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Abstract

Cytochrome P450 (CYP)1A2 is abundantly expressed in the liver of all vertebrate species. In most, its expression is restricted to the
liver. Sequence analysis of the human CYPIA2 5'-flanking region from +3 to —3201 identified six E-box motifs within the 3-
methylcholanthrene (MC) enhancer element (—1987 to —3201). The E-box motif is recognized by members of the basic helix-loop-helix
(bHLH) family of transcription factors. Gel mobility shift and antibody supershift assays were used to examine each of the six upstream E-
box motifs for their ability to bind nuclear proteins and to compete with the ubiquitously expressed bHLH protein, upstream stimulatory
factor (USF), for binding. We found that USF-1 and USF-2 proteins bind to the upstream E-box motifs EB2, EB3, and EB4. Transient
transfection assays in HepG2 cells were performed with different segments of the human CYP1A2 5'-flanking region linked to a luciferase
reporter gene. Site-directed mutagenesis of one of the E-box motifs, EB2, resulted in a 60% reduction in basal reporter gene activity.
Mutations in EB3 and EB4 had no effect. We found that transfection of expression vectors containing USF-1 or USF-2 cDNAs activated
CYPIA?2 reporter gene activity, while a dominant-negative USF-2 expression vector blocked such activity. Chromatin immunoprecipita-
tion assays confirmed that the interaction of USF proteins with the CYPIA2 EB2 site occurs in vivo. These data support the role of USF as a

constitutive transcriptional activator of human CYPIA2.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs), found in
cigarette smoke and other products of combustion, as well
as arylamines, such as heterocyclic amines found in char-
broiled meat, undergo metabolic activation by CYP1A
enzymes (CYP1A1 and CYP1A2) to produce highly reac-
tive intermediates that possess mutagenic and carcinogenic
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activities (reviewed in Ref. [1]). The toxicity of environ-
mental chemicals at a specific organ is believed to be
dependent upon the relative levels of CYP enzymes present
in any given tissue at any given time. For example,
exposure to PAHs can result in the induction of CYP1A
enzyme expression in liver and in extrahepatic tissues,
increasing the potential of these enzymes to activate or
detoxify chemicals, or metabolize endogenous steroids.
In addition to the metabolism of these procarcinogens,
hepatic CYP1A?2 also plays a major role in the disposition
of numerous drugs including caffeine, acetaminophen,
tacrine, theophylline, imipramine, clozapine, and olanzapine
[2-4].

CYPI1A2 is expressed in a cell-specific manner, but is
both highly and variably expressed in human liver [2,5].
Yet, there is a paucity of data concerning the molecular
mechanisms by which the CYPIA2 gene is transcription-
ally regulated. By necessity, the basal expression of hepatic
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CYPIA2 must be under strict control by cell-specific
factors. For example, HNF-1, a liver-enriched transcription
factor, has been shown to play a role in the regulation
of the expression of CYPIA2 [6]. Nonetheless, CYP1A2
has been detected recently in non-hepatic tissues, such as
the human lung [7] and the olfactory mucosa of rodents
[8]. The nuclear factor NF-1 has been identified as a
factor contributing to the expression of CYPIA2 in rat
olfactory tissue [8]. The importance of identifying factors
that play a primary role in the constitutive and/or cell-type
specific expression of CYPIA2 is underscored by the
essential role this CYP enzyme plays in disposing of
numerous environmental, pharmacologic, and dietary
entities.

We previously characterized several transcription factor
binding sites involved in the inducible expression of the
human CYPIA2 gene [9,10]. We have now extended our
studies to focus on additional factors responsible for the
constitutive expression of CYPIA2. Recently, we have
identified several putative binding sites for the bHLH
proteins within the MC enhancer element of the human
CYPIA2 gene. The E-box motif (consensus, CANNTG,
where central dinucleotides are usually GC or CG) is
recognized by members of the bHLH family of transcrip-
tion factors (hHLH, bHLHZIP, bHLH-PAS). Some bHLH
and bHLHZIP proteins can form both homo- and hetero-
dimers, while others bind exclusively as either homodi-
mers or heterodimers (reviewed in Ref. [11]). Members
of this large family of transcription factors have been
classified into several catagories depending upon the
DNA sequence of the central two nucleotides. E-box
motifs have been found in the promoters and enhancers
of numerous genes encoding for proteins that participate
in the control of cellular proliferation or differentiation
(reviewed in Ref. [12]). Examples of E-box binding
proteins are EsA, E2-2, HEB, MyoD, Myc, USF, and
ARNT. AhR and ARNT are bHLH-PAS transcription
factors that mediate the inducible expression of CYPIA
genes. Although the AhR/ARNT heterodimer does not
interact with the consensus E-box motif, the ARNT
homodimer does interact with certain E-box sequences
[13]. Indeed, Takahashi ef al. [14] found that the sequence
of the rabbit XRE overlaps with that of a USF binding
site and that USF competes with the AhR/ARNT complex
for binding to this element. Some bHLH proteins are
expressed in a cell-specific fashion, e.g. MyoD, a regulator
of muscle-specific gene expression [15], while others, for
example the bHLHZIP protein, USF, are ubiquitously
expressed and probably play a role in the transcription
of numerous genes [12].

