
[CANCER RESEARCH57, 1264-1269. April I, 19971

ABSTRACT

In this report, we present a characterization of the cell-specific expres
slon of two human cytochrome P450 genes, CYPIAJ and CYP1BJ, by
2,3,7,S-tetrachlorodibenzo-p-dloxin (TCDD). The TCDD-dependent In
ductionof CYPJAJhas beenstudiedextensivelyand servesas the proto
type response for a TCDD-signaling pathway initiated by the reversible
binding of TCDD to an Intracellular receptor [designated the aryl hydro
carbon (Ah) receptor@ CYPJAJ Is Induced by TCDD to high levels (45-fold
Increase) In the human hepatoblastoma line HepG2 as compared with the
human renal adenocarcinoma line ACHN. In contrast, CYPJBJ Is Induced

selectively in ACHN cells. Cell-specific Induction ofCYP1A1 and CYP1B1
mRNA correlates with comparable changes In the corresponding proteins
and results, at least in part, from transcriptional activation. Character
Izatlon of the mechanism(s) for the differential regulation of CYPJA1 was
carried out. Nuclear extracts obtained from either cell line following
treatmentwIth TCDD displayedequivalentbindingto oligonucleotide
probes for two dioxin-responsive elements located 5'-ward of the CYPJA1
promoter. This result obtained with broken cell fractions was confirmed
by an intact cell DNA protection assay. Possible Involvement of negative
regulators Is suggested by the presence ofa negative regulatory element in
the 5' flanldng region of the CYPJAJ gene and the observed superinduc
don of CYP1A1mRNAby cycloheximidein TCDD-treatedHepG2cells.
Electromobility shift analysis using negative regulatory element probes,
however,did notdetectquantitativedifferencesin the bindingof nuclear
extract proteins obtained from either HepG2 or ACHN cells treated with
TCDD.Thesefindingsindicatethat the ligand-dependentactivationand
dioxin-responsive element binding of the Ah receptor required for
CYP1AJ induction in HepG2 cells also can occur in ACHN cells. We
conclude that the repression of TCDD-dependent CYPJAJ induction In
ACHNcellsoccursat the levelof transactivatlonin theAh receptorsignal
transductionpathway.

INTRODUCTION

The expression of genes encoding proteins involved in the metab
olism of carcinogens, acute inflammatory responses, management of
oxidative stress, and growth regulation is altered by the environmental
toxicant TCDD3 (dioxin; Refs. 1 and 2). The induction of one of these
genes, CYPJAJ,4 has been studied extensively and serves as a proto
type for TCDD-dependent regulation of gene expression (3). TCDD
binds and activates a receptor protein (designated AhR) which is a

member of the bHLH family of transcription factors. In its ligand
bound form, the AhR interacts with a second bHLH protein (named
ARNT) and the resultant AhR/ARNT heterodimer binds to core
recognition motifs contained within DREs located 5'-ward from the
CYPJAJ promoter (4â€”6).Transactivation of the CYPJAJ promoter is
thought to result from proteinâ€”proteininteractions that couple the
AhR/ARNT heterodimer bound to the DRE with the promoter com
plex. Two NREs have been identified in the enhancer region of the
human CYPJAJ gene (7). One of the NREs has been shown to contain
a nuclear protein-binding region consisting of a 2l-bp palindrome
flanked by two ancillary G/C-rich sequences (8, 9).

A TCDD-responsive cDNA isolated from a human keratinocyte
line has been identified as a new cytochrome P450 superfamily
member (10). This human protein, designated cytochrome P45OlBl
(CYP1B1), also has been identified and cloned in tissues from mouse
(11, 12) and rat (13, 14). The estimated size of the rodent CYP1B1
mRNA (5.2 kb) is nearly identical to that reported for the human
CYP1B1 mRNA (5.1 kb), and each predicts a protein of 543 amino
acids. CYP1BI is expressed constitutively in several organs and is
inducible by planar aromatic hydrocarbons, adrenocorticotrophin, and
other peptide hormones (10, 15, 16). Although not expressed consti
tutively, induced CYP1AI mRNA and protein can be detected in
human liver (17). Both CYP1A1 and CYP1B1 metabolize a number
of environmental carcinogens (16). For certain compounds this is a
required step for activation of the procarcinogen form. CYP1A1 is
mainly involved in the metabolism of polycyclic aromatic corn
pounds. Recently, several aryl amines have been shown to be metab
olized by human CYP1B1 expressed in yeast, and it was proposed that
CYP1B1 may play an importantrole in the extrahepaticmetabolism
of these and other compounds (16).

