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b Department of DMPK, AstraZeneca R&D Södertälje, Sweden
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A B S T R A C T

Cytochrome P450 2E1 (CYP2E1), the alcohol-inducible member of the cytochrome P450 super family,

plays an important role in both physiological and pathophysiological processes. The present study

focused on the induction of human CYP2E1 transcription by the anti-inflammatory cytokine interleukin-

4 (IL-4) in human hepatoma B16A2 cells and revealed that this regulation is mediated by two

independent pathways. RNA interference and overexpression of STAT6, indicated that the JAK–STAT

signaling pathway is involved in IL-4-dependent induction and mutagenesis revealed the presence of a

STAT6 binding site in CYP2E1 proximal promoter region (�583/�574-bp). However, inhibition of the

JAK–STAT6 pathway using JAK1 siRNA constructs could only partially inhibit the induction of CYP2E1

promoter constructs indicating the presence of a second IL-4 responsive element. Indeed by using a

series of truncated CYP2E1 promoter constructs a second more distal IL-4 responsive element (�1604/

�1428-bp) was identified, which was further shown to involve the activation of IRS1/2. This induction

was dependent on the transcription factor NFATc1 as IL-4-induced CYP2E1 expression was altered by

silencing or overexpressing NFATc1. A NFATc1 binding site was identified in the second distal IL-4

responsive element (�1551/�1545-bp) by chromatin immunoprecipitation (ChIP) analysis. Finally

simultaneous siRNA-mediated down-regulation of both STAT6 and NFATc1 or mutation of both STAT6

and NFATc1 binding sites abolished the IL-4-dependent transcriptional induction of CYP2E1,

demonstrating that both pathways are required for maximal activation. In conclusion, the present

study indicates that the induction of CYP2E1 transcription by IL-4 is mediated through two independent

parallel pathways, involving JAK–STAT6 and IRS1/2 and NFATc1.

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Cytochrome P450 2E1 (CYP2E1), the ethanol-inducible form of
cytochrome P450 (CYP), is an important phase I drug metabolizing
enzyme since it plays a dual physiological role [1–4]. It contributes
to the defense against the penetration of xenobiotics through its
broad substrate specificity, allowing it to detoxify a wide variety of
exogenous and endogenous compounds and also plays a role in
gluconeogenesis. Paradoxically, it also metabolically activates
biologically inert procarcinogens and converts nontoxic substrates
Abbreviations: ChIP, chromatin immunoprecipitation; CYP, cytochrome P450;

Elk1, member of ETS oncogene family; FOXO1, forkhead box protein O1; IL-4,

interleukin-4; IL-4R, interleukin-4 receptor; IRS, insulin receptor substrate; JAK,

janus protein kinase; MAPK, mitogen-acitvated protein kinase; NFATc1, nuclear

factor of activated T-cells cytoplasmic 1; NF-kB, nuclear factor kappa B; PI3K,

phosphoinositide-3-kinase; STAT6, signal transducer and activator of transcrip-

tion 6.
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to more toxic forms [5]. Furthermore, CYP2E1 is an effective
generator of reactive oxygen species such as superoxide anion
radicals, hydrogen peroxide and hydroxyl radicals, rendering it an
important component in the process of oxidative stress [2,3,6,7]. As
an important component of the adaptive system in the body, the
expression of CYP2E1 is under strict regulation at different levels
including transcriptional, post-transcriptional, translational, and
post-translational [7–9]. CYP2E1 is induced by both acute and
chronic alcohol treatment, as well as under a variety of
physiological and pathophysiological conditions. For example,
CYP2E1 expression is decreased during inflammation [10] and in
alcoholic or non-alcoholic liver diseases [11,12], and instead
increased in diabetic patients [13,14]. Cytokines, a group of
secreted peptides and glycoproteins essential for cellular signaling,
are shown to be key mediators in the regulation of CYPs during
inflammation and infection [15]. Multiple cytokines, including
interleukin-1b (IL-1b), interleukin-6 (IL-6), tumor necrosis factor
(TNF) and interferon-a/g (IFN-a/g) were found to function in the
regulation of specific CYPs during lipopolysaccharide (LPS)-
induced inflammation. CYP2E1 is also regulated by cytokines both
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in human and rodent models [16,17]. Similar to most other CYPs,
CYP2E1 is down-regulated by pro-inflammatory cytokines, such as
IL-1b, IL-6 and TNF. Interestingly, Abdel-Razzak et al. demonstrat-
ed that in primary human hepatocytes interleukin-4 (IL-4), an anti-
inflammatory cytokine, significantly up-regulates the expression
of CYP2E1 as well as glutathione-S-transferases (GST), although it
down-regulates most other P450s [16].