In this report, we examined the binding of bHLH
proteins to the E-box motifs found in the MC enhancer
region of the CYPIA2 gene. We also tested these sites
for functional importance in the context of full promoter
sequences containing other regulatory elements, including
HNF-1, AP-1, and NF-1 sites, and by in vivo ChIP assays.

2. Materials and methods
2.1. Reagents

FBS was from HyClone. DMEM, penicillin/streptomycin,
and trypsin/EDTA were from Life Technologies, GIBCO-
BRL. All other tissue culture reagents were of the highest
grade commercially available from the Sigma Chemical Co.
Poly[d(I-C)] was from Pharmacia. [y->>P]ATP was from
Pharmacia LKB Biotechnology. For ChIP assays we
employed protein G-coupled agarose beads (Pierce). Anti-
bodies to USF-1 (sc-229X) and USF-2 (sc-862X) were from
Santa Cruz Biotechnology. A goat anti-mouse IgG (H&L)
antibody (Pierce) functioned as a negative control. Agarose
for size fractionation of the chromatin input and immuno-
precipitated DNA was Sea Plaque GTG (FMC Corp.,
equivalent to the present Sigma Cat. No. #A4018). The
protease inhibitors used were aprotinin (CalBiochem), and
pepstatin, leupeptin, and phenylmethylsulfonyl fluoride
(Sigma). Proteinase K and glycine were also obtained from
Sigma. We used the Qiagen QIAEX II kit for DNA desalt-
ing and concentration and for gel solubilization and DNA
concentration. All other reagents and buffer components
were of analytical reagent grade. For PCR, we employed
Life Technologies (Invitrogen) 7Tag DNA polymerase,
either native or recombinant.

2.2. Cell culture, isolation of nuclear proteins,
and EMSA

HepG2 cells were grown as monolayers in DMEM
supplemented with 10% FBS, 1 mM sodium pyruvate,
100 IU/mL of penicillin and 0.1 mg/mL of streptomycin
(growth medium), and were maintained at 37° under a
humidified atmosphere containing 5% CO,. For the iso-
lation of nuclear extracts, cells were seeded onto 150 mm
plastic culture dishes at a density of 2.5 x 10 Isolation of
nuclear extracts and EMSA were performed as described
previously [9]. Cells were cultured to 75-90% confluence
prior to isolation of nuclear proteins. Complementary pairs
of synthetic oligonucleotides (Qiagen Operon) containing
the sequences of each CYP1A2 E-box motif were synthe-
sized, purified, annealed, and radiolabeled with [y-3>P]ATP.
The double-strand (ds)-oligomers containing the consensus
USF binding site or the mutated binding site were pur-
chased from Santa Cruz Biotechnology. The sequences of
the oligomers (upper strand) used for EMSA studies are
shown in Table 1.

EMSA was performed by incubating radiolabeled ds-
oligomers at room temperature for 15 min with 5 pg of
crude nuclear extracts (obtained from untreated HepG2
cells) in a binding reaction containing 2 pg poly[d(I-C)],
10 mM Tris—HCI, pH 7.5, 75 mM NaCl, 1 mM EDTA,
1 mM dithiothreitol, and 7% glycerol. Supershift assays
were performed similarly, except that 1 pg of each anti-
body (anti-USF-1 or anti-USF-2; Santa Cruz) was added
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Table 1

Sequences of oligonucleotides used for EMSA (upper strand) or site-directed mutagenesis (forward primers)

EMSA probes

USE-1" 5'-CACCCGGT CACGTG GCCTACACC-3'
mUSE-1" 5'-CACCCGGT CAATTG GCCTACACC-3

EB1 5'-CTTTTTCATGAGT CATCTG AACCCAAT-3'
EB2 5'-CTAAATGT CATCTG ATATCCAAT-3'

EB3 5'-ACCTTAGC CAGGTG ATCAAGGTC-3
EB4 5'-CCGGTTGC CAGCTG ACATATGCA-3’

EBS 5'-GTGCTAGAATTA CAGGTG TGAGT-3'

EB6 5'-TGGAATTA CAGGTG TGCACCATC-3’

Site-directed mutagenesis primers
EB2 mutant
EB3 mutant
EB4 mutant
HNF-1 mutant

5'-GAGACGTGATGACTAAATGT CAATTG ATATCCAATGGGTCTGG-3'
5'-CGCACTACCTTAGC CAATTG ATCAAGGTCAACATCC-3
5'-GTGAGTCACCGGTCC CAATTG ACATATGCACTTTTC-3'
5'-GTAAACCATGAACTTTA TTCGGCT GGAGAGACAGAC-3

Sequences of the 6-bp E-box motif and HNF-1 half site are shown in bold.