Here, we present the results of a study characterizing the cell
specific induction of human CYP1AI and CYP1B1 by TCDD in
HepG2 and ACHN cells. Initial analysis of the mechanism(s) for the
repression of TCDD-dependent induction of CYP1A1 in ACHN cells
indicates that it is most likely occurring at the level of transactivation
in the AhR signal transduction pathway.

MATERIALS AND METHODS

Cells and Culture Conditions. The human hepatoblastoma cell line
HepG2 (American Type Culture Collection, Rockville, MD) was cultured in
a-MEM (Life Technologies, Gaithersburg, MD) supplemented with 10% fetal
bovine serum. The human renal adenocarcinoma cell line ACHN (American
Type Culture Collection) was cultured in MEM (Life Technologies) supple

mented with 10% fetal bovine serum. Cells were maintained at 37Â°Cin a
humidified atmosphere of 5% CO2:air. To avoid a potential alteration of the
expression level of the genes under investigation after addition of fresh
medium plus serum, culture media of subconfluent cells were pooled for

treatment.Solventvehicle (0.1%DMSO)orTCDD(10 tiMfinalconcentration)
was added to the pooled medium, and the medium was then aliquoted back into
the cultures.For inhibitionof proteinsynthesis,a stock solutionof cyclohex
imide (Merck, Darmstadt, Germany) in water was added to a final concentra
tion of 10 @xg/ml.

RNA Isolation and Northern Blot Analysis. Total cellular RNA was
isolated according to the method of Chomczynski and Sacchi (18). RNA (30
I.Lg),dissolvedin formamidewas fractionatedthrough1%(w/v) formaldehyde
agarose gels, blotted onto nylon membranes (Hybond-N; Amersham Buchler,
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DIFFERENTIAL REGULATION OF CYPJA! AND CYPIBI GENES

Braunschweig, Germany), and UV cross-linked. The blots were prehybridized
in 5X SSC, 50% deionized formamide, SX Denhardt's solution, 0.5% SDS,
and 0.04 mg/ml denatured salmon testes DNA at 42Â°Cfor 3 to 6 h. Hybrid
ization was performed at 42Â°Covernight using selective cDNA probes. The

amountof @-actinmRNA was used to normalizethe total amountof RNA
loaded in each sample. Experiments were run at least in triplicate with different
RNA preparations.

CYP1A1 mRNA was detected using the 892-bp fragment of plasmid
pRNHS9 (kindly provided by Dr. R. Hines, Wayne State University, Detroit,
MI). CYP1BI mRNA was detected using a 1.5-kb fragment as described (10).

Probes were labeled by nick translation using [a-32PJdCTP.After washing, the
membranes were placed on Kodak X-OMAT AR X-ray film with intensifying
screens for 16 to 120h at â€”70Â°C.Filters were stripped and reprobed with each
of the indicated probes.

Nuclear Run-Off Assay. Nuclear run-off transcription assay was per
formed exactly as described previously (2). Glyceraldehye-3-phosphate dehy
drogenase and /3-actin were used as loading controls. Relative intensities were

quantified after phosphorimaging using a Fuji BASI000 bio-imaging analyzer.
EMSA. Nuclear extracts were prepared as described (19) at time 0 or after

treatment ofthe cells with 0.1% DMSO or 10nsi TCDD for 90 mm. The nuclei
were extracted in high salt buffer (0.4 M KC1)and dialyzed for 1 h. Protein
concentration was determined with the Bradford dye-binding procedure (Bio
Rad, Hercules,CA).