IL-4, mainly produced by T helper (TH) 2 lymphocytes, is a key
cytokine in the regulation of humoral immune response. It
contributes to the activation, proliferation, and differentiation of
B cells, the secretion of IgE by B lymphocytes, and the prevention of
apoptosis in T lymphocytes. An essential biological activity of IL-4
in the development of allergic inflammation is the ability to drive
the differentiation of naive T helper type 0 (TH0) lymphocytes into
TH2 lymphocytes [18]. Its effect relies on signaling through a
receptor complex consisting of the specific IL-4 receptor alpha
chain (IL-4Ra) and the common gamma chain (IL-4Rgc), resulting
in a series of phosphorylation events mediated by receptor-
associated kinases [18–21]. The IL-4R heterodimerization pro-
motes the activation of janus protein kinases (JAKs) that are
constitutively associated with IL-4Ra (JAK1) and the IL-4Rgc
(JAK3). Phosphorylation of a cassette of three closely spaced
tyrosine residues in the cytoplasmic domain of IL-4Ra initiated by
activated JAKs enables the recruitment of the transcription factor
signal transducer and activator of transcription 6 (STAT6). The
tyrosine phosphorylation of STAT6 by JAKs leads to its dimeriza-
tion and translocation to the nucleus, where it binds to specific cis-
acting elements and activates the transcription of IL-4 responsive
genes. In addition to the JAK–STAT pathway, the insulin receptor
substrate (IRS) family of proteins is also involved in IL-4 signaling.
Activation of IRS1/2 results in the activation of mitogen-activated
protein kinase (MAPK) signaling cascades as well as the
phosphoinositide-3-kinase (PI3K) pathway [21]. Furthermore IL-
4-mediated induction of 3b-hydroxysteroid dehydrogenase/D5-
D4 isomerase as well as IL-4-induced proliferation and differenti-
ation were shown to require simultaneous signaling via both
STAT6 and IRS-2 [22,23].

Previous studies showed that IL-4-induced expression of
CYP2E1 is transcriptionally regulated and results in increased
mRNA and protein levels in primary human hepatocytes and
human hepatoma cells [16,24]. In the present study using human
CYP2E1 promoter constructs transfected into human B16A2
hepatoma cells, we identified two IL-4 responsive elements in
the human CYP2E1 promoter, a proximal region (�519/�669-bp)
and a more distal one (�1604/�1428-bp). Both regions were
required for maximal IL-4-mediated induction of CYP2E1. More-
over siRNA experiments and mutagenesis of the CYP2E1promoter
indicate that two well-known IL-4 signaling pathways are
responsible for the IL-4 induction of CYP2E1, namely JAK1–STAT6
and IRS1/2 involving the transcription factor nuclear factor of
activated T-cells cytoplasmic 1 (NFATc1).

2. Materials and methods

2.1. Plasmids

Human CYP2E1 promoter constructs of various lengths were
amplified by PCR and cloned in between BglII/XhoI restriction sites
in pGL3-basic vector (Promega, Madison, WI, USA), upstream of the
Firefly luciferase reporter gene as previously described [25]. The
lengths of CYP2E1 promoters varied from �519 to �3205-bp
upstream of the transcriptional initiation codon. Reporter con-
structs generated 2E1-3205, 2E1-2651, 2E1-1604, 2E1-1428, 2E1-
1231, 2E1-1009, 2E1-841, 2E1-669 and 2E1-519 contained CYP2E1
promoter regions up to �3205-bp, �2651-bp, �1604-bp, �1428-
bp, �1231-bp, �1009-bp, �841-bp, �669-bp and �519-bp
respectively. Mutations in the putative STAT6- and NFATc1-
binding sites in the CYP2E1 promoter region were introduced by
the QuikChange1 Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA, USA) with mutagenesis primers shown in the Supple-
mental data (Table S1). Expression constructs for the transcription
factors STAT6, NFATc1 and FOXO1, were kindly provided by Dr.
Ulrike Schindler (Amgen, Thousand Oaks, CA, USA), Dr. Edgar
Serfling (Wurzburg University, Wurzburg, Germany) and Dr.
Anjana Rao (Harvard Medical School, Boston, MA, USA) respec-
tively. All constructs used in the present study were confirmed by
DNA sequencing.

2.2. RNA interference assay

Potential siRNA sequences were designed using online siRNA
selection algorithm (https://www.genscript.com/ssl-bin/app/
rnai), DNA oligonucleotides (Supplemental data, Table S1) were
ordered from Invitrogen (Carlsbad, CA, USA) as specified in
GeneBuster users manual (Genordia AB, Sundbyberg, Sweden),
annealed and cloned into GeneBuster vector according to the
manufacturer’s instruction. Resulting siRNA expression constructs
were transfected into B16A2 cells alone or together with CYP2E1
reporter constructs. At least two efficient siRNAs were used to
target each gene to exclude the potential off-target effects of RNA
interference.