* Consensus and mutant USF oligonucleotides were purchased from Santa Cruz Biotechnlogy.

after the initial 15-min incubation. The antibodies were
allowed to react for an additional hour at 4°.

2.3. Plasmids and site-directed mutagenesis

The human CYPIA2 5'-flanking sequence from +3 to
—3201 was amplified from a previous plasmid, plA2N
[16], by PCR and cloned into the pGL3 basic plasmid
(Promega). This plasmid, p3.2CYP1A2, served as the
template for site-directed mutagenesis, which was
employed to change the minimal consensus sequences
for the putative E-box sites and HNF-1 half-site (Quik-
Change site-directed mutagenesisis kit; Stratagene). The
E-box conversions consisted of an AT substitution in the
central nucleotides of the 6 bp E-box motif. Several
nucleotide substitutions were generated by site-directed
mutagenesis in the HNF-1 half-site, as follows: wt HNF-1:
GTTAAT; mutated HNF-1: TTCGGC. Results were con-
firmed in transfection experiments with two to three inde-
pendent plasmids, each containing the sequence-confirmed
mutation. Approximately 600 bases encompassing each
site were sequenced to confirm the substitutions and to
determine that no other mutations occurred. Sequences of
oligonucleotides used for site-directed mutagenesis are
given in Table 1.

The minimal CYPIA2 promoter construct, produced by
PCR amplification of the CYPIA2 promoter sequences
from +3 to —176, was subsequently cloned into the
pGL3-basic plasmid (Promega). The CYPIA2 region
from —2259 to —1970, containing either the intact E-box
or mutated E-box, was then inserted upstream of this
minimal promoter, and the resulting plasmid referred to
as p0.3mpCYP1A2. The plasmid p0.3tkCYP1A2 contains
the same sequences cloned into the luciferase reporter
plasmid, pT81, as previously described [10].

USF expression vectors (psvUSF-1 and psvUSF-2) and
the USF-2 dominant negative plasmid (psvUSF-2AB) were
obtained from Dr. Michele Sawadogo (M.D. Anderson
Cancer Center). The psvUSF-2AB plasmid functions as

a dominant negative because it lacks the basic region
required for DNA binding [17].

2.4. Transient transfection and luciferase assays

HepG?2 cells were seeded at 2.75 x 10°/mL per well in
6-well plates in growth medium with 10% serum. Cells
were grown for 24 hr at 37°, and transfected the next day
with test plasmids using Lipofectamine (GIBCO-BRL)
according to the instructions of the manufacturer. Lucifer-
ase activities were determined ~65 hr after transfection.
Cells were washed twice with PBS before lysis, and then the
lysates were harvested and assayed for luciferase activity
using the Promega Luciferase Assay System as specified by
the manufacturer. Light output was measured for 10 sec
at 25° using a Lumat LB9501 luminometer (Berthold
Systems Inc.). Test plasmids were cotransfected with the
CMV vector (CLONTECH Laboratories, Inc.), which
expresses B-galactosidase from the human cytomegalovirus
immediate early gene promoter and was used for normal-
ization of transfection efficiency. Lysates were assayed for
B-galactosidase using the Promega B-Galactosidase Assay
Kit according to the instructions of the manufacturer.