ForEMSA analysisof a negative-regulatingelementin the humanCYPJAJ
gene, a probe covering the CYPJAI sequence from â€”822to â€”749(according
to the sequence published in Ref. 20), including the palindromeand the
G/C-rich regions, was amplified from pRNH 241c (kindly provided by Dr. R.
Hines). The primers used were lAl-NRE-F (5'-CGAGGAATFCCGTGGC
CCCCCGCC-3') and lAl-NRE-R (5'-AAAGGAAUCCCTCTFGGCTC
CCG-3'), both carrying EcoRI sites near their 5' ends. The PCR product was
digested with EcoRI, labeled with [a-32PJATP using Klenow fragment, and gel

purified on a polyacrylamide gel. DNA-binding reactions were carried out in
a total volume of 15 pJ of buffer solution [at a final concentration of 25 mM
Tris-HC1 (pH 7.9), 50 mM KC1, 6.25 mM MgCl2, 0.5 mM EDTA, 0.5 m@i
dithiothreitol, and 10% glycerol] containing 10 @gof nuclear protein and 2 @xg
of poly(dI-dC) (Pharmacia Biotech, Uppsala, Sweden) and incubated for 15
mm at room temperature. Radiolabeled probe (approximately 0.05 ng of DNA,
10,000 cpm) was added, and the reaction mixture was incubated for another 15
mm at room temperature. Unlabeled competing DNA was added immediately

before the probe to some of the incubations. The unlabeled probe was used as
a specific competitor and a l90-bp fragment of the human CYPJAJ gene
ending 70 bp upstream of the NRE served as the nonspecific competitor.

ForEMSA analysisof DRE motifsof the humanCYPJAJgene, two sets of
complementary oligonucleotides were used. All oligonucleotides carried two T
residues at their 5' ends; their positions corresponding to â€”998to â€”969
(5'-CFCCGGTCCTFCTCACGCAACGCCTGGGCA-3',designated DRE-983)
and -1071 to -1042 (5'-TICCCTCCCCCCTCGCGTGACTGCGAGCCCC
3', designated DRE-1056) of the human CYPJAJ gene, respectively. After
annealing, the probes were labeled with [a-32P]ATP using Klenow fragment
and gel purified on a polyacrylamide gel. DNA-binding reactions were per
formed as described above in the presence of 25 m'viHEPES (pH 7.9), 75 mM
KCI,2 mMMgCl2,0.2 mMEDTA, 1 nmidithiothreitol,5% glycerol, and4%
Ficoll. A 75-bp fragment containing the TATA-like box of the human CYPJBI
gene was used as the nonspecific competitor. The reaction mixtures were
fractionated on a nondenaturing polyacrylamide gel (4% for NRE-EMSA, 5%

for DRE-EMSAs)in low ionic strengthbuffer [6.7 mMTris-HC1(pH 7.9), 1
mM EDTA, and 3.3 mM sodium acetate] for 2 to 3 h at 25 mA constant current

in the cold room. The gels then were visualized by phosphorimaging analysis.
All oligonucleotideswere obtainedfrom Genosys (The Woodlands,TX).

Intact Cell Footprinting. Cells were treated with 10 nMTCDD or 0.1%
DMSO for 90 mm prior to DNA footprinting analysis, carried out as described
previously (21), with the following modifications: DNA was chemically
cleaved with 1 M piperidine (Aldrich, Milwaukee, WI) for 30 mm at 88Â°C.The
piperidine was removed by drying the solution in a Speedvac evaporator and
two more cycles of resuspension in 200 p1 of water and drying, followed by

a final ethanol precipitation. The degree of degradation of the single-stranded
DNA was checked on an alkaline gel. For first-strand synthesis, 1.4 units of
Vent (exo) DNA polymerase (New England Biolabs, Beverly, MA) was
used; the ligation mix included PEG 8000 at a final concentration of 5% and

6 units of ligase (New England Biolabs). The PCR (18â€”20cycles) and
end-labeling steps were performed in the presence of 5% DMSO with 0.4 units
and 0.2 units, respectively, of GoldStar DNA polymerase (Eurogentech,
Seraing, Belgium) using the lOX reaction buffer supplied by the manufacturer.
End-labeled primers were purified with a nucleotide removal kit (QlAquick;
Qiagen, Hilden, Germany).