2.3. Cell culture, transient transfection and reporter gene analysis

The human hepatoma cell line B16A2 [26] was maintained in
William’s E medium (Invitrogen, Carlsbad, CA, USA) at 37 8C in an
incubator with 5% CO2, supplemented with 1 mg/ml insulin,
0.25 mg/ml hydrocortisone, 5% FBS, penicillin (100 IU/ml) and
streptomycin (100 mg/ml) (Invitrogen). B16A2 cells were grown to
confluence in 12 well clusters (after 1 week of culture following
being split 1/6) and 4 weeks after reaching confluence were co-
transfected with 1 mg of CYP2E1 reporter constructs and 50 ng
pRL-TK (Renilla luciferase) control plasmid (Promega) using the
DMRIE-C transfection reagent (Invitrogen) with weeks after
reaching confluence. Where indicated, cells were also co-trans-
fected with siRNA expression vectors (0.5 mg), expression vectors
for the transcription factors STAT6, NFATc1, Elk1, NF-kB and
FOXO1 (0.5 mg) or their corresponding empty control vectors.
Twenty-four hours post-transfection cells were either left untreat-
ed or treated with 60 U/ml human recombinant IL-4 (Sigma–
Aldrich, St. Louis, MO, USA). The luciferase activity of both the
CYP2E1 reporter gene (Firefly luciferase) and the internal control
plasmid pRL-TK (Renilla luciferase) was measured in a TD-20/20
luminometer (Turner Designs, Sunnyvale, CA, USA) with the Dual
Luciferase reporter assay system (Promega).

2.4. Northern blot assay

Total RNA was prepared from IL-4 treated and untreated B16A2
cells (4 weeks post-confluence) using single-step RNA isolation by
acid guanidium thiocyanate–phenol–chloroform extraction meth-
od described by Chomczynski and Sacchi [27]. Northern blot assays
were performed as previously described except that 20 mg of total
RNA was loaded per lane [28].

2.5. Real-time PCR

Total RNA was isolated from treated and untreated B16A2 cells
with the RNeasy mini kit (Qiagen, Valencia, CA, USA). The mRNA
levels were quantified by real-time PCR using SYBR green PCR
master mix (Applied Biosystems, Foster City, CA, USA) on a smart
cycler (Cepheid, Sunnyvale, CA, USA) as described [29]. The mRNA

https://www.genscript.com/ssl-bin/app/rnai
https://www.genscript.com/ssl-bin/app/rnai


J. Wang et al. / Biochemical Pharmacology 80 (2010) 1592–16001594
levels were normalized against b-actin. Primers used are listed in
Supplemental data (Table S1).

2.6. Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed using the ChIP assay kit from
Upstate according to the manufacturer’s instructions (Upstate,
Temecula, CA, USA). B16A2 cells were grown confluent in 10 cm
cell culture dishes for 4 weeks, transfected with 2E1-2651 and
24 h post-transfection cells were either left untreated or treated
with 60 U/ml IL-4. Cells were processed for ChIP analysis 24 h
after the addition of IL-4. DNA–protein complexes were cross-
linked by the addition of 1% formaldehyde directly to the culture
medium after which cells were washed and lysed in SDS lysis
buffer supplemented with protease and phosphatase inhibitors
(Roche) and processed as suggested by the manufacturer. DNA–
protein complexes were immunoprecipitated with a mouse
monoclonal anti-NFATc1 antibody and normal mouse IgG (both
from Santa Cruz Biotechnology, Santa Cruz, CA, USA). Immuno-
precipitated DNA was eluted, purified and amplified by PCR for
25–30 cycles in the presence of 1.5 mM MgCl2, 200 mM dNTPs
and 10 pmol of primers (Supplemental data, Table S1). The PCR
primer set was designed to yield a 160-bp product that
encompassed the region containing the NFATc1 responsive
element. 10% of the precipitated DNA was used for each PCR.
PCR products were separated by electrophoresis on 2% agarose
gels and visualized with ethidium bromide.

3. Results

3.1. IL-4 induces CYP2E1 expression

In a previous study we demonstrated that when grown
confluent for 5 weeks B16A2 cells display a 7-fold increase in
CYP2E1 mRNA expression as compared to non-confluent cells,
although these levels still were low compared to human liver [30].
[(Fig._1)TD$FIG]