2.5. ChIP assays

ChIP assays were performed following the protocols of
Nissen and Yamamoto [18] and, more extensively, Lambert
and Nordeen [19] with modifications. HepG2 cells, grown
to ~95% confluency, were cross-linked by the addition of
formaldehyde (final concentration 1%) to the medium for
10 min. The cross-linking reaction was stopped by the
addition of glycine to a final concentration of 0.12 M.
Crude nuclei prepared by hypotonic lysis were resus-
pended in SDS lysis buffer (1% SDS, 10 mM EDTA,
50 mM Tris—HCI, pH 8.0), and sonicated under conditions
that reduced the DNA length to less than 2000 bp; cellular
debris was removed by centrifugation. The resulting chro-
matin solution was then diluted with an immunoprecipitation
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buffer appropriate for the protein G to be used [50 mM
sodium acetate, pH 5.2, 500 mM NaCl, 0.1% SDS, 1%
Nonidet P-40, 0.02% sodium azide (Pierce)], incubated
with anti-human USF-1 or USF-2 antibody or non-specific
anti-mouse IgG overnight at 4°, and immune complexes
were collected with preadsorbed (pre-blocked) protein G
agarose beads. Following a series of washes and elution of
DNA-protein complexes from the beads, cross-links were
reversed by heating the samples at 65° overnight followed
by proteinase K digestion for 1 hr at 45°. DNA was desalted
and concentrated using the Qiagen QIAEX II silica gel kit.
Due to the proximity of upstream E-box sites to the E-box 2
site, the focus of interest for this study, immunoprecipitated
and uncross-linked DNA was size fractionated on 1.5% Sea
Plaque GTG agarose gels [20], and gel cubes correspond-
ing to the range 200 to 500 bp, delineated by a 1 kb DNA
ladder, were excised from the appropriate lanes using razor
blades. DNA was eluted from the gel using the QIAEX II
gel solubilization and extraction kit according to the pro-
tocol of the manufacturer. The concentrated eluate was
then used in the PCR. PCRs contained specific primers for
the CYPIA2 enhancer region containing the E-box 2 site.
Primer locations encompassed —2292 to —2013 relative to
the transcription start site and were designated 1A2-7, 5'-
CTCCTGAAAATTGTCAAGGTC-3' (—2292 to —2272),
and 1A2-4, 5-TGAGTCATCTGAACCCAAT-3' (—2031
to —2013). PCR conditions were preliminary denaturation,
3 min, 95° followed by 36 cycles of 95°, 30 sec, annealing
55°, 1 min, extension 72°, 2 min. As a positive control,
2-3 pg of input DNA was run on the GTG agarose and
excised in a manner similar to the immuno samples. Gel
cubes excised from blank lanes constituted negative con-
trols and were processed alongside the DNA agarose
cubes. A further negative control was provided by the
non-specific antibody to mouse IgG. For PCR reactions, 2,
5, and 10 pL of the eluates (in 10 mM Tris—HCI, pH 8.5)
from the solubilized gel concentrates were run as
described. An additional positive control in the PCR runs
was 5 ng of the input DNA that had not been run on a gel.

2.6. Statistical analyses

Statistical differences between values were determined
by a one-way ANOVA, followed by either the Dunnett or
Tukey—Kramer multiple comparisons post test. Statistics
were performed using InStat Instant Statistics (GraphPad
Software).

3. Results

3.1. Identification of putative binding sites for E-box
binding proteins within the CYPIA2 enhancer

We previously identified a region of the CYPI/A2 MC
enhancer that when deleted resulted in an ~6-fold decrease

in basal reporter gene activity [10]. Sequence analysis
identified an AP-1 site and a putative E-box site within
the deleted region. Since nuclear proteins from untreated
cells did not interact with the AP-1 site, we believe that the
observed loss of basal reporter activity was the result of
deletion of the putative E-box site. Therefore, we scanned
the CYPIA2 5'-flanking sequence from +3 to —3201 for
additional E-box motifs and found six within the pre-
viously described upstream enhancer region (—1987 to
—3201) [9]. This region contains a weak binding site for
the AhR [9], a single binding site for HNF-1 [6], and two
AP-1 sites [10], all of which have been shown to confer
transcriptional activation on CYPIA2 reporter gene plas-
mids. The location of the E-box motifs in the CYPIA2
upstream enhancer in relationship to binding sites for
the AhR (XRE), HNF-1, and AP-1 proteins is shown in
Fig. 1. Also shown is a comparison of the CYPIA2 E-box
motifs to the binding site for the ARNT homodimer, USF
homo- or heterodimers, and the Myc—Max heterodimer. An
additional five putative binding sites were also identified
in the promoter region (43 to ~—900), but have yet to be
analyzed.

3.2. Binding of USF proteins to specific CYPIA2
E-box motifs

We next used EMSA to examine each of the six
upstream E-box motifs (EB1-6) for their ability to bind
nuclear proteins using extracts from untreated HepG2
cells. We first tested whether oligomers containing each
site could compete with USF for binding to a consensus
USF binding site (Fig. 2A). When nuclear proteins were
incubated with a *?P-labeled ds-oligomer that contained
a consensus USF sequence, a retarded complex was
observed after electrophoresis on a nondenaturing poly-
acrylamide gel. We found that EB2 and EB3 oligomers
strongly competed for binding as indicated by a reduction
of nuclear protein bound to the radiolabeled USF oligomer.
The EBS5, EB6, and EB1 (not shown) oligomers were
unable to compete, while EB4 competed weakly for
binding. Specificity of the DNA—protein complexes was
demonstrated by preincubating nuclear extracts with 100-
fold molar excess of either unlabeled USF or mutated USF
oligomers. These data suggest that the EB2, EB3, and
possibly EB4 motifs bind proteins related to USE. To
determine if these E-box motifs can bind nuclear protein,
we labeled each of the oligomers and examined binding
patterns by EMSA (Fig. 2B). We observed the binding of
nuclear proteins to all three oligomers. However, when the
EB2 oligomer was used as a probe, we observed a more
prominent DNA—protein complex relative to complexes
formed at EB3 and 4 (also, Fig. 3). The DNA—protein
complexes formed at these sites were abolished completely
by inclusion of as little as 25-fold molar excess unlabeled
USF oligomer in the reaction. Additional evidence that
proteins bound to CYP1A2 E-box motifs are related to each



