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Abstract

Cytochrome P450 2E1 (CYP2E1) gene expression is known to be induced by interleukin-4 (IL4) and repressed by inflammatory
cytokines, such as interleukin-1f33 (IL1B3) in human hepatocytes. The mechanisms involved in these transcriptional regulations remain
elusive. In order to study these mechanisms, various constructs of the human CYP2E1 promoter were prepared and transfected into the
human HepG2 hepatoma cell line. Our findings revealed that an IL4-responsive region of 128 bp (—671/—544) was required to mediate
induction by IL4. IL1p caused moderate but significant decrease of the promoter activity, which was abolished when the two cytokines
were combined. The IL1f inhibitory effect is mediated through a regulatory sequence independent of that of IL4. Furthermore, by using
specific signaling pathway inhibitors, we demonstrated that IL4 activation required protein kinase C (PKC) activation. In addition, our
results suggest that induction by IL4 was not dependent on a single binding site but rather on a complex region which includes putative
binding sites for signal transducer and activator of transcription (STAT)6, activator protein (AP)-1, nuclear factor kappa-B (NFkB),
nuclear factor of activated T cells (NFAT) and CCAAT enhancer binding protein (C/EBP). Electrophoretic mobility shift assays suggest

that AP1 and NFAT transcription factors are able to bind to three sites in the [L4-responsive region.
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Keywords: Cytochrome P450 2E1; CYP2EL; Interleukin-4; Interleukin-1B; HepG2 cell line; Signal transduction; Transcription factors

1. Introduction

Cytochrome P450 2E1 (CYP2E1) is among the most
important phase I xenobiotic metabolizing enzymes since
it is involved in the metabolism of a wide spectrum of
drugs, solvents and environmental procarcinogens. More-
over, it metabolizes endogenous substrates and plays a role
in gluconeogenesis. CYP2E1 is mainly expressed in the
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liver but it is significantly expressed in other tissues. Apart
from its transcriptional activation after birth, CYP2E1
expression is mainly controlled at the post-transcriptional
level. For instance, stability of the CYP2EI protein is
regulated by ethanol, acetone and pyrazole. Patho-physio-
logical states such as diabetes, prolonged starvation, obe-
sity and insulin treatment regulate its mRNA stability [1].
In addition, triiodothyronine increases CYP2E1 mRNA
stability of the rabbit CYP2EI gene expressed in HepG2
cells [2]. Consequently, transcriptional regulation of
CYP2E1 has been poorly studied and understood although
its gene and cDNA have been cloned two decades ago
[3.4].

Similarly to many xenobiotic metabolizing enzymes,
CYP2E1 gene expression is inhibited during inflammation
and infection. Such a decrease is mediated by cytokines. In
fact, the pro-inflammatory cytokines IL1f3, IL6 and tumor
necrosis factora. (TNFa) down-regulate CYP2EI gene
expression. In contrast, interleukin-4 (IL4) up-regulates
human CYP2E1 gene expression [5] as well as the mRNA
level of glutathion-S-transferases-a [6]. CYP2E1 induction
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by IL4 occurs both at the mRNA and protein levels. A
recent study demonstrated that the mRNA increase results,
at least in part, from a 3.5-fold increase of its transcription
rate [7]. IL4-mediated CYP2E1 induction seems to be
specific to the human gene since IL4 was ineffective on
the rat gene ([8], Abdel-Razzak et al., unpublished results)
and on the rabbit one transfected into HepG2 cells [9]. In
this later report, CYP2E1 promoter activity was induced by
IL1o whereas IL1B was ineffective. The rat CYP2EI
promoter activity was decreased by IL1f and other inflam-
matory cytokines [8] but this effect seemed to be tissue-
specific since IL1PB has been reported to stimulate the
expression of CYP2E1 in rat brain primary cortical glial
cultures [10]. Species-specific regulation by cytokines is
certainly due to divergence of the regulatory sequences
since the rat CYP2E1 gene promoter shows 35-60%
homology with the human one [11]. However, the diversity
of signal transduction pathways mediating the effects of
cytokines contributes also to their species- and tissue-
specific effects. The molecular mechanisms as well as
the cis-acting elements and trans-acting factors mediating
CYP2EI regulation by cytokines are still largely unknown
and require intensive investigation.

