these complexes were retained in comparable AhR2/2

cells, indicating that the complexes do not contain AhR. To
test the possibility that these complexes may involve ARNT

Fig. 5. Transient transfection of ARNT cDNA in LA2 Hepa-1 variant.
Cells at subconfluency were transfected with either pmARNT (in LA2
cells) or pBK-CMV vector with no ARNT cDNA insert (in LA2 and WT
cells) by electroporation as describe under Materials and Methods. Trans-
fected cells were plated and allowed to recover for 24 h and then treated
with 1 nM TCDD for 24 h. Cells were lysed in Trizol, and lysates were
used for isolation of total RNA and protein. Proteins were analyzed by
Western blotting using anti-ARNT antibodies to verify expression of
ARNT protein in transfected cells (A). Equivalent amounts of RNA from
WT, LA2, or ARNT-transfected LA2 cells were analyzed for CYP1B1 and
CYP1A1 mRNA by RT-PCR. B, Representative negative image of
ethidium bromide-stained gels of PCR-amplified products of basal and
TCDD-induced CYP1B1 and CYP1A1 mRNA in WT, LA2, and ARNT-
transfected LA2 cell lines. GAPDH was amplified as an internal control
for normalization. Gel images of duplicate PCR determinations of dupli-
cate cultures were scanned digitally and quantified as described under
Materials and Methods using a dilution calibration curve as shown in Fig.
1. Means and S.D. of four determinations were plotted as a bar graph (C).
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in combination with some other bHLH proteins, we carried
out EMSA with nuclear extracts from WT and LA2 cells.
Figure 7 shows that these complexes form to the same extent
in WT and LA2 cells, suggesting that they also do not involve
ARNT. Supershift experiments were done with anti-AhR and
anti-ARNT antibodies. Figure 8A shows supershift compari-
sons of XRE4 and XRE5 complexes in WT cells. Under con-
ditions in which the normal TCDD-sensitive XRE5 complex
was supershifted completely by anti-AhR antibody, XRE4
was unaffected. In equivalent experiments with anti-ARNT,
about 20% of XRE4 complex in WT was supershifted. This
supershift also was seen in XRE4 complex with LA2 nuclear
extracts (Fig. 8B). Because this complex also was formed in
LA2 cells, this supershifted complex is unlikely to be a result

of ARNT but, rather, reflects a cross-reacting ARNT-like
protein. XRE3 showed no supershift with either antibodies,
whereas XRE1/2 showed erratic partial shift with anti-
ARNT.

Discussion
Using sensitive detection techniques, we have shown here

that Hepa-1 cells express measurable amounts of TCDD-
inducible CYP1B1 mRNA and protein, although maximum
levels are about 100–200 times lower than in mouse
C3H10T1/2 embryo fibroblasts. This CYP1B1 level repre-
sents less than 1% of total (CYP) in Hepa-1 cells, which
express predominantly CYP1A1. In contrast, the main PAH-

Fig. 6. Basal and TCDD induction of
CYP1B1-luciferase constructs in WT and LA2
variant Hepa-1 cell lines. A, a full-length con-
struct (21075/1150) or a deletion construct
(2432/1124) was transfected into Hepa-1 WT
or LA2 variant. B, LA2 variants were cotrans-
fected with (21075/1150) construct and plas-
mid pmARNT containing mouse ARNT cDNA
or, as a control, LA2 and WT cells were co-
transfected with plasmid pBKCMV with no
ARNT cDNA insert. C, WT or LA2 variant
cells were transfected with deletion construct
(2432/1124). Parallel pairs of transfection
were done with pGL3Basic vector (without
CYP1B1 insert), and b-galactosidase expres-
sion vector pCH110 was cotransfected to con-
trol for transfection efficiency for both B and
C. Luciferase activity was measured 48 h af-
ter transfection in presence or absence of
TCDD treatment for 24 h. Luciferase activity
was normalized to b-galactosidase activity,
and relative luciferase activity was calculated
as ratio of each activity to control vector ac-
tivity (set as 10). Data represent mean 6 S.E.
of triplicate measurements from a single (C)
or duplicate (B) experiments.
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induced P-450 in C3H10T1/2 mouse fibroblast cell line is
CYP1B1, whereas the cells express ;300-fold-lower CYP1A1
than Hepa-1 cells. We have shown that this cell specificity is
related mainly to a difference in the basal expression of these
two CYP genes, confirming our recent report using the tran-
sient transfection of luciferase-CYP1B1 enhancer constructs
in Hepa-1 and 10T1/2 cells (Zhang et al., 1998). In spite of the
enormous difference in expression level, the regulation of
CYP1A1 and CYP1B1 mRNA maintains similar distinct fea-
tures in Hepa-1 and 10T1/2 cells. CYP1B1 is less inducible by
either TCDD or BA than CYP1A1 (10- versus 200-fold) in
both Hepa cells and 10T1/2 cells because of a greater basal
expression of CYP1B1. These data together with the parallel
effects of AhR deficiency on the induction of both CYP1A1
and CYP1B1 mRNA in LA1 Hepa-1 mutant therefore suggest
that the AhR mediates the induction of CYP1B1 by both
TCDD and BA.