G.V. Pickwell et al./Biochemical Pharmacology 65 (2003) 1087—1096 1091

A »
& o q@s\,g,vg
-3201 %—I L. -1987
& DR
EB1 gt CATCTG g a
EB2 gt CATGTG a t
EB3 gc CAGGTG a t
EB4 c ¢ CAGCTG a c
EBS t a CAGGTG t g
EB6 t a CAGGTG ¢t g
Consensus Binding Site
ARNT a/g t CACGTG a c/t
USF gt CACGTG g c
Myc-Max at CACGTG g g

Fig. 1. Location of E-box motifs in the human CYPIA2 5'-flanking gene. Six putative binding sites for E-box binding proteins are shown in relationship to
binding sites for the AhR (XRE) and AP-1 proteins (us-AP-1, 5’AP-1, 3’AP-1). Also shown is a comparison of the CYPIA2 E-box motifs to the binding sites
for the bHLH proteins, ARNT homodimer, USF-1 and USF-2 heterodimers, and Myc—Max heterodimers. Upper case letters denoting nucleotides represent
the consensus binding sites, while lower case letters represent the flanking sequences shown to be important for specific, high-affinity binding [13].
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Fig. 2. Nuclear protein binding to the putative CYP/A2 E-box motifs. The 5'-end-labeled ds-oligomers corresponding to the USF response element consensus
sequence or E-box motifs were incubated with nuclear extracts of untreated HepG2 cells and DNA—protein complexes analyzed by EMSA as described under
Section 2. Free probe is not shown. (A) Competition by CYP1A2 E-box motifs for USF binding. The arrow indicates the position of the specific, major DNA—
protein complex. (B) Binding of nuclear proteins to EB2, EB3, and EB4. A 100-fold molar excess of a non-specific oligomer containing the NFxB binding
site (ns) was included to demonstrate specificity. (C) Competition among CYPIA2 E-boxes. Competitors are at a 100-fold molar excess (A, C) or 25-, 50-,
and 100-fold (B) and were incubated with nuclear extract prior to the addition of radiolabeled probe.
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Fig. 3. Supershift assays using epitope specific antibodies to either USF-1
or USF-2. Nuclear extracts of untreated HepG2 cells were incubated with
antibodies against USF-1 or USF-2. Antibodies were added after the
incubation of nuclear extracts with radiolabeled probe as described under
Section 2. The upper arrow and the lower arrow indicate the positions of
the supershifted band and the specific DNA—protein complex, respectively.

other was obtained by competing each oligomer against
each other (Fig. 2C). Results of these experiments indi-
cated that proteins bound to EB2 and EB3 are highly
similar to each other and related to USF. Although the
USF oligomer could efficiently compete with labeled EB4
oligomer (Fig. 2B), the EB4 oligomer was less effective
in competing with EB2 and EB3 for binding proteins
(Fig. 2C), suggesting that the proteins bound to EB4 might
be different from those bound to EB2 and EB3.

We next employed supershift analysis to obtain addi-
tional evidence that USF proteins interact at the CYPIA2
E-box motifs. We tested for the presence of both USF-1
and USF-2 in complexes formed at EB1, EB2, EB3, and
EB4 by using antibodies specific for epitopes on USF-1
and USF-2 in EMSA (Fig. 3). We found that the addition of
USF-1 or USF-2 antibodies to the binding reactions
retarded the mobility of the major DNA—protein complexes
formed at EB2, EB3, and EB4, but not EB1. These results
demonstrate that both USF-1 and USF-2 interact most
likely as a heterodimer with CYPIA2 E-box motifs.

3.3. Functional analysis of CYPIA2 E-box motifs

To examine the potential role of EB2, EB3, and EB4 in
the basal expression of CYPIA2, we employed transient
transfection assays of reporter gene constructs containing
native E-box (EB) or mutated (mEB) sites. These muta-
tions were generated by site-directed mutagenesis of the
luciferase reporter plasmid, p3.2CYP1A2, which contains
the CYPIA2 promoter and 5'-flanking sequence from +3 to
—3201. We found that mutations in EB2 had a profound
effect on basal reporter gene activity, resulting in a 60%
lower level of activity than found in wild-type (Fig. 4).
Mutations disrupting EB3 and EB4 had no significant
effect on reporter activity when compared with wild-type.
p3.2CYP1A2 also contains an HNF-1 half-site (—2119),

EB4 —

EB3 —
EB2 — %

wild-typ —
pGL3 S ;
0 10 20 30 40
RLU/mU B—galactosidase
(x 1073)