IL4 is an immunomodulatory cytokine secreted by TH2
cells, basophils and mast cells. It is involved in diverse
biological roles such as maturation and proliferation of
immune cells and control of immunoglobulin class switch-
ing (review in [12]). IL4 is also known for its anti-tumoral
properties [13] and can play anti-inflammatory roles
[14,15]. IL4 acts via membrane receptors present on most
cell types in vivo and in vitro. The type I and type II
receptors consist of the IL4 receptor a-chain that hetero-
dimerizes with either the IL2 receptor common y-chain
(yc) or the IL13 receptor ol chain [16,17]. Both hetero-
dimers are devoid of intrinsic kinase activity, bind IL4 and
transduce its signal. The signal transduction pathway upon
ligand binding is not unique and differs according to the
cell and receptor type [18,19]. The receptor, which is
usually associated with a Janus kinase (JaK), undergoes
tyrosine phosphorylation and, when activated, leads to
increased tyrosine phosphorylation of cytosolic substrates
such as signal transducer and activator of transcription
(STAT)6 and insulin receptor substrate (IRS) —1 and 2. In
addition to these signaling pathways, IL4 signaling may
also occur via PI3 kinase and mitogen activated protein
(MAP) kinase pathways [12]. Moreover, an increase of
intracellular calcium and cAMP [20] as well as an increase
of the oxidative stress [21] or protein kinase C (PKC)
activation [22,23] can also mediate the IL4 action. These
various signal transduction pathways account for the
pleiotropic and differential effects exerted by IL4 on
different cell types [24]. IL4-induced gene transcription
is mediated by cis-acting regulatory regions, correspond-
ing either to a simple STAT6 binding site [25] or to a
complex DNA stretch where several regulatory proteins
cooperate [26].

With respect to the induction of CYP2E1 gene expres-
sion by IL4, its mechanism of action and the transduction
pathway remain elusive. The IL4 target DNA sequences
that mediate CYP2EI transcriptional activation have not
been elucidated yet. Regarding the transduction signal, it
has been demonstrated that the induction of CYP2EI gene
by IL4 in the B16A2 human hepatoma cell model does not
involve the STAT6 pathway but rather the PKC{ pathway
[7].

The present study was conducted in the HepG2 cell line
and aims to determine the cis-acting element and the trans-
acting factors involved in the induction of CYP2E1 expres-
sion by IL4. Moreover, our study attempts to determine the
IL4 signal transduction pathway as well as the effect of
IL1B on CYP2E1 promoter activity and to compare the cis-
acting elements involved in both effects. Our results indi-
cate that IL4 acts via 128-bp DNA sequence (—671/—544)
on which several transcription factors can bind and mediate
the transcriptional activation. The inhibition exerted by
IL1p appears to require a different DNA fragment located
between —982 and —811.

2. Materials and methods
2.1. Chemicals and cytokines

Human recombinant IL1f and IL4 were purchased from
Tebu and R&DSystems, respectively. H7 (1-[5-isoquinoli-
nesulfonyl]-2-methylpiperazine) was obtained from Sigma,
PD98059 (2'-amino-3'-methoxyflavone), LY294002 [2-(4-
morpholinyl)-8-phenyl-4H-1-benzopyran-4-one] and rapa-
mycin (Rapa) were purchased from Calbiochem.

2.2. Cell culture

The human hepatoma cell line HepG2 was cultured at
37 °C in an atmosphere of 5% CO2 in Dulbecco’s modified
eagle medium (DMEM)/HAM F12 (v/v) (Invitrogen) med-
ium, supplemented with 10% fetal calf serum, 100 U/ml
penicillin and 100 pg/ml streptomycin (Invitrogen) and
0.5 pg/ml fungizone (Squibb). Medium was renewed every
other day except after transfection and during cytokine
treatment where it was changed daily.

2.3. Plasmids

The —1342 to +36 phCYP2E1-luc plasmid corresponds
to a fragment of the human CYP2El1 gene promoter
extending between —1342 to +36 placed in front of the
firefly luciferase reporter gene as previously described
[27]. The po-glob-RL plasmid, which corresponds to the
proximal promoter of the human a-globin gene placed in
front of the Renilla reniformis luciferase gene, was pre-
viously utilized as a control of transfection efficiency [27]
and is not sensitive to IL4 treatment. The various constructs
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Fig. 1. Schematic representation of the phCYP2E1-luc constructs contained in pGL3. Numbers refer to the nucleotide position relative to the transcription
start site. Each construct consists of the pGL3 plasmid carrying a fragment of the human CYP2E1 promoter (—1342/+36 for the longest one and —222/+36
for the shortest one) in front of the firefly luciferase reporter gene. The constructs were prepared as described in Section 2.