More detailed analysis has shown further points of simi-
larity between CYP1A1 and CYP1B1 regulation that addi-
tionally provides a new perspective on AhR function.
Whereas the initial rates of transcription of both CYP1A1
and CYP1B1 are very sensitive to the lower AhR levels in
LA1 cells, which is evident by the very low mRNA expression
at 3 h after TCDD treatment (S.E.E. and C.R.J., manuscript
in preparation), the steady-state levels of both CYP1A1 and
CYP1B1 mRNA expression after 18 h TCDD treatment are
only ;25% lower in LA1 variants compared with the WT
levels, which is disproportionate to the 10-fold-lower AhR
level in LA1 cells. However, the previously reported (Miller et
al., 1983; Hankinson et al., 1985) very low CYP1A1 protein
and associated activity in LA1 cells was confirmed here and,
therefore, could be arising from additional deficiency of
translation in LA1 cells (Czaplinski et al., 1995). Noteworthy,
however, is that the 10-fold-lower level of AhR in LA1 cells is
similar to the AhR level observed in 10T1/2 cells (Pollenz,
1996), suggesting that the lower AhR level is accompanied by
other inhibitory factors in LA1 cells. Clearly, differences be-
tween WT and the variant LA1 cells may arise from AhR-
independent factors that have been selected into the variant

line. However, recent work has established that AhR trans-
fection is sufficient to reverse many differences in LA1 cells
relative to WT (Ma and Whitlock, 1996; Weiss et al., 1996).

We also have shown in this report that the regulation of
CYP1B1 differs substantially from that of CYP1A1 in cells
deficient in the AhR partner, ARNT. In the ARNT-deficient
LA2 Hepa variant, unlike CYP1A1, CYP1B1 is constitutively
expressed at levels approximating TCDD-induced WT levels,
suggesting that AhR or other nuclear factor(s) are more ef-
fective in the absence of ARNT. Moreover, transient trans-
fection of ARNT cDNA in LA2 variant cells has resulted in
about a 50% lowering of the basal CYP1B1 mRNA, further
supporting the inhibitory effect of ARNT on CYP1B1 tran-
scription. Analysis of the 59 regulatory sequences of the
CYP1B1 gene in LA2 Hepa variant compared with WT re-
vealed major differences between these two lines. Hepa WT
cells exhibited both basal and TCDD-induced activity when
transiently transfected with a CYP1B1-luciferase construct
containing extended promoter and enhancer regions,
whereas no TCDD-induced activity was produced in LA2
variant. The reversal of this response in LA2 by cotransfec-
tion of ARNT cDNA is consistent with the requirement for a
functional ARNT in driving TCDD-induced activity (Probst
et al., 1993). The enhancement of basal and TCDD-induced
activity of this reporter construct by cotransfecting ARNT in
LA2 cells is analogous to responses observed with the same
promoter constructs in embryo fibroblasts derived from AhR
knock-out mice (AhR2/2) (Zhang et al., 1998).

However, these results with the promoter constructs are
inconsistent with the regulation of the CYP1B1 gene in LA2
cells. In these cells the basal activity of the CYP1B1 gene is
at the TCDD-induced WT levels and is suppressed by trans-
fection of ARNT, whereas the high activity in TCDD-treated
cells is not affected. However, we also have seen that the
transient transfection of luciferase reporter constructs of
CYP1B1 and CYP1A1 does not reproduce the cell selectivity
of these genes in 10T1/2 and Hepa-1 cells and that the tran-
sient transfection of AhR produces an abnormal substantial
basal luciferase activity (Zhang et al., 1998). Such discrep-
ancies between the behavior of transiently transfected re-
porter construct plasmids and the native gene in its chromo-
somal setting are likely to be a result of factors related to the
chromatin structure of these genes. The structure of chroma-
tin is known to greatly influence the mammalian gene. Al-
though we have not studied this aspect of regulation for
CYP1B1, the enhancer/promoter region of CYP1A1 in unin-
duced mouse hepatoma cells is inactive because of a repres-
sive nucleosomal interaction (Morgan and Whitlock, 1992).
Therefore, during induction, regulatory proteins such as
AhR/ARNT need both to access their recognition sites within
chromatin and to overcome the repressive effects of nucleo-
somes before they stimulate the interaction of general tran-
scription factors with the promoter to enhance transcription
(Whitlock et al., 1996). In nonnucleosomal templates such as
transiently transfected reporter plasmids, there is less tight
regulation where the primary function of AhR/ARNT during
induction is to bind directly to their already accessible bind-
ing sites and recruit other general transcription factors to the
wide-open, accessible promoter. Therefore, the inconsistent
promoter construct data would imply that the chromatin
structure plays a major role in the tight regulation of
CYP1B1 gene.