Fig. 4. Analysis of site-directed mutants of E-box motifs. The mutations
were generated by site-directed mutagenesis of the luciferase reporter
plasmid p3.2CYP1A2, which contains the CYPIA2 promoter and 5'-flanking
sequence from +3 to —3201. HepG2 cells were transiently transfected with
p3.2CYP1A2 containing either the intact E-box or the mutated sites. All
cultures were cotransfected with the CMV vector to normalize transfection
efficiency. Values correspond to relative light units (RLU) per milliunit of -
galactosidase activity. Data points represent the mean 4+ SD of three
independent experiments each with 6 replicate wells. The asterisk indicates
statistical significance from wild-type control values (P < 0.01).

which has been shown to mediate HNF-1-dependent tran-
scription of a reporter plasmid in the human breast carci-
noma cell line MCF-7 [6]. To test whether HNF-1 was
important for basal promoter activity in the context of the
full flank (+3 to —3201), we used site-directed mutagen-
esis to destroy this site. Comparison of reporter gene
activities between mutated HNF-1 and the wild-type plas-
mid indicated that HNF-1 plays a minor role in transacti-
vation of CYPIA2, since mutating this site diminished
basal reporter gene activity by ~10% when compared with
wild-type control plasmid (data not shown).

Given the impact that EB2 had on basal reporter gene
activity, we examined this site in greater detail. To test the
mutated EB2 motif in the context of different promoters, a
segment of the 5'-flanking region containing EB2 or
mutated EB2 (mEB2) (—2259 to —1970) was isolated
from p3.2CYP1A2 and subcloned into two different repor-
ter plasmids (Fig. 5). These are as follows: a minimal
CYPIA2 promoter (p0.3mpCYP1A2) (+3 to —175) and a
thymidine kinase promoter (p0.3tkCYP1A2). The results
of these experiments indicated that disruption of EB2 in the
context of different promoters produced the same results,
i.e. an approximately 60% inhibition of basal gene activity
(Fig. 5). These data are in agreement with the EB2 muta-
tion generated within the full-flanking region from +3 to
—3201 (Figs. 4 and 5).

3.4. Transactivation of the CYPIA2 promoter
by USF-1 and USF-2

To further provide evidence for the role of USF in
CYPIA2 expression, we cotransfected HepG2 cells with
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Fig. 5. Functional analysis of EB2 in the context of different promoters. HepG2 cells were transiently transfected with various CYPIA2 reporter gene
constructs containing the intact E-box site (EB2, solid bar) or mutated EB2 (mEB2, striped bar). Mutations were generated using site-directed mutagenesis of
wild-type plasmids. The CMV vector was cotransfected as an internal control. Values represent relative light units (RLU) per unit of B-galactosidase
activity. Luciferase activity is expressed as a percentage of each wild-type plasmid (% of control). Data points represent the mean + SD of three independent
experiments each with 6 replicate wells.

the reporter plasmid, p0.3mpCYP1A2, and increasing
amounts of USF-1 or USF-2 expression vectors or control
empty vector. We found that overexpression of USF-1
resulted in a concentration-dependent increase in reporter
gene activity with an approximately 3-fold induction at
the highest DNA concentration used (500 ng) (Fig. 6A).
Overexpression of USF-2 at the highest concentration
used (500 ng) resulted in only 1.5- to 2-fold induction

4- *
g
g
3]
=
=
R=
=
©
=

0 25 50 100 250 500

(A) USF-1 expression vector (ng)

of reporter activity. The small increases observed most
likely are due to the relatively high level of endogenous
USF binding activity in these cells (Fig. 3). Increasing
amounts of expression vector (>500ng) resulted in
decreases in reporter gene activity (data not shown) pos-
sibly through squelching effects on transcription, which
can occur through sequestration of general transcription
factors at promoters [21]. However, transfection of 1 g

% of Control

0 0.5 1
(B) USF2°B ( ug)

Fig. 6. Expression of exogenous USF-1 or a dominant negative USF-2 mutant in HepG2 cells. (A) Overexpression of USF-1. HepG2 cells were cotransfected
with p0.3mpCYPIA2 (1 pg), CMVBgal (0.5 pg), and various concentrations of the expression plasmid, psvUSF-1, or the empty expression vector, pPCMV5
(25-500 ng each). The total amount of DNA was kept constant using the empty vector. Results are expressed as the mean of the fold increase above control
(i.e. cells receiving no psvUSF-1 expression vector). (B) Effect of a dominant negative USF-2. HepG2 cells were transfected with p0.3mpCYP1A2 in the
absence or presence of psvUSF-2AB or empty vector. Luciferase activity is expressed as a percentage of p0.3mpCYP1A2 in the absence of psvUSF-2AB (%
of control). Values in both panels represent the mean & SD of three independent experiments each with 6 replicate wells. An asterisk(s) indicates statistical
significance from wild-type control values (P < 0.05, **P < 0.01, **P < 0.001).
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Fig. 7. In vivo occupancy of CYPIA2 EB2 by USF-1 and USF-2. (A)
Schematic of the annealing position of PCR primers used to specifically
amplify the endogenous CYPIA2 enhancer containing EB2 (product size
280 bp). (B) Ethidium bromide-stained agarose gel. ChIP assays were
performed as described under Section 2. HepG2 cells were exposed to 1%
formaldehyde for 10 min. DNA—protein complexes were sonicated, and
soluble chromatin was immunoprecipitated by the addition of anti-USF-1
or -USF-2 antibodies or anti-mouse IgG (nonspecific). The purified DNA
in the immunoprecipitates was analyzed by PCR using primers encom-
passing EB2. Aliquots of the chromatin were also analyzed before
immunoprecipitation (INPUT). The ChIP assay was performed from two
independent cross-linking experiments. Bands from a representative gel
are shown.