of the human CYP2E1 promoter differ from one another by
sequential deletion of about 100-bp fragments from the 5’
end (Fig. 1). The —222 to +36 phCYP2E1-luc construct
was prepared by digestion of the —1342 to +36
phCYP2E1-luc with Nhel followed by ligation. The con-
structs —296 to 436 phCYP2El-luc and —334 to +36
phCYP2E1-luc were prepared by digestion of the —1342 to
+36 phCYP2E1-luc plasmid with Kpnl and Sacl, respec-
tively, followed by ligation. The construct —543 to +36
phCYP2E1-luc was prepared by digestion of the —1342 to
+36 phCYP2E1-luc plasmid with EcoRI and Miul, fol-
lowed by blunt end generation and ligation. The remaining
constructs were prepared by PCR amplification using the
—1342 to 436 phCYP2El-luc plasmid with a specific
proximal primer complementary to —505/—523 and
another distal one (complementary to —1235/—1226,
—1117/-1099, —982/—-962, —895/—877, —811/—792 or
—671/—652). The six distal primers were ligated to Xhol
linkers. The PCR products were digested with Xhol and
EcoRI and inserted into the —1342 to +36 phCYP2E1-luc
plasmid previously digested with the same couple of
enzymes which led to removal of its distal promoter part.
To obtain the heterologous constructs into the pTZ-TK-
firefly luciferase plasmid (pTZ-TK-luc), the —671/—544
fragment of CYP2E1 promoter prepared by PCR was
ligated to linkers containing BamHI and Kpnl restriction
sites. The (—671 to —544) pTZ-TK-luc was obtained by
ligation of the PCR product and pTZ-TK-luc plasmid after
their digestion with BamHI and Kpnl. Various oligonu-
cleotides of the —671/—544 fragment flanked by BamHI
and Kpnl restriction sites were designed: 1/128
5'GATCCTACAGCCAGAATATATACCTTTA AAAAA-
AATGAAAACAGAGAGGTAC?, 2/128 5'GATCCT-
TAACTTTCTCAGAATTGGTT GACTCACTCTTTCC-
TTTTAGGTAC3, 3/128 5GATCCTTTTTCTTCCAT-
GGAATTTTCCA GTTAACTTGAGAAAGTGGAATC-
GGTAC3', 2+3/128 5'GATCCTTAACTTTCTCAGA-
ATT GGTTGACTCACTCTTTCCTTTTATTTTTCTTC-
CATGGAATTTTCCAGTTAACTTGAGAA AGTGGA-
ATCGGTAC3’ (Genset or Qiagen) and inserted into the

pTZ-TK-luc plasmid. They gave rise, respectively, to the
plasmids (—671/—629) pTZ-TK-luc, (—628/—589) pTZ-
TK-luc, (—588/—544) pTZ-TK-luc and (-628/-544) pTZ-
TK-luc. The constructs shown in Fig. 1 were controlled by
restriction enzyme mapping and the constructs used in
Fig. 5 were sequenced.

2.4. Transfection experiments

A day before transfection, HepG2 cells were seeded at a
density of 45,000 cells/cm? into 24-well plates (105 cells
per well). 0.6 pug of the plasmid tested and 0.06 pg of the
pa-glob-RL control plasmid were introduced by the cal-
cium phosphate co-precipitation technique. After 4 h of
incubation with the precipitate, the medium was removed
either directly by washing with phosphate buffer saline
(PBS) or after a 2-min glycerol shock followed by washing
with PBS. After an overnight incubation, the various agents
were added for various times to the medium, which was
changed daily. The cells were then homogenized in the
passive lysis buffer (Promega) and luciferase activities
were measured with the dual luciferase kit (Promega) in
a luminometer. The pa-glob-RL was utilized to normalize
transfection efficiency.

2.5. Nuclear protein extracts and gel shift assay

Nuclear extracts from HepG2 cells were prepared, pro-
tein concentration was determined and gel shift assays
were performed as previously described [28] except that
nuclear extracts were not dialyzed. Binding reactions were
performed in 20 pl hepes buffer (20 mM) containing
0.15 mM EDTA, 50 mM NacCl, 65 mM KCl, 5 mM MgCl,,
4 mM spermidine, 2.5 mM DTT, 100 Hg/ml bovine
serum albumin, 15% glycerol and 1pg poly-dIdC. The
oligonucleotides used for the gel shift assays are the
following: AP1 5CTAGTGATGAGTCAGCCGGATC3’
[29], NFxB 5 AGTTGAGGGGACTTTCCCAGGCG3'
[30], STAT6 5'TAGTCAACTTCCCAAGAACAGA
ATCA3' [31], C/EBP 5'AAAGATGGTATGATTTTG-
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TAATGGGGTAGGA3' [32], NFAT 5'TC TAAGGAGG-
AAAAACTGTTTCATG3' [33], 4/128 5'GGGCTCA-
CTCTTTCCTTTTATTTTTC TTCCATGGAATTTT3'.
The oligonucleotides 1/128, 2/128 and 3/128 have been
described in the Plasmids section.

2.6. Statistical analysis

Statistical analyses were performed with Microsoft
excel software by analyzing the variances and then apply-
ing the suitable Student’s z-test.