The specific primer set used to footprint the upper (coding) strand around
the DRE motifs under investigation was as follows: CYPA4, â€”1149 to â€”I 129
upstream of the transcription start site of the human CYPJAJ gene; CYPA5,
â€” 1093 to â€” 1071; and CYPA6, â€” 1093 to â€” 1069. The lower (noncoding)

strand primers used were CYPA21, â€”839to â€”856;CYPA22, â€”861to â€”878;
and CYPA23, â€”861to â€”880.The oligonucleotide primers obtained from
Genosys were used without further purification. The annealing temperatures
used for both sets were 60Â°Cfor first-strand synthesis, 68Â°Cfor the PCR step,
and 70Â°Cfor the end-labeling step. Each of the experiments presented in this
report was performed at least three times using independently treated and

processed DNA samples. Consistent results were obtained across experiments.
ImmunoblotAnalysis.Cells were treatedwith 10 ttMTCDDor 0.1%

DMSO for 24 h, andmicrosomalproteinswere isolatedas described(22). The
microsomal proteins (20 p.g) were separated on SDS-polyacrylamide gels and
electroblotted onto a polyvinylidene difluoride membrane. The affinity
purified polyclonal anti-CYP1B1 an'iserum, used in a 1:500 dilution, was
raised against a peptide sequence from the human CYP1BI protein. The
polyclonal anti-CYP1AI antiserum (a kind gift from Dr. M. D. Burke, Uni
versity of Aberdeen, Aberdeen, United Kingdom) was raised against the rat

CYPIA1 proteinand was used as a 1:1000dilution.The secondaryantibody,
a horseradish peroxidase anti-immunoglobulin conjugate (Sigma Chemical
Co., St. Louis, MO) was diluted 10,000-fold, and immunoreactiveproteins
were visualized using the enhanced chemiluminescence procedure according
to the manufacturer's protocol (Amersham Life Science, Arlington Heights,
IL).

RESULTS

Cell-specific Induction of CYP1A1 and CYP1B1. CYP1A1
mRNA is induced by TCDD in the human hepatoblastoma cell line
HepG2, whereas CYP1BI mRNA is induced in the kidney tumor line
ACHN (Fig. 1). Constitutive expression of CYP1B1 was detected in
ACHN cells. In contrast, CYP1A1 did not appear to be expressed
constitutively in HepG2 cells. The time course for the induction of

CYP1A1

CYP1B1

@3-actin

Fig. 1. Northern blot analysis of CYP1AI and CYPIB1 expression in HepG2 and
ACHN cells. TCDD (T, 10 nM) or 0.1% DMSO (C) was added to pooled medium
collected from subconfluent cells, and the treated medium was then added back to the
cultures. After 24 h, RNA was extracted for Northern blot analysis as described in
â€œMaterialsand Methods.â€•Lane t@,RNA isolated prior to treatment. @-Actinwas used as
a loading control.
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Fig. 3. Effect of TCDD on the rate of CYP1AI and CYP1B1 transcription in HepG2
and ACHN cells. Cells were treated for 90 mm with 10nt@sTCDD (7) or 0.1% DMSO (C)
in the presence or absence of CHX (10 @sg/ml).Nuclei were isolated and nuclear mn-off
analysis was performed as described in â€œMaterialsand Methods.â€•Glyceraldehyde-3-
phosphate dehydogenase and @-actinwere used as loading controls, but only the latter is
shown.

DIFFERENTIAL REGULATION OF CYPIAI AND CYPJBI GENES

CYP1A1 and CYP1B1 was similar. Expression of mRNA could be
detected as early as 1 h after treatment with TCDD and the levels of
mRNA continued to increase throughout the 48-h time period exam
med (data not shown). The expression pattern of CYP1A1 and
CYP1B 1 proteins reflected the levels of expression of their respective
mRNAs in TCDD-treated cells (Fig. 2). Southern blot analysis of
multiple restriction digests revealed the same banding pattern for both
CYP1A1 and CYP1B 1 in either cell line, indicating that the cell
specific expression of TCDD-inducible mRNA and protein observed
using Northern and Western blot analysis, respectively, was not due to
the absence or alteration of the structural genes for either cytochrome
P450 enzyme. Further confirmation of the presence of both genes in
each cell line was obtained by reverse transcription-PCR analysis
which, in contrast to Northern blot analysis (Fig. 1), detected small
amounts of CYP1A1 and CYP1B1 in each cell line (data not shown).
This indicates that both genes are functional and that cell specificity
is observed for inducible, but not constitutive expression of CYP1A1
andCYP1B1 mRNA.