psvUSF-2AB, a dominant negative mutant USF-2 expres-
sion vector that lacks the basic region required for DNA
binding, resulted in an approximately 50% inhibition of
reporter gene activity (Fig. 6B). These data provide evi-
dence for the role of USF in the transactivation of CYPIA2
since psvUSF-2AB is able to form dimers with either USF-
1 or USF-2 and sequester endogenous USF.

3.5. ChlP

The in vitro binding data and site-directed mutagenesis
studies strongly suggest that EB2 may control, in large
part, the basal expression of human CYPJ/A2. Accordingly,
we performed ChIP assays in HepG2 cells for direct
confirmation that binding to this site occurs in vivo. We
found that addition of anti-USF-1 or -USF-2 to cross-
linked protein—-DNA complexes resulted in the immuno-
precipitation of the region of the CYP/A2 promoter encom-
passing EB2 (Fig. 7). The CYP1A2 PCR product was
not immunoprecipitated when a non-specific antibody
(anti-mouse IgG) was used in identical experiments. The
gel excision procedure cannot exclude other small DNA
fragments of approximately 300 bp that might contain
E-box sites in the immunoprecipitates, for example EB3.
However, our use of PCR primers specific for the CYPIA2
EB2 location indicates that in vivo USF proteins are bound
to the EB2 motif.

4. Discussion

In our attempt to understand the regulation of CYP1A2
expression in the human liver, we have begun to analyze

transcription factor binding sites within the 5'-flanking
sequence for factors regulating basal expression. In gen-
eral, the detailed molecular mechanisms underlying the
basal and induced expression of CYP1A2 are poorly
understood. CYP1A2 is expressed at high levels in the
liver. However, humans show greater than 60-fold inter-
individual differences in basal levels of hepatic CYP1A2
[22]. Studies of CYPIA2 transcriptional regulation should
contribute to an understanding of this variability. In the
present study, we found that the CYPIA2 enhancer contains
several E-box motifs that are bound by the widely
expressed USF. USF proteins, consisting of USF-1 and
USF-2, are bHLHZIP proteins that function to transactivate
numerous genes (reviewed in Ref. [11]). We demonstrated
that the CYPIA2 enhancer E-box motifs bind complexes
that are recognized by epitope specific antibodies to either
USF-1 or USF-2, suggesting that the complex consists of a
heterodimer of these two proteins. This is consistent with
the known properties of USF in which binding activity in
most tissues and cell lines is due primarily to the hetero-
dimer [23,24].

Sequence analysis of the 3201 bp of the 5'-flanking
human CYPIA2 gene identified six E-box motifs within
the enhancer, three of which were shown to bind USF-1/2.
One of these sites, EB2, was shown to be critical for basal
expression because we demonstrated significant reduction
in activity upon mutating this site even in the context of
the cellular promoter and 5'-flanking sequence contain-
ing other potentially important transcription factors (e.g.
HNF-1, AP-1, and NF-1) (Fig. 4). Mutations of a func-
tional HNF-1 binding half-site within the promoter con-
taining an intact EB2 resulted in only a minor reduction in
reporter gene activity. These results are surprising because
HNF-1 is enriched in hepatocytes and hepatoma cells and
contributes to the transcriptional activation of numerous
liver-specific genes [25]. Moreover, overexpression of
HNF-1 has been shown to transactivate a CYP1A2 reporter
plasmid through this site in the breast carcinoma cell line
MCEF-7 [6]. This discrepancy in findings could result from
the fact that overexpression in MCF-7 can drive reporter
gene activity since HNF-1 is in limited amounts, but
deletion of the site in the context of an intact EB2 would
have a minor effect in HepG2 cells where HNF-1 is
relatively abundant [26]. Thus, it is feasible that both
USF and HNF-1 contribute to the variable hepatic expres-
sion of CYP1A2, depending upon their relative concentra-
tions within hepatocytes. Alternatively, hepatoma cell lines
such as HepG2 could have altered expression of USF
leading to its primary role over HNF-1 observed in our
transfection experiments. This seems unlikely since Taka-
hashi et al. [27] demonstrated that USF binding activity is
significantly greater in rat and rabbit liver nuclear extracts
than in extracts from HepG2 cells. Thus, our finding that
mutating the EB2 site had a more pronounced effect on
promoter activity than mutating the HNF-1 binding site
cannot be explained by increased levels of USF in HepG2