Fig. 1. IL-4 induces CYP2E1 mRNA expression in B16A2 cells. Confluent B16A2 cells

were treated with 60 U/ml IL-4 for 4 h and CYP2E1 mRNA levels were determined

by Northern blot analysis (upper panel) and quantified by densitometry (lower

panel). mRNA levels are expressed relative to untreated (control) cells and

normalized to b-actin levels. Results are mean � S.D. of three independent

experiments. **P < 0.01.
Others demonstrated that IL-4 treatment increased both CYP2E1
mRNA and protein levels in primary human hepatocytes cultures
and also, in a concentration dependent manner, in confluent grown
B16A2 cells [16,24]. To verify the induction in our experimental
system, 4-week confluent B16A2 cells were treated with IL-4
(Fig. 1). As expected in untreated control cells low levels of CYP2E1
mRNA could be detected, which increased 2.5-fold 4 h after the
addition of IL-4 (Fig. 1) and remained stable up to 24 h after the
addition of IL-4 (data not shown). These results confirm that the
induction pathway mediated by IL-4 is functional in our cultured
B16A2 cells and possibly is regulated at the transcriptional level as
was also previously demonstrated [24].

In order to elucidate the regions in the human CYP2E1 promoter
responsible for the transcriptional induction of CYP2E1 by IL-4, a
set of CYP2E1 promoter constructs were generated (Fig. 2).
Confluent B16A2 cells were transfected with these CYP2E1
reporter constructs of variable length and promoter activities
were determined after IL-4 treatment. IL-4 treatment resulted in a
2.5–6-fold induction of the luciferase activity depending on the
length of CYP2E1 promoter as compared to untreated cells, with
the exception of the shortest construct, 2E1-519, which was
unresponsive to IL-4. The data indicate that two regions in the
CYP2E1 promoter contained IL-4 responsive elements, a proximal
region between�669 and�519-bp upstream of the transcriptional
initiation site and a second more distal region between�1604 and
�1428-bp. Deletion of either site resulted in an over 2-fold
decrease in promoter activity while deletion of the other regions
did not have any significant effect on the IL-4-induced CYP2E1
promoter activity (Fig. 2). Together these results indicate that IL-4-
induced CYP2E1 gene transcription is mediated by two distinct
regions in the CYP2E1 promoter and that both regions are required
for maximal activation of the IL-4-induced promoter activity.

3.2. JAK1–STAT6 signaling pathway

Although the JAK1–STAT6 signaling pathway is well-known
and specifically activated by IL-4 [21], the direct involvement of
STAT6 in IL-4-mediated induction of CYP2E1 has not been
demonstrated, despite the presence of several STAT6 binding sites
in the proximal IL-4 responsive element. We initially studied the
involvement of JAK1–STAT6 signaling in IL-4-mediated induction
of CYP2E1 using silencing and overexpression of several of the
components involved in this signaling pathway. First we observed
that IL-4 treatment resulted in a 2.8-fold increase in JAK1 mRNA
levels, which could be effectively prevented by two different JAK1-

[(Fig._2)TD$FIG]

Fig. 2. Identification of the IL-4 responsive elements in the human CYP2E1

promoter. Different lengths of the CYP2E1 promoter were cloned upstream the

luciferase reporter gene and transfected in confluent B16A2 cells. Transfected cells

were either left untreated or treated with IL-4 for 24 h, after which the luciferase

activity was measured. Results are expressed as the fold induction of IL-4 treated

over untreated control cells and normalized against Renilla luciferase activity. The

values represent the average of at least three experiments. A schematic

representation of the different lengths of the CYP2E1 promoter constructs is

shown on the left side of the figure.
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Fig. 3. IL-4-mediated up-regulation of CYP2E1 is mediated through JAK1. (A) IL-4 treatment of confluent B16A2 cells induced the expression of JAK1 mRNA levels as

determined by real-time PCR. Total RNA was prepared from B16A2 cells treated with IL-4 or left untreated and JAK1 mRNA levels were determined and normalized to b-actin

levels. Two siRNA expression plasmids harboring the sequence targeting JAK1 (siJAK1-1 and siJAK1-2) were transfected prior to IL-4 treatment. Significant inhibition of JAK1

mRNA level was observed with both siRNAs. (B) IL-4-induced transcription of CYP2E1 is inhibited by down-regulation of JAK1. The two siRNA expression constructs targeting

JAK1 were co-transfected with the CYP2E1 promoter constructs 2E1-669 (left side) and 2E1-1604 (right side). Twenty-four hours post-transfection cells were treated with IL-

4 or left untreated for an additional 24 h and luciferase activity was measured. Results are mean � S.D. of three individual experiments. *P < 0.05; **P < 0.01.
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specific siRNA constructs down to or below control levels (Fig. 3A).
Silencing of JAK1 expression using either one of these siRNAs
prevented the IL-4-induced transcription of CYP2E1 promoter
construct 2E1-669 that contained only the proximal IL-4 respon-
sive element (Fig. 3B, left). When using the longer reporter
construct, 2E1-1604 that contained both the proximal and distal
IL-4 responsive element, the JAK1 siRNAs significantly inhibited,
but not completely abolished, the IL-4-induced CYP2E1 transcrip-
tion (Fig. 3B, right). This suggested that JAK1 is involved in the IL-4
transcriptional induction of CYP2E1 and that JAK1 mediated its
effect through the proximal IL-4 responsive element. Moreover,
since JAK1 down-regulation was not able to completely prevent
the IL-4 response in the presence of both the proximal and distal IL-
4 responsive element suggested that the IL-4 response via the
distal element, most likely, is mediated by a second signaling
pathway.