Transcriptional Regulation. The observed cell-specific differ
ences in the levels of TCDD-inducible CYP1A1 and CYP1B 1 mRNA
are due largely to transcriptional regulation, as indicated by nuclear
run-off analysis (Fig. 3 and Table 1). The rate of transcription of
CYP1A1 was increased (45-fold) by TCDD treatment in HepG2 cells.
A much lower increase (4-fold) in CYP1A1 transcription was detected
in ACHN cells treated with TCDD (Table 1). A TCDD-dependent
increase in the rate of CYPJB] transcription (8-fold) was observed in
ACHN cells, with no detectable change in the transcription of this
gene in HepG2 cells (Table 1). Transcriptional activation of both
genes was either unaffected or enhanced (up to 3-fold) in the presence
of CHX, indicating that transcriptional regulation did not require
protein synthesis. The observed enhanced transcription rates in cells
treated with CHX and TCDD versus cells treated with TCDD alone
has been reported previously and is thought to be due to the removal
of partial inhibition by a labile repressor (2, 23).

Further support for the presence of a putative labile repressor came
from Northern blot analysis of mRNA levels measured 24 h after
treatment with TCDD in the presence or absence of CHX (Fig. 4). In
the presence of CHX, CYP1AI was detectable in both control and
treated HepG2 and ACHN cells (Fig. 4), as contrasted with the
HepG2-specific expression of CYP1A1 in the absence of CHX (com
pare Figs. 1 and 4). A similar pattern of less restrictive expression in

HeDG2 Aci:!@N@

the presence of CHX was also observed for CYP1B1, with the
appearance of an apparent TCDD-inducible CYP1B1 mRNA in
HepG2 cells (Fig. 4). Interestingly, this band displayed a unique
localization in the gel, suggesting that it represented either an alter
nately spliced CYP1B 1 rnRNA or transcripts initiated from a different
start site. A larger CYP1B1 transcript also has been detected in human

liver RNA (16).
Analysis of NRE Binding. A NRE has been characterized previ

ously for the CYPJAJ gene (7â€”9).Nuclear extracts from either HepG2
or ACHN cells were prepared 90 mm after treatment with TCDD and
analyzed for NRE-binding activity by DNA gel shift analysis using an
oligonucleotide NRE probe (Fig. 5). The nuclear extracts from each
cell line expressed factors that bound to the 32P-labeled NRE probe
and were displaced specifically by increasing the concentration of
unlabeled NRE probe (Fig. 5). The NRE-binding factors were de
tected in extracts from both control and TCDD-treated cells. The
presence of comparable amounts of NRE-binding factors in both
HepG2 and ACHN cells indicate that this regulatory element is not
involved in the observed HepG2-specific induction of CYP1A1.

Whereas two specific NRE-binding factors could be identified in
HepG2 cells, a third band was detectable in ACHN cells. Thus, an
additional protein is binding to the CYP1A1-NRE in ACHN cells as
compared with HepG2 cells. This protein, however, does not seem to
be responsible for the noninducibility of CYP1A1 in ACHN cells
because it was also identified in some cell lines carrying a TCDD
inducible CYPJAJ gene (24).@

Analysis of DRE Binding. An analogous series of experiments
were carried out to assess the presence of nuclear-binding factors for
two of the well-characterized CYP1A1 enhancer elements (designated
here as DREs) for the TCDD-activated AhR/ARNT transcription
factors complex. As shown in Fig. 6, DRE-binding activity is ob
served with nuclear extracts from either HepG2 or ACHN cells.
Although both DREs show the binding of a TCDD-inducible com
plex, one of the DRE probes (DRE 1056)in addition detects signifi
cant levels of constitutively expressed binding activity (Fig. 6B).