G.V. Pickwell et al./Biochemical Pharmacology 65 (2003) 1087-1096 1095

cells. Nonetheless, additional studies in vivo or in cultured
hepatocytes are required to determine if our findings are
restricted to hepatoma cells. Additional putative binding
sites for HNF-1 and HNF-3 have been identified recently
within 4 kb of the CYPIA2 transcriptional start site [28].
Although results from our studies do not exclude the
possibility that these additional distal regulatory elements
may be required for high level, tissue-specific expression
of CYPIA2 in vivo, they do suggest that regulatory ele-
ments required for constitutive expression are contained
within the first 3 kb.

Additional evidence for the role of USF in the expres-
sion of CYPIA2 was obtained by transactivation experi-
ments of USF expression vectors and the use of a dominant
negative mutant of USF-2. Although overexpression of the
dominant negative plasmid psvUSF-2AB in our transfec-
tion experiments did not completely repress transcription,
the partial inhibition observed, i.e. approximately 50%, is
consistent with reports on the effect of this plasmid on
other E-box dependent promoters, and appears to be due to
psvUSF-2AB being a relatively weak dominant negative
plasmid [23]. These transfection studies were complemen-
ted by our ChIP assays demonstrating the in vivo occu-
pancy of the CYPIA2 EB2 by USF-1 and USF-2. Taken
together, these studies demonstrate that EB2 bound USF
functions as a potent activator of CYPIA2 expression.
While our data clearly indicate that USF proteins interact
with CYP1A2 E-box sequences, it is certainly possible that
other E-box binding proteins can bind these sequences in
vivo. Indeed, we found in EMSA experiments using the
EB2 oligomer as a probe that inclusion of the USF
oligomer that competes for the major DNA—protein com-
plex resulted in the appearance of two minor complexes
(see Fig. 2C, lane 2), suggesting competition for this site by
different E-box binding proteins. Nucleotides flanking the
consensus E-box motif are important for specific, high-
affinity binding. Furthermore, the sequences flanking EB2
are identical to the E-box site recognized by the ARNT
homodimer (Fig. 1), yet ARNT does not interact with this
E-box motif (data not shown and [13]). Yeast one-hybrid
screening should help identify USF and other bHLH
proteins that interact with the CYPIA2 E-box sites.

Our findings that the ubiquitously expressed USF pro-
teins appear to play a critical role in the constitutive
expression of CYPIA2 in hepatoma cells are supported
by the recent studies of Bengtsson et al. [29]. These
investigators reported that a single E-box located in the
promoter region of the human carboxyl ester lipase gene is
important for basal transcription, and point mutations in
the E-box almost completely abolish that transcriptional
activity. Our findings may be further explained by studies
demonstrating the interactions of USF proteins with cell-
specific activators resulting in cell-specific gene expression
[30]. USF proteins, although widely expressed, are able to
confer cell-type specific expression on numerous genes
through such interactions with coactivators (e.g. [30-32]).

One could also envision a mechanism by which USF
interacts with cell-specific repressors in non-hepatic cells,
conferring another level of regulation on the expression
of hepatocyte specific genes. The restricted pattern of
CYP1A2 expression becomes more important when one
considers that the route of carcinogen exposure determines
how these agents are detoxified or activated. Hepatic
CYP1A2 catalyzes the metabolism of numerous carcino-
gens. CYP1A2 is preferentially expressed in the liver and
in the olfactory mucosa of rodents [8], and in humans has
been considered to be exclusively expressed in the liver.
However, a recent report indicated that CYP1A2 may be
expressed in human lung [7]. Thus, the question of how
CYPIA2 is regulated in a cell-type specific manner may
well be more complicated than previously thought.

Our studies suggest that USF proteins function as potent
activators of human CYPJ/A2 gene expression in the hepa-
toma cell line HepG2. However, their role in hepatocyte-
specific control of CYPIA2 expression has yet to be
established. If the findings are also true in vivo, then they
would suggest the possibility that the restricted expression
of CYPIA2 in hepatic and possibly other tissues (e.g.
olfactory mucosa and lung) may involve cell-type specific
coactivators and/or corepressors of USF. Studies to identify
and characterize these factors should help establish the
involvement of USF in the cell-type specific expression of
CYPIA2. Our findings that USF proteins play a significant
role in basal CYPIA2 expression may lead to a better
understanding of these processes.
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