STAT6 is a well-known downstream component of JAK1 after IL-
4 stimulation and we therefore studied its involvement in the IL-4
induction of CYP2E1. Co-expression of STAT6 (in the absence of IL-
4) with 2E1-1428, containing only the proximal IL-4 responsive
element, or 2E1-1604, containing both the proximal and distal
responsive elements, increased the promoter activity about 2-fold
as compared to 2E1-519 that lacks both IL-4 responsive elements
(Fig. 4A). Because no further induction by STAT6 overexpression
was observed in the presence of the distal element it was
concluded that the STAT6 binding site is located in the proximal
promoter region. Four potential STAT6 binding sites (STAT6-1:
�42/�34-bp; STAT6-2: �583/�574-bp; STAT6-3: �623/�615-bp
and STAT6-4: �699/�690-bp) were identified in the proximal
CYP2E1 promoter that exhibited the STAT6 consensus (TTCN3-

6GAA). These 4 sites were mutated individually in the reporter
construct 2E1-841 using the mutagenesis primers listed in
Supplemental data (Table S1). Wild-type 2E1-841 and the mutants
DSTAT6-1 to -4 were transfected into confluent B16A2 cells and
transfected cells were treated with IL-4 or left untreated (Fig. 4B).
With the exception of the mutant DSTAT6-2 promoter construct,
which was unresponsive to IL-4 treatment, the wild-type construct
and the mutants DSTAT6-1, DSTAT6-3 and DSTAT6-4 all displayed
approximately a 2-fold increase after IL-4 treatment. These data
show that the IL-4 responsive element for the JAK1–STAT6
pathway is located between �583 and �574-bp in the CYP2E1
promoter and that mutation of this site abolishes the IL-4 response.

3.3. IRS signaling

The data presented above suggests that the proximal IL-4
responsive element is activated through JAK1–STAT6 signaling,
while the distal IL-4 responsive element is not. Because IL-4 can
signal via the IL-4R not only through the JAK–STAT pathway but
also through activation of IRS, we decided to investigate the
involvement of IRS in the IL-4 induction of CYP2E1. Indeed both
IRS1 and IRS2 mRNA levels were significantly up-regulated after
IL-4 treatment of confluent B16A2 cells (Fig. 5A). Silencing of IRS1
or IRS2 alone did not significantly inhibit the IL-4-induced
reporter gene expression when using 2E1-1606 that contains both
the proximal and distal IL-4 responsive element (Fig. 5B), despite
the fact that both siIRS1-2 and siIRS2-2 effectively down-
regulated their respective targets (Fig. 5A). However, when both
IRS1 and IRS2 were silenced simultaneously, the IL-4-induced
CYP2E1 reporter activity could be significantly inhibited by about
40% (Fig. 5B).

We next analyzed the sequence of the distal IL-4 responsive
element between �1604 and �1428-bp upstream of CYP2E1
initiation codon using the TESS (Transcriptional Element Search
System) program for the presence of putative transcription factor
binding sites [31]. Eight of the transcription factors identified,
were chosen for further evaluation since they have been shown to
be involved in IL-4 response (KEGG, SPAD and ProteinLounge
Pathway databases). First we determined the fold induction at the
mRNA level of these eight transcription factors after IL-4
treatment of B16A2 cells (Fig. 6A) and observed that 4 of them,
more specifically NF-kB (nuclear factor kappa B), Elk1 (member of
ETS oncogene family), NFATc1 (nuclear factor of activated T-cells
cytoplasmic 1) and FOXO1 (forkhead box protein O1) were
induced 2–5-fold by IL-4 treatment. In order to establish the direct
involvement of these transcription factors in the IL-4-induced
CYP2E1 expression, we generated siRNA expression vectors to
effectively silence these transcription factors (Supplemental data,
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Fig. 4. IL-4-induced CYP2E1 transcription is mediated through STAT6. (A) A STAT6 expression plasmid was co-transfected with CYP2E1 reporter plasmids of different lengths,