DRE-binding analysis was carried out in intact cells using ligation
mediated PCR of DNA isolated from cells treated with dimethyl
sulfate. As shown in Fig. 7, a footprint was detected with probes for
the two DREs examined with gel shift analysis (Fig. 6) in either
HepG2 or ACHN cells treated with TCDD for 90 mm. For both DRE
motifs examined, two guanines are protected and one is hypermethy
lated (Fig. 7, A and D) in the respective strand containing the DRE
core recognition motif in the orientation 5'-GCGTG-3'. This obser
vation for the human CYP1A1 DREs is consistent with the methyl
ation pattern reported for CYP1A1 DREs from mouse and rat (25, 26).
For the respective opposite strand containing the core motif in the

HepG2 ACHN

tocT tOCT
HepG2 ACHN

tOCT tOCT
kDa

75.2 â€”

55.3 â€”@ 1â€” 55 kDa
@ 4â€”52 kDa

36.5 â€”

123456 789101112

Fig. 2. Immunoblot analysis of P4501A1 and P45OIB1 expression in microsomes
isolated from HepG2 and ACHN cells. Cells were treated as described in the legend to
Fig. 1 with 10 nt@iTCDD (7) or 0.1% DMSO (C) or were left untreated (t0). Microsomal
proteins (20 gxgflane)were separated by SDS-PAGE, transferred to a membrane, incu
bated with anti-P45O1A1 or anti-P45OlBl antibodies, and visualized using enhanced
chemiluminescence as described in â€œMaterialsand Methods.â€• 5 5. Kress, unpublished results.
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DIFFEREN'IlAL REGULATION OF CYPJAI AND CYPJBI GENES

orientation 5'-CACGC-3', a protection of the single G could only be Taken together, the data from gel shift analysis of CYP1A1 DRE and

detected in DRE983 (Fig. 7B). However, for DRE 1056the guanine NRE binding and intact cell DRE footprinting indicate that repression
residue adjacent to the core motif was found to be hypermethylated of the TCDD-dependent induction of CYP1A1 occurs at a step sub
(Fig. 7C). Methylation protection was not observed in DRE regions of sequent to the binding of the TCDD-activated AhR/ARNT transcrip
DNA isolated from either cell line in the absence of TCDD treatment. lion factor complex and does not involve the well-characterized NRE.

DISCUSSION

In this study, we have characterized the cell-specific regulation of
two human cytochrome P450 enzymes involved in the metabolism of
polycyclic aromatic hydrocarbons and aromatic amines. CYP1A1 was
found to be induced by TCDD in HepG2 cells, whereas CYP1B1 was
induced in ACHN cells (Figs. 1 and 2). The structural genes for
CYPJAJ and CYPJBJ were present in both cell lines and did not show
any detectable difference in their restriction profiles. Furthermore,
both cell lines expressed a functional Ah receptor as judged by the
results of EMSA and intact cell DNA footprinting analysis that
targeted two well-characterized DRE enhancer elements (Figs. 6 and
7). The presence of CYP1A1 mRNA in control and TCDD-treated
ACHN cells in the presence of CHX (Fig. 4) and the enhanced
transcription of the CYPJAJ gene in HepG2 cells treated with both
CHX and TCDD (Fig. 3 and Table 1) suggest that labile protein(s)
may be involved in the repression of TCDD-induced transcription of
this gene.

Transcriptional repression of CYP1A1 could occur through a van
ety of mechanisms (25, 26) that include DNA methylation (27, 28),

NRE sites (7, 24), or potential repressor protein(s) that compete with
the activated AhRJARNT complex for binding to DREs (29). The
involvement of the CYP1A1 NRE sites for the cell lines examined in
this study is unlikely, since equivalent specific binding activity to
NRE probes was detected using nuclear extracts from either HepG2 or