3. Results

3.1. Dose-dependent response of CYP2EI promoter to
IL4 treatment

IL4 is known to induce the CYP2EI apoprotein and its
corresponding mRNA content in human hepatocytes as
well as in B16A2 hepatoma cells. The increase of mRNA
amount is, at least partially, due to transcription rate
activation [7]. To determine whether IL4 enhances
CYP2E1 promoter activity, we conducted a dose-response
analysis. Cells were transfected with the largest CYP2E1
promoter construct —1342 to 436 phCYP2E1-luc and the
control plasmid pa-glob-RL, treated or not with IL4 (dose
range from 0.08 to 50 ng/ml) for 48 h and harvested for
luciferase activities assessment. CYP2E1 promoter activity
was slightly induced (1.3-fold) by 0.2 ng/ml IL4 and
maximal induction level (two to three-fold) was reached
with IL4 concentrations between 2 and 10 ng/ml (Fig. 2).
This result demonstrates that the human CYP2E1 promoter
sequence between —1342 and +36 contains all the cis-
acting elements required for induction by IL4 and that
maximal induction level is reached for the concentration
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2 ng/ml. Time course analysis showed that the IL4 effect
was already maximal after a 24 h-treatment but that it
decreased after 72 h (data not shown).

3.2. Identification of the IL4-responsive region in
CYP2E] promoter

In order to locate the IL4-responsive region in the
CYP2E1 promoter sequence, serially truncated fragments
of the —1342/4-36 promoter region were linked to the
firefly luciferase reporter gene and the constructs were
transfected in HepG2 cells together with the pa-glob-RL
normalization vector. After transfection, the cells were
treated with 10 ng/ml IL4 for 48 h and luciferase activity
was measured (Fig. 3). Progressive deletion of the
sequence upstream of —672 tended to slightly decrease
the effect of IL4, but this decrease was not statistically
significant. When the fragment —671/—544 was deleted,
the promoter lost its responsiveness to IL4. Indeed, luci-
ferase activity of the construct (—543/+36) in the presence
of IL4 was 105% that of the control untreated cells (n = 12,
P <0.0001). Similarly, the three shortest constructs, —334
to +36 phCYP2E1-luc, —296 to +36 phCYP2E1-luc and
—222 to 436 phCYP2EI-luc were not responsive to IL4
treatment. These results clearly demonstrate that the induc-
tion by IL4 of the CYP2E1 gene transcription is, at least
partially, mediated by a 128-bp sequence extending
between —671 and —544. It is possible that upstream
sequences could also be involved in this regulation but
their contribution appears to be moderate at best.

3.3. Putative transcription factor binding sites in the IL4-
responsive region

In order to analyze the IL4-responsive region in
CYP2EI promoter, we performed a Matlnspector profes-
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Fig. 2. Dose-response analysis of IL4 effect on —1342 to +36 phCYP2EI-luc transiently expressed in HepG2 cells. For each measurement, 10° cells were
co-transfected with a precipitate of 0.6 pg —1342 to +36 phCYP2E1-luc plasmid and 0.06 pg pa-glob-RL control plasmid. Twenty hours later, the cells were
treated or not with different doses of IL4 for 48 h and the luciferase activities were measured. Results, expressed as percent of the control untreated cells,

represent the mean £ S.D. of three independent transfections.
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Fig. 3. Identification of the IL4-responsive region in the CYP2EI gene promoter. For each measurement, 10° HepG2 cells were co-transfected with a
precipitate of 0.6 pg of each phCYP2E1-luc construct and 0.06 pg pa-glob-RL control plasmid. Twenty hours later, the cells were treated or not with 10 ng/
ml IL4 for 48 h and the luciferase activities were measured. Results are expressed as percent of the corresponding control untreated cells and represent the
mean £ S.D. of 3-16 independent transfection experiments, each performed in triplicate or quadruplicate. Statistically significant difference (“P < 0.0001)

relative to activity of the —671 to +36 phCYP2EI-luc construct.

sional analysis (www.genomatix.de/mat_fam) of the
—671/—544 sequence. Several putative binding sites for
transcription factors (STATS, activator protein (AP1),
nuclear factor of activated T cells (NFAT), STAT6, nuclear
factor kappa-B (NFxB) and CCAAT enhancer binding
protein (C/EBPB)) were found in the 128 bp DNA
sequence which confers responsiveness to IL4 (Fig. 4).
Most of them are known for their involvement in IL4
response in other cell systems.