2E1-519, 2E1-1428 and 2E1-1609, and 48 h post-transfection luciferase activity was determined. (B) Four putative binding sites for STAT6 in the CYP2E1 promoter were

mutated as described in Materials and Methods. The STAT6 mutants (DSTAT6-1 to DSTAT6-4) together with the wild-type CYP2E1 (wt 2E1) reporter construct were co-

transfected with the STAT6 expression plasmid, 24 h post-transfection cells were treated with IL-4 (filled bars) or left untreated (empty bars) and after an additional 24 h

luciferase activity was determined. Results are mean � S.D. of three individual experiments. *P < 0.05.
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Fig. S1). Silencing of NFATc1 significantly attenuated the IL-4-
induced CYP2E1 expression, while down-regulation of the other
factors, NF-kB, Elk1 and FOXO1 had no significant effect (Fig. 6B).
To corroborate the involvement of NFATc1 in the IL-4-induced
CYP2E1 expression, B16A2 cells were transfected with the CYP2E1
promoter construct containing the proximal and distal IL-4
responsive element (2E1-1604) in the presence and absence of a
NFATc1 expression plasmid (Fig. 6C). Indeed co-expression of
2E1-1604 and NFATc1 resulted in a 2-fold increase in promoter
activity as compared to 2E1-1604 alone. In contrast, co-expres-

[(Fig._5)TD$FIG]

Fig. 5. IL-4-induced expression of CYP2E1 is mediated through the activation of IRS1/2. (A

B16A2 cells. Two different siRNAs targeting IRS1 (siIRS1-1 and -2) or IRS2 (siIRS2-1 and

respective targets after IL-4 treatment. (B) Simultaneous down-regulation of IRS1 and IR

individually or together co-transfected with the CYP2E1 promoter construct 2E1-1604,

activity was measured after 24 h of IL-4 treatment. Results are mean � S.D. of three ind
sion with FOXO1 did not alter the promoter activity as was
expected from the lack of effect from the down-regulation of
FOXO1, thereby excluding a role of FOXO1 in the IL-4-dependent
induction of CYP2E1 expression. To test whether NFATc1 could
directly interact with the distal IL-4 responsive element in the
CYP2E1 promoter, we performed chromatin immunoprecipita-
tion (ChIP) analysis using primers for this specific region
containing the putative NFATc1 binding site (Supplemental data,
Table S1). In B16A2 transfected with 2E1-2651, NFATc1 was found
to interact with the distal IL-4 responsive element in the CYP2E1
) mRNA levels of IRS1 and IRS2 were measured in confluent control and IL-4 treated

-2) were designed and shown to effectively knockdown the mRNA levels of their

S2 attenuates the IL-4 response. IRS1-2 and IRS2-2 siRNA targeting constructs were

24 h post-transfection cells were treated with IL-4 or left untreated and luciferase

ividual experiments. *P < 0.05; **P < 0.01.
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Fig. 6. IL-4-induced expression of CYP2E1 is mediated through the activation of NFATc1. (A) mRNA levels of the transcription factors NF-kB, Elk1, c-fos, c-jun, Sp1, NFATc1,

NFAT4 and FOXO1 were measured in IL-4 treated or untreated B16A2 cells. Results are expressed as the fold induction of IL-4 treated over untreated control cells and

normalized against b-actin. (B) siRNA expression constructs targeting the transcription factors NF-kB, Elk1, NFATc1 and FOXO1 were co-transfected together with the

CYP2E1 promoter construct 2E1-1604. Twenty-four hours post-transfection cells were treated with IL-4 and luciferase activity was measured after an additional 24 h. (C) The

CYP2E1 promoter construct 2E1-1604 was co-transfected with expression constructs for NFATc1 or FOXO1 and luciferase activity was determined 48 h later. Results are

mean � S.D. of three individual experiments. *P < 0.05. (D). Interaction of NFATc1 with the CYP2E1 promoter as determined by chromatin immunoprecipitation (ChIP) analysis.

Confluent B16A2 cells transfected with 2E1-2651 were treated with IL-4 or left untreated and DNA–protein complexes were immunoprecipitated with a specific NFATc1 antibody or

as a control a non-relevant IgG. Input DNA is an aliquot of the sheered DNA prior to immunoprecipitation.
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promoter (Fig. 6D). Stimulation of these transfected cells with IL-
4 however did not enhance but rather decreased the binding of
NFATc1 to the CYP2E1 promoter, indicating that in control
confluent B16A2 cells, which contain low CYP2E1 levels, NFATc1 is
already constitutively associated with the CYP2E1 promoter.
Moreover we also could detect a weak interaction of NFATc1 with
the endogenous CYP2E1 promoter in non-transfected cells
(Supplemental data, Fig. S2). In contrast we did observe an IL-
4-dependent interaction with the distal IL-4 responsive element
containing the NFATc1 binding site using electrophoretic mobility
shift assay and nuclear extracts isolated from control confluent
and IL-4 treated confluent B16A2 cells (Supplemental data, Fig.
S3). The reason for the discrepancy between the ChIP and EMSA
and the slight decrease in NFATc1 binding to the CYP2E1 promoter
in the presence of IL-4 observed by ChIP is at present unclear, but
involvement of additional transcription factors can at this point
not be excluded.