Fig. 7. Comparison of complexes formed between nuclear extracts from
Hepa-1 WT or LA2 variant cells and four putative XRE sequences of
CYP1B1 gene. Nuclear extracts from untreated (2) and TCDD-treated
(1) Hepa-1 WT or LA2 variant cells (1 nM, 2 h) were analyzed by gel
mobility-shift assays using 30-mer oligonucleotides containing CYP1B1
enhancer putative XREs, sequences for which are outlined in Table 3.
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The transfection of a deletion construct (2432/1124) that
spans the proximal promoter, a putative E-box, and four
putative XRE-binding sites of CYP1B1 gene resulted in an
approximately 5-fold increase in the basal transcription of
the luciferase reporter gene in LA2 cells relative to the basal
activity in WT Hepa cells. This suggests that ARNT sup-
presses the proximal promoter activity in Hepa-1 cells. Anal-
ogous proximal CYP1B1 promoter, which contains a putative
XRE element, is maximally active in uninduced embryo fi-
broblasts derived from AhR knock-out mice (AhR2/2), but is
repressed by transfection of AhR in these cells (L. Zhang and
C. R. Jefcoate, unpublished data). Together, these data sug-
gest that ARNT in combination with AhR suppress proximal
promoter activity, presumably acting at some regulatory el-
ements in the proximal promoter region. Several negative
regulatory sequences have been identified in the CYP1B1
upstream region between the promoter and TCDD-respon-
sive enhancer regions (Zhang et al., 1998). Evidently, the
overall CYP1B1 promoter activity is determined by a balance

between positive and negative effects of AhR and ARNT
proteins.

Like CYP1A1, the TCDD induction of CYP1B1 is mediated
by an enhancer region containing a cluster of four XRE
elements 1000 bp upstream from the transcription start site.
Recent work in this laboratory has demonstrated that there
are substantial differences between the two genes; for in-
stance, unlike in CYP1A1, the enhancer region in CYP1B1
seems to be more responsive to basal levels of AhR. We have
identified previously in mouse embryo fibroblasts three non-
TCDD-inducible-type complexes with three different consen-
sus XREs of the CYP1B1 gene, none of which are sensitive to
the lack of AhR in embryo fibroblasts derived from AhR
knock-out mice (Zhang et al., 1998). Here we show that these
complexes do not interact with anti-AhR antibodies, further
supporting the absence of AhR in these complexes. We have
demonstrated here that the three complexes also are formed
in LA2 cells in the absence of a functional ARNT. This con-
firms that these TCDD-insensitive complexes at CYP1B1

Fig. 8. A, effect of anti-AhR and
anti-ARNT antibodies on com-
plexes formed between nuclear ex-
tracts from Hepa-1 WT cells and
tested XREs. Arrow denotes com-
plexes supershifted by antibodies.
B, effect of anti-AhR and anti-
ARNT antibodies on formed com-
plexes between nuclear extracts
from LA2 variant cells and four
XREs. Arrow points to super-
shifted XRE4 complex with anti-
ARNT antibodies. In all cases, an-
tibody incubations followed
binding of nuclear extracts to oli-
gonucleotides.
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XREs do not involve AhR or ARNT. This is somewhat sur-
prising because the size of the complexes at XRE1/2 and
XRE4 is indistinguishable from that of the ARNT-AhR com-
plex at XRE5. The anti-ARNT antibodies did partially modify
the formation of the XRE4 complexes in LA2 and WT cells.
However, we have detected in LA2 cells a protein of the same
size as ARNT that weakly cross-reacts with anti-ARNT an-
tibodies on immunoblots (Fig. 5A). Possibly, LA2 cells ex-
press an ARNT-like protein that, although nonfunctional in
translocating AhR and dimerizing with it, is capable of DNA
binding in cooperation with other partners. Some recently
identified members of the PAS/bHLH family, such as
ARNT2, murine sim1, or sim2, fit these criteria (Ema et al.,
1996; Hirose et al., 1996). Further investigation is required to
verify the identity and function of this ARNT-like protein in
LA2. It is possible that under basal conditions in LA2 cells
this protein dimerizes with any of the PAS/bHLH proteins
(except AhR) and exerts transcriptional activation of
CYP1B1 by binding to a consensus motif such as E-box (An-
tonsson et al., 1995).
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