3.4. Responsiveness of the heterologous promoter pTZ-
TK to IL4 after insertion of the IL4-responsive region

In order to determine whether the —671/—544 CYP2E1
promoter sequence was sufficient to confer responsiveness to
IL4, the whole region or several fragments were inserted
upstream the firefly luciferase reporter gene driven by the

thymidine kinase (TK) promoter (pTZ-TK-luc). The 128 bp-
sequence was divided into three fragments depending on the
location of putative transcription factor binding sites (Fig. 4).
The sequences —671 to —629 (1/128), —628 to —589 (2/128)
and —588 to —12 544 (3/128) and a fragment corresponding
to —628 to —544 (fragment 2+3/128) were tested. These
constructs were co-transfected with po-glob-RL normaliza-
tion vector in HepG2 cells which were treated or not with
10 ng/ml IL4 for 48 h. Luciferase activity was then measured
(Fig. 5). The whole 128 bp sequence mediated a potent
induction of the heterologous promoter (2.6-fold induction,
P <0.0001) whereas the three oligonucleotides 1/128, 2/128
and 3/128 were not able to confer IL4 responsiveness when
inserted independently. However, the fragment 2 + 3/128
conferred a partial but significant induction by IL4 (1.7-fold
induction, P < 0.05). These results clearly show that full
CYP2EI gene induction by IL4 requires the complete —671/

2+3/128
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¢+—p | < »
< /128
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NF«B
STATS AP1_NFAT STAT6 C/EBP
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Fig. 4. Configuration of the IL4-reponse region extending from —671 to —544. MatInspector professional analysis was performed. Arrows and the associated
numbers refer to names and positions of the oligonucleotides used in some constructs and in the gel-shift experiments.
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Fig. 5. Effect of IL4 on pTZ-TK-luc containing fragments of the IL4-response region. The —671/—544 CYP2E1 promoter region or fragments of this
sequence were inserted in front of pTZ-TK-luc. For each measurement, 10° HepG?2 cells were co-transfected with a precipitate of 0.6 pg of each pTZ-TK-luc
construct and 0.06 pg po-glob-RL control plasmid. Twenty hours later, the cells were treated or not with 10 ng/ml IL4 for 48 h and the luciferase activities
were measured. Values, expressed as percent of the corresponding control untreated cells, represent the mean + S.D. of 4-14 independent transfection
experiments, each performed in quadruplicate. Statistically significant difference (P < 0.05, and **P < 0.0001, respectively) with respect to pTZ-TK-luc
activity.

—544 sequence and that the putative STAT6 binding site is 12) whereas IL4 induced a 2.2-fold increase of the pro-

not sufficient to mediate the IL4 effect. moter activity (Fig. 6A). The combination of the two
cytokines led to an induction level similar to that of IL4

3.5. Effect of IL1f} alone or combined with IL4 on the alone, showing that the positive IL4 effect is dominant.
CYP2EI promoter activity In an attempt to locate the CYP2E1 promoter sequence
that mediates the inhibition by IL1f, we treated HepG2
IL1P is known to repress CYP2E1 expression in differ- cells transfected with various CYP2E1 promoter constructs
ent models in vivo and in vitro. However, its transcriptional with 10 ng/ml IL1B for 48 h prior to luciferase activity
effect on CYP2E1 gene has not yet been elucidated. In assessment. Results are expressed as percent of firefly
order to investigate IL1J effect on CYP2E1 promoter luciferase activity of the corresponding untreated cells
activity and to study the effect of a combination between (Fig. 6B). The inhibition exerted by IL1P required the
inflammatory and anti-inflammatory cytokines, we treated promoter fragment between —982 and —811 since its

HepG2 cells transfected with the —1342 to +36 deletion abolished completely the effect. The specificity
phCYP2E1-luc with 10 ng/ml IL1B and/or 10 ng/ml IL4 of IL1P effect was further supported by the absence of
for 48 h. IL1P treatment caused a small but significant repression of the control pTZ-TK promoter, which was in
decrease of CYP2E1 promoter activity (17%, P <0.05,n = fact slightly increased by the cytokine. This result demon-
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Fig. 6. (A) Effect of IL1p and IL4 on the -1342 to 436 phCYP2E1 promoter activity transiently transfected into HepG?2 cells. For each measurement, 10°
cells were transfected with a precipitate of 0.6 pg —1342/4-36 phCYP2EI-luc plasmid. Twenty hours later, the cells were treated or not with 10 ng/ml IL1
and/or 10 ng/ml IL4 for 48 h and the luciferase activity was measured. Results, expressed as percent of the corresponding control untreated cells, represent
the mean + S.D. of 6-16 independent transfection experiments, each performed in triplicate or quadruplicate. (B) Effect of IL1 on CYP2E1 promoter
constructs transiently transfected into HepG2 cell line. For each measurement, 10° cells were transfected with a precipitate of 0.6 pg of each phCYP2E1-luc
construct or pTZ-TK-luc plasmid. Twenty hours later, the cells were treated or not with 10 ng/ml IL1p for 48 h and luciferase activity was measured. Values,
expressed as percent of the corresponding control untreated cells, represent the mean £ S.D. of 5-12 independent transfection experiments, each performed in
quadruplicate. Statistically significant difference (*P < 0.001) with respect to the control untreated cells (part A) or to the —982 to +36 phCYP2El-luc
construct (part B).
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Fig. 7. Effect of signal transduction inhibitors on induction by IL4. For
each measurement, 10° HepG2 cells were co-transfected with a precipitate
of 0.6 pg of (—671/—544) pTZ-TK-luc and 0.06 pg pa-glob-RL control
plasmid. Twenty hours later, the cells were simultaneously treated with
10 ng/ml IL4 and/or 50 uM H7, 200 nM rapamycin (Rapa), 50 uM
LY294002 (LY) or 50 uM PD98059 (PD) for 48 h and luciferase activities
were measured. C refers to the control untreated cells. Values correspond
to normalized promoter activity (firefly luciferase/renilla luciferase) and
are expressed as percent of the corresponding control untreated cells. They
represent the mean + S.D. of two or three independent transfection
experiments, each performed in quadruplicate. Statistically significant
difference with respect to activity of cells treated by IL4 alone (*P < 0.01).