Fig. 5. Specific binding of nuclear proteins
from HepG2 (A) and ACHN cells (B) to a nega
tive-regulating element from the human CYPJAJ
gene. Cells were treated for 90 mm with 10 flM
TCDD(7) or 0.1%DMSO(C),or wereleft un
treated(ta),andnuclearextractswereisolatedas
described in â€œMaterialsand Methods.â€•Protein
binding to the radiolabeled NRE probe was com
peted with no DNA (-), with an increasing molar
excess (50-, 100-, or 200-fold) of unlabeled NRE,
or witha 200-foldmolarexcessof a nonspecific
oligomer. The specific complexes are indicated
with arrows (1, II, and Ill). All incubations were
conductedusing 10 @&gof nuclearproteinand
approximately 0.05 ng of 32P-labeled NRE
(10,000 cpm). Lane P. NRE probe alone.

q@9

CT
CHX- -++++

CYPIAI

CYP1B1 , â€¢1@â€¢ al@

@-actin

Fig. 4. Northern blot analysis of CYPIA1 and CYP1B1 expression in the presence or
absenceof CHX.HepG2andACHNcellsweretreatedasdescribedin thelegendto Fig.
1 with 10 OMTCDD (7) or 0.1% DMSO (C) in the presence or absence of CHX (10

@ f3-Actin was used as a loading control. Note the higher molecular weight
(arrowhead) of the CYP1B1 mRNA in HepG2 cells after cotreatment with CHX.
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DIFFERENTIALREGULATIONOF CYPIA! AND CYPIBI GENES

ACHN cells treated with TCDD (Fig. 5). Small differences in DNA
methylation have been associated with differences in the level of
expression of certain murine cytochrome P450s (27) and methylation
of a conserved promoter regulatory element appears to account for the
sex-dependent expression of the Cyp2d-9 gene (28). To date, methy
lation has not been demonstrated to be an important mechanism
contributing to tissue-specific patterns of cytochrome P450 expression
and was not investigated in our study.

In human fibroblasts, the CYPJAI gene is noninducible, and a
factor that binds more stably to DREs than the activated Ah receptor
has been identified using EMSA analysis (29). This factor was shown
to be immunochemically distinct form the Ah receptor and was
postulated to be a repressor protein which competes with the activated
AhR/ARNT complex for binding to DREs (29). We cannot rule out

definitively a DRE repressor mechanism operating in ACHN cells.
However, the absence of a DNA footprint at the CYP1A1 DRE site in
control ACHN cells (Fig. 7) suggests that a DRE repressor does not
account for the absence of significant CYP1A1 transcriptional activity
observed under the conditions used in our study.

The indistinguishable in vivo footprinting pattern for DRE-contain
ing regions of the CYPIAJ gene in both HepG2 and ACHN cells
support the position that the suppressed induction of CYP1A1 tran
scription is occurring at the level of transactivation. In this regard,
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Fig. 7. Intact cell footprinting of DNA-protein interactions at DRE983 (A and B) and
DRE@ (C and D) for the human CYPIAJ gene. HepG2 and ACHN cells were treated
with 10 flM TCDD or solvent vehicle (0.1% DMSO) for 90 mm. The cells were then
treated with dimethyl sulfate and DNA was isolated and analyzed by ligation-mediated
PCR as described in â€œMaterialsand Methods.â€•Lanes CON, genomic DNA methylated in
vitro. Duplicate lanes represent analyses of DNA from independent experiments. Guanine
residues exhibiting decreased (open arrowhead) or increased (filled arrowhead) suscep
tibility to methylation are indicated. The orientation of the G ladder is 5' (top) to 3'
(bottom).

there is accumulating evidence that specific proteinâ€”proteininteractions
play an important role in modulating the transcriptional activity of nu
clear receptors. Factors inhibiting the transcriptional activity of these
receptors include heat shock proteins and a new class of corepressors for
netinoicacid and thyroid hormone receptors (30â€”32).Coactivators also
have been identified and some contain regions homologous to the PAS
domain shared by the AhR, ARNT, and other bHLH transcriptionfactors
(33, 34). Thus, coactivatons and corepressors can potentially interact
directly with the AhR/ARNT complexes bound to DREs to regulate

activation of the promoter for CYP1A1. In support of this proposal, an
inhibitory domain representing a potential binding site for cell-specific
repressors has been identified within the mouse Ah receptor (35).
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