3.4. Both STAT6 and NFATc1 are required for efficient induction by IL-

4

To further confirm the involvement of STAT6 and NFATc1, the
activity of both transfection factors was inhibited by using
either RNA interference or by mutation of the transcription
factor binding sites (Fig. 7). Mutation of either the STAT6
(DSTAT6) or NFATc1 (DNFATc1) binding site (schematically
shown at the bottom of Fig. 7) resulted only in a slight (about
30–35%) but significant inhibition of the IL-4-mediated induc-
tion of CYP2E1 promoter activity. When both sites were mutated
simultaneously (DSTAT6 + DNFATC1) the effect of IL-4 on
CYP2E1 promoter activity was essentially eliminated, confirm-
ing that efficient IL-4 induction of CYP2E1 expression required
both STAT6 and NFATc1 interaction with the CYP2E1 promoter.
In addition, siRNA-mediated down-regulation of both transcrip-
tion factors STAT6 and NFATc1 also abolished the IL-4 induction
of CYP2E1 promoter activity (Fig. 7), confirming once more their
involvement. Thus, our data strongly indicate that the induction
of CYP2E1 transcription by IL-4 treatment is mediated by two
independent pathways, involving the transcription factors
STAT6 and NFATc1.

4. Discussion

In the present study we provide evidence that IL-4 induction
of CYP2E1 in the human hepatoma cell line B16A2 is mediated
by two classical IL-4 signaling pathways, involving the JAK1–
STAT6 pathway and activation of IRS1/2 and NFATc1. Using
different length promoter constructs combined with siRNA
constructs against JAK1, STAT6, IRS1/2 and NFATc1 we could
show that IL-4 mediates its effect through two distinct regions
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Fig. 7. Both STAT6 and NFATc1 are required for efficient IL-4 induction of CYP2E1.

Mutations in the STAT6 and NFATc1 responsive elements were introduced in the

CYP2E1 promoter construct 2E1-1604, resulting in DSTAT6 (mutation of the

proximal STAT6 responsive element only), DNFATc1 (mutation of the distal NFATc1

responsive element only) and DSTAT6 + DNFATc1 (mutation of both STAT6 and

NFATC1 responsive elements). siRNA expression constructs targeting STAT6

(siSTAT6) and NFATc1 (siNAFTc1) were co-transfected with the wtCYP2E1

promoter construct 2E1-1604, 24 h post-transfection cells were treated with IL-

4 and luciferase activity was measured. The position of the STAT6 and NFATc1

responsive elements in the human CYP2E1 is schematically shown at the bottom of

the figure together with the mutated residues (shown in black box). Results are

mean � S.D. of three individual experiments. *P < 0.05, **P < 0.01 as compared to IL-4

treated cells.
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Fig. 8. Diagram of IL-4-mediated CYP2E1 gene transcription. The factors that were

identified in the present study to be important for IL-4-induced CYP2E1 expression

are indicated with grey arrows. STAT6-BE: STAT6 binding element; NFATc1-BE:

NFATc1 binding element. See text for further details.
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in the human CYP2E1 promoter: a proximal IL-4 responsive
element (�669/�519-bp) activated by the JAK1–STAT6 pathway
and a more distal site (�1604/�1428-bp) activated by IRS1/2.
Finally, we showed using mutagenesis and siRNA constructs that
these two IL-4 responsive elements are activated by different
transcription factors, the proximal IL-4 responsive element
(�583/�574-bp) by STAT6 and the distal IL-4 responsive
element (�1551/�1545-bp) by NFATc1. Both pathways appear
to operate in parallel and are required for maximal response
since in order to prevent the IL-4-dependent CYP2E1 induction,
we needed to block both pathways simultaneously. These
findings are schematically summarized in Fig. 8, together with
the factors and sites that were, in the present study, shown to be
important for the IL-4 induction of CYP2E1. In contrast to the
well characterized JAK–STAT pathway, at present it is unclear
how activation of IRS could lead to the activation of NFATc1. Our
results clearly show that both IRS and NFATc1 mediate their
effect on CYP2E1 transcription via the distal IL-4 responsive
element. In a recent report it was shown that the expression of
NFATc1 was regulated by the ERK signaling pathway as it was
shown that NFATc1 expression was inhibited by the MEK
inhibitor U0126 [32]. We could partially inhibit the IL-4
induction of CYP2E1 with the same MEK inhibitor (U0126),
indicating the involvement of this protein kinase (Supplemental
data, Fig. S4). No effect could be observed using a p38-MAPK
inhibitor (SB203580) or a PI3K inhibitor (wortmannin), suggest-
ing these two protein kinases are not involved in the IL-4-
induced expression of CYP2E1 (Supplemental data, Fig. S4).
Interestingly, IL-4-mediated stimulation of IRS leads to the
activation of MEK/ERK pathway [22], which raises the possibility
that IL-4 is able to activate CYP2E1 expression via activation of
IRS and subsequently MEK resulting in activation of NFATc1.