strates that IL1p acts via a sequence different from the I1.4-
responsive region and is in accordance with the absence of
interaction between these two cytokines.

3.6. Effect of signal transduction inhibitors on the
114 effect

In an attempt to uncover the transduction pathway
involved in IL4-induced CYP2E1 promoter activity, we
treated HepG2 cells co-transfected with the (—671/—544)
pTZ-TK-luc plasmid and the po-glob-RL normalization
vector simultaneously with IL4 and various signal trans-
duction inhibitors that have been reported to be involved in
cytokine transduction pathways. After 48 h of treatment,
luciferase activities were measured (Fig. 7). These experi-
ments showed that H7, a PKC inhibitor, blocked comple-
tely the effect of IL4 on (—671/—544) pTZ-TK-luc (Fig. 7).
LY294002, a PI3 kinase inhibitor, and PD98059, a MAP
kinase inhibitor, failed to block the IL4-induced promoter
activity. The lack of effect was also observed when the
inhibitors were added to the culture medium 30 min before
cytokine addition (data not shown). Rapamycin, an inhi-
bitor of p70S6 kinase, was also ineffective. These results
demonstrate that the IL4 effect, in our experimental con-
ditions, is independent of MAP kinase, PI3 kinase and
p70S6 kinase and requires PKC activation.

3.7. Nuclear protein binding to the (—671/—544)
1LA4-responsive region

Gel mobility shift assays were conducted to determine
whether the IL4-responsive region of the CYP2EI1 pro-
moter could specifically interact with nuclear proteins. The
various probes 1/128, 2/128, 3/128 and 4/128 (see Fig. 4)
were labeled with 3P and incubated with nuclear extracts
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Fig. 8. Gel shift assays. Labeled probe 3/128 (A), 2/128 (B) or 4/128 (C) was
incubated with 8 pg nuclear extracts from HepG2 cells treated or not with
IL4 for 1 h. In the indicated lanes, a 100-fold molar excess of unlabeled
competitor was added to the binding reaction. The gel shift assays were
reproduced in two independent experiments with different cell extracts.

prepared from IL4-treated (1 h) and untreated cells. Com-
petition experiments using a 100-fold excess of consensus
oligonucleotides for the transcription factors which may
bind to the putative sites in the CYP2E1 promoter region
(see Fig. 4) were carried out. Nucleoprotein complexes
were observed with probe 1/128 but no consensus sequence
for a known transcription factor was found in this sequence
(data not shown). The 3/128 probe formed one major
complex with HepG2 nuclear extracts, which was com-
peted by itself and by the unlabeled NFAT oligonucleotide
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(Fig. 8A). In contrast, neither C/EBP nor NFkB or STAT6
consensus oligonucleotides displaced the complex
(Fig. 8A). Two major complexes were obtained with the
2/128 probe, which disappeared when a 100-fold excess of
cold probe was added to the binding reaction (Fig. 8B).
Competition experiments showed that an excess of the AP1
oligonucleotide competed with the 2/128 fragment
whereas neither NFAT nor STAT6 consensus sequences
displaced the retarded bands (Fig. 8B). The 4/128 probe,
overlapping the region between probes 2/128 and 3/128
(see Fig. 4) was also tested. A specific band was observed,
which was competed by both the cold 4/128 probe and the
NFAT consensus oligonucleotide (Fig. 8C). Although the
NFAT binding site revealed by probe 4/128 was also
included into the 2/128 sequence, it was probably too
close to the end of the 2/128 probe to bind efficiently
nuclear proteins. None of the various complexes was
affected by the 1 h IL4 treatment. These results suggest
that AP1 and NFAT transcription factors bind to three sites
in the (—671/—544) IL4-responsive sequence.

4. Discussion

CYP2EI1 plays a key role in toxicology, yet its transcrip-
tional regulation is still poorly understood. Its induction by
IL4 and its repression by inflammatory cytokines are of
particular importance since these cytokines play key roles
during immune response and liver diseases. The goal of the
present study was to determine the cis-acting element(s)
and the trans-acting factor(s) as well as the transduction
pathway(s) which are involved in CYP2E1 induction by
IL4. In addition, we investigated the effect of IL1B and
compared it with that of IL4 in terms of sequences mediat-
ing its inhibitory effect on CYP2E1 promoter. Our results
provide clear evidences that IL4-induced CYP2E1 promo-
ter activity depends on a 128 bp sequence (—671/—544)
which contains several putative binding sites for transcrip-
tion factors. At least an AP1-like factor and a NFAT-like
factor are able to bind to this IL4-responsive region.
Moreover, we provide evidence that the PKC transduction
pathway mediates the IL4-induced CYP2E1 promoter
activity in HepG2 cells. IL1PB represses slightly but sig-
nificantly the transfected CYP2E1 promoter activity,
thereby demonstrating that IL1B-mediated inhibition of
the CYP2EI gene expression occurs at least partially at the
transcriptional level. We found that the IL1B-responsive
sequence is distinct from the IL4-responsive region and is
located between —982 and —811. When the two cytokines
were combined, the IL4 inducing effect prevailed over the
IL1p inhibitory effect.

We conducted the experiments on HepG2 cells, which
are responsive to many cytokines such as IL1B, IL4 and
IL6 [34-37] and are known to express proteins required for
IL4 signal transduction [38]. Furthermore, HepG2 cells
show basal and induced expression of certain CYP genes

[34] but lack basal or inducible CYP2E1 activity. In fact,
IL4 as well as ethanol treatment failed to induce the
endogenous CYP2E1 gene (data not shown). Nevertheless,
the use of such a cell line is justified by the fact that the
cells are responsive to IL4 [37] and indeed, IL4 induced the
transfected CYP2E1 promoter activity (the present work).
Moreover, HepG2 cells have been utilized for heterologous
expression of the rabbit CYP2E1 gene [2]. Altogether,
these data suggest that absence of CYP2EI gene expres-
sion in HepG2 cell line is not due to the lack of appropriate
regulatory frans-acting factors, but rather to the repression
of the endogenous gene locus.

Our finding of a complex IL4-responsive region is not
surprising since a 101 bp IL4-responsive region has been
characterized in the murine CD23-encoding gene [39] and
a 198 bp sequence encompassing STAT6 and C/EBP bind-
ing sites, forms the IL4-responsive region in the polymeric
Ig receptor gene [26]. Requirement of such a long DNA
stretch to mediate IL4 effect seems intriguing since 1L4
immunological effects are well known to rely on the JaK1-
STAT6 pathway which is critical as demonstrated by
several reports on animals lacking normal STAT6 gene
[40-42]. Such animals are unable to develop the IL4-
related aspects of a normal immune response [43]. How-
ever, the JaK1-STAT6 pathway is in fact common to other
cytokine signaling such as IL3 and platelet-derived growth
factor [44], thereby suggesting that other transduction
pathways and transcription factors could be required to
elicit cytokine-specific responses. In fact, although the
STAT6 binding site is sufficient to mediate induction of
certain genes by IL4 [31], many recent studies demon-
strated that STAT6 is not the only transducer and that IL4
signal transduction occurs via various pathways which are
species-, cell type- and also receptor-specific [12,18-20].
Our results with the (—671/—544) pTZ-TK-luc plasmid
and the gel shift assays provide clear evidence that induc-
tion of CYP2EI gene expression by IL4 requires more than
the STAT6 binding site and is mediated by PKC and not by
MAP kinase, PI3 kinase or p70S6 kinase. These results
agree with those of Lagadic-Gossmann et al. [7] suggesting
the involvement of the in IL4-mediated CYP2EI induc-
tion. PKC was reported to be involved in the regulation by
IL4 of several target genes [22,23,45].Thus, STAT6,
despite its importance, seems to be insufficient to mediate
all activator effects elicited by IL4. This transcription
factor is already known to interact with other transcription
factors such as c-Jun, SP1, C/EBP and NF«xB in order to
affect gene expression (review by [12]). Most of the recent
studies demonstrated that IL.4 mediates its stimulatory
effect through recruitment of trans-acting factors which
collaborate or not with STAT6 [26]. Lagadic-Gossmann
et al. [7] clearly showed that STAT6, although phosphory-
lated in response to IL4 treatment, is not involved in IL4-
induced CYP2EI1 expression. In human lymphoblastoid
cells, the IL4-induced complement receptor-2 promoter
activity involves AP1 and C/EBP [46], apparently without
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STAT6 intervention. The IL4-responsive region of the
murine CD23 promoter encompasses STAT6 and NFxB
binding sites which are both required for stimulation by
IL4 [47]. Other studies on the human Ig heavy chain Sy3
region and the IgE germline promoter showed cooperation
between proteins binding to NFkB/Rel and STAT6 motifs
to mediate induction by IL4 [48,49]. Also the STAT6-
mediated induction of 15-lipoxygenase-1 gene by IL4
requires increased acetylation activity of CBP/p300 [50].