Confluent grown B16A2 cells start expressing several liver
specific genes including CYP2E1 both at the mRNA and protein
level [24,30]. Low amounts of CYP2E1 protein could already be
observed after 1–2 weeks of confluence and gradually increased
with time of confluence (data not shown). Stimulation of
confluent B16A2 cells with the cytokine IL-4 resulted in an
additional increase in CYP2E1 mRNA and protein expression
(present study) [24], a phenomenon that was also observed in
primary human hepatocytes [16]. Although in our study we
present evidence for the involvement of STAT6, a well-known
downstream target of IL-4 signaling, a previous study suggested
that IL-4-induced CYP2E1 transcription independent of STAT6,
and instead proposed the involvement of protein kinase C [24]. In
the present study a STAT6 binding site in the CYP2E1 promoter is
identified by mutagenesis and shown to be involved in the IL-4-
induced expression of CYP2E1. The same region in the CYP2E1
promoter was identified in another study to be important for IL-4-
induced CYP2E1 expression, but electrophoretic mobility shift
assays failed to show STAT6 binding and instead AP1 and NFAT
were shown to bind to this IL-4 responsive element [33]. These
results are in contrast to ours, as IL-4 induction of CYP2E1 could be
completely prevented after mutagenesis of the STAT6 binding site
present in the proximal IL-4 responsive element (DSTAT6-2)
when using the short promoter constructs that lacked the second
more distal IL-4 response element. The reason for this inconsis-
tency is at present not clear.

Confluent grown B16A2 cells already do express low levels of
CYP2E1 [24,30], which suggests that during confluence the CYP2E1
promoter becomes activated by as yet unknown molecular
mechanisms. We observed a weak interaction of NFATc1 with
the endogenous CYP2E1 promoter in the absence of IL-4
(Supplemental data, Fig. S2), suggesting that NFATc1 is associated
with the CYP2E1 promoter and is able to regulate its activity. We
propose that prolonged confluence induces certain signaling
cascades ultimately leading to activation and binding of NFATc1
and subsequent transcriptional activation of CYP2E1. In rat
hepatocytes, low amounts of insulin induced CYP2E1 expression,
while higher concentrations, led to suppression [34]. B16A2 cells
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are grown confluent in the presence of low amounts of insulin that
possibly may result in activation of IRS signaling and ultimately
lead to transcriptional activation of CYP2E1.

The regulation of CYP2E1 is complex and is know to occur at the
transcriptional, translational, and post-transcriptional level [7,9],
although transcriptional activation of CYP2E1 remains poorly
understood. Immediately after birth CYP2E1 becomes transcrip-
tionally activated, and was accompanied by demethylation at
cytosine residues located in the 50-flanking region of the rat gene
[35]. Several transcription factors have been shown to interact
with and activate the CYP2E1 promoter as was shown for HNF-1a
in rat [17,36], Sp1 and NF-kB in rabbit [37] and STAT5 (tonicity
response element binding protein) in human [38]. Furthermore
also in human, a far upstream enhancer site was identified and
shown to be regulated by the transcription factors GATA4 and
NR5A2 (fetoprotein transcription factor) [39]. IL-1a was shown to
up-regulate CYP2E1 promoter activity in rabbit through activa-
tion of Sp1, while IL-4 had no significant effect on the promoter
activity in rabbit [37]. In contrast, in rats, IL-1a treatment down-
regulated CYP2E1 mRNA levels [40] and comparison of the rabbit
rat and human CYP2E1 promoter revealed that the Sp1 site found
in rabbit is not conserved in the rat and human promoter [37]. This
illustrates that regulation of CYP2E1 transcription is highly
species dependent and that the same transcription factor or
stimulus can have opposite effects depending on the species
studied as illustrated by IL-1a and Sp1.

In conclusion, we demonstrate that the regulation of CYP2E1
by IL-4 was mediated by two independent pathways, the JAK1–
STAT6 pathway and activation of IRS1/2. These two pathways
were independent from each other, both requiring specific
transcriptional factors as well as distinct responsive sites in the
CYP2E1 promoter, a proximal site involving STAT6 and a distal one
dependent on NFATc1. The regulation is under the control of a
complex set of factors and constitutes part of the signaling
transduction network. In addition we demonstrate that the
human hepatoma cell line B16A2 when grown confluent, can be a
useful tool for studying the regulation of endogenous hepatic
proteins.
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