Schaffer [49] showed also the presence of a putative
C/EBP binding site in the IL4-responsive region of the Ig
heavy chain Sy3. C/EBP has been shown to interact with
STAT6 and other transcription factors on the IL4-response
region in immunoglobulin heavy chain germline € promo-
ter [51]. Cooperation between STAT6 and C/EBP has been
reported for the IL4-mediated induction of germline €
transcripts before class switching [52]. Indeed, C/EBPJ
is thought to stabilize STAT6 at its binding site [53]. Our
results with the IL4-responsive region inserted in the pTZ-
TK heterologous promoter are in agreement with previous
studies. The STAT6 motif inserted alone in the TK pro-
moter does not confer responsiveness to IL4 in HepG2 and
U-937 cells [54]. Insertion of either a NFkB binding site
[48] or a C/EBP binding site [55] together with the STAT6
binding site in a heterologous promoter has been shown to
be necessary in order to confer responsiveness to IL4. In
agreement with these papers, our findings showed that the
fragment 3/128 (bearing STAT6 and other putative binding
sites) is not sufficient to mediate induction by IL4. Further-
more, a fragment of the IL4-responsive region overlapping
both the 2/128 and 3/128 sequences, but lacking the C/EBP
and STATS binding sites, inserted in front of the hetero-
logous TK promoter failed to confer responsiveness to 1L4
(data not shown). Indeed, a mechanism involving coopera-
tion between STAT6, C/EBPP and other transcription
factors was reported for the IL4-mediated induction of
germline € promoter activity [53].

Using electrophoretic mobility shift assays, we also
found that nuclear proteins bind to the fragment (—671/
—544) responsible for the increased transcription of the
promoter by IL4. Competition assays with consensus
oligonucleotides suggest that the NFAT and AP1 nucleo-
proteins bind to three sites in this region. We observed no
modification in the intensity of the various retarded bands
when the cells were treated by IL4. Although several
studies have reported increased binding activity of tran-
scription factors to regulatory sequences (STAT6, API,
cAMP response element-binding protein (CREB)) follow-
ing IL4 treatment [44,46], other authors have reported no
modification in the binding of transcription factors (AP1,
Octl, NFxB) after IL4 treatment [49,56,57]. NFAT is
activated by Ca*™ in response to the release of inositol
triphosphate by phospholipase C, which also generates
diacyl glycerol [58]. Ca*"-dependent NFAT activation is
mediated by the calcineurin dephosphorylating activity.
Diacyl glycerol, together with Ca™ ™, is also required for

activation of certain PKC forms. Therefore, coordination
between NFAT and targets of PKC could occur in our
system. Binding activity of AP1, a well known target of
PKC, is induced by IL4 in cultured human hepatocytes [6]
and APl is involved in the IL4-induced complement
receptor-2 promoter activity [46]. Therefore, in addition
to a putative role for NFAT, a contribution of AP1 to the
IL4-mediated CYP2E1 induction is likely. A cooperation
among various IL4 signal transduction pathways is prob-
ably involved in our system and was reported for other
targets such as the 3-B-hydroxysteroid dehydrogenase gene
[59].

With respect to IL1JB, which displays a tissue- and
species-specific effect on CYP2E1 expression, it caused
a small inhibition of CYP2E1 promoter activity. Therefore,
the IL1P inhibitory effect is at least in part caused by a
decrease of transcription activity via a —982/—811
sequence, which is independent of the IL4-responsive
region. A recent report showed that the rat CYP2EI1
promoter activity is still inhibited, in hepatoma cell lines,
by IL1B through a minimal promoter fragment between
—40 and +28 whereas IL6 inhibits this promoter activity
via the —669/—507 sequence [8]. Discrepancy between
these reports and our findings is probably due to species-
specific differences.

IL4 is known to interact with inflammatory cytokines
such as ILB and IL6 in various cell models. For instance,
IL4 counteracts the effect of IL1 and IL6 on certain acute
phase proteins [37,60], thereby confirming its anti-inflam-
matory property [15]. Accordingly, IL.4 enhances the IL.1[3-
induced expression of IL1 receptor antagonist [37]. Our
results demonstrated that IL4 effect masks the small IL1J
inhibitory effect and no interaction seems to occur between
those cytokines, probably because the target regulatory
sequences in the CYP2EI promoter are distinct.

In conclusion, this study demonstrated that induction of
CYP2EI by IL4 requires a 128bp sequence where several
transcription factors are likely to bind. The PKC transduc-
tion pathway mediates the IL4 effect in our model. IL1J
slightly inhibits CYP2E1 promoter activity through a
sequence independent from the IL4-responsive region.
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