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Regulatory sequence responsible for insulin destabilization of
cytochrome P450 2B1 (CYP2B1) mRNA
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Diabetes has been reported to increase CYP2E1 (cytochrome
P450) and CYP2B1 expression at both the mRNA and protein
levels in rat livers. This increase has been attributed to mRNA
stabilization and can be reversed by daily insulin treatment. In a
previous study, we showed that this hormone directly down-regu-
lates CYP2E1 and 2B1 expression through a post-transcriptional
mechanism in rat hepatoma cell lines. We then aimed to identify
the molecular mechanisms involved in this regulation. We first
identified a 16-mer sequence that we later showed to be the actual
functional target of insulin on the rat CYP2E1 mRNA. Similar
work was performed with CYP2B1. We first investigated the pres-
ence of mRNA–protein interactions. Using cytoplasmic proteins
of Fao cells treated or not with insulin (0.1 µM) and the full-length
CYP2B1 mRNA as a probe, a major CYP2B1 RNA–protein com-
plex was observed with RNase T1 protection experiments. With

the use of different CYP2B1 mRNA probes and by means of com-
petition experiments with antisense oligonucleotides, a protein
fixation site was located on a 16-nt sequence in the 5′ part of the
coding region. This sequence has a hairpin loop structure, shows
80% sequence identity with a structure previously identified on
CYP2E1 and is also responsible for the post-transcriptional effects
of insulin on this mRNA. Protein(s) bound to both CYP2B1
and CYP2E1 sequences are cytosolic and have an apparent mol-
ecular mass of 60 kDa. The protein(s) that bind(s) to both these
sequences and the insulin transduction signal involved in this
regulation remain(s) to identified.

Key words: cis-acting element, cytochrome P450 (CYP), helix–
loop, insulin, mRNA, post-transcriptional regulation.

INTRODUCTION

Insulin plays a key role in glucose homoeostasis and in the con-
trol of fat and protein metabolism. The hormone exerts its effects
on tissues involved in the regulation of fuel metabolism such as
muscle, adipose tissue and liver. In addition to post-translational
effects, insulin modulates the expression of a variety of genes,
which leads to the regulation of metabolic pathways [1] by several
mechanisms, including post-transcriptional regulation. Insulin
also controls the expression of several genes encoding CYPs
(cytochromes P450) [2] that are involved in the metabolism of
xenobiotics and some endogenous compounds [3]. Although im-
portant, the mechanisms and the biological implications of this
regulation are still poorly understood.

CYPs are the primary enzymes involved in hepatic phase I
metabolic reactions. The CYP2 family is the largest one and com-
prises 30 subfamilies (CYP2A–CYP2AD) [David Nelson’s Cyto-
chrome P450 Homepage (http://drnelson.utmem.edu/
cytochromeP450.html)]. The first five subfamilies (CYP2A–
CYP2E) are the best characterized and most studied ones in
mammalian species such as rat, rabbit and human. Among them,
rat CYP2E1 and CYP2B1 are clearly regulated by insulin [2].
CYP2E1 metabolizes clinically important drugs such as acet-
aminophen, isoniazid, tamoxifen, enflurane and halothane [5].
In addition, because of its ability to catalyse the metabolism
of acetone, it is postulated to be involved in the intermediate
steps of the gluconeogenic pathway [5]. CYP2E1 is inducible by
many compounds, including ethanol. The regulation of CYP2E1
expression is complex and involves transcriptional activation,
mRNA stabilization, increased mRNA translatability and de-
creased protein degradation [6]. In chemically induced and spon-

taneously diabetic rats, an increase in hepatic CYP2E1 expression
has been reported [7]. This elevation of mRNA levels in the
diabetic state in vivo has been attributed to mRNA stabilization
[8] and can be reversed by daily insulin treatment [9].

CYP2B1 is mainly expressed in the liver, where it catalyses
the metabolism of several important pharmaceutical agents
(cyclophosphamide, tricyclic antidepressants etc.), various endo-
genous compounds of physiological importance, such as testo-
sterone, and certain procarcinogens, into, ultimately, carcinogens.
CYP2B gene regulation has been studied mainly at the trans-
criptional level. It is inducible in the liver by several drugs
(barbiturates, pesticides), and the CAR (constitutive androstane
receptor) appears to be one of the main factors involved in trans-
criptional induction of the CYP2B genes, although PXR (the
pregnane X receptor), the glucocorticoid receptor and other nu-
clear receptors may also be required for optimal regulation [10].
Nevertheless, as in the case of CYP2E1, CYP2B1 mRNA stability
was shown to be increased by diabetes in the rat liver [7].

Previous results showed that insulin directly down-regulates
the expression of CYP2B1 and CYP2E1 through a post-trans-
criptional mechanism in rat hepatoma cell lines [2] as well as in
primary cultured rat hepatocytes [11]. The mechanisms of insulin
action have been largely described for some enzymes involved
in glucose and lipid metabolism and were found to be mostly
transcriptional [1]. In contrast, little is known about the mech-
anism of post-transcriptional regulation involved in the control
of gene expression. This regulation implies specific RNA–protein
interactions which mediate RNA processing (7mGpppN capping,
polyadenylation, splicing etc.), RNA nucleocytoplasmic transport
and RNA stabilization [12]. Indeed, some RNA sequences may
serve as binding sites for proteins that could play a regulatory role
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ribofuranosylbenzimidazole; hnRNP, heterogeneous nuclear ribonucleoprotein; P, penetratin; PXR, pregnane X receptor; RT, reverse transcriptase; UTR,
untranslated region.
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in gene expression. Such interactions often occur in the 5′-UTR
(5′-untranslated region) or 3′-UTR of the mRNA and rarely
within the coding region [12]. In the case of insulin, studies on
regulation of mRNA turnover have focused on CYP2E1. We have
recently demonstrated that the binding of cytoplasmic proteins
from rat hepatoma cell lines to a 16-mer hairpin loop, within
the 5′ part of gene coding region, was involved in CYP2E1
mRNA destabilization by insulin [13]. Little is known about the
mechanism through which this sequence controls mRNA turn-
over. In addition, whether similar sequences are present and
functional in other CYP mRNAs and whether they could be in-
volved in insulin regulation is not known.

In order to answer this question, the molecular mechanisms
involved in CYP2B1 mRNA destabilization by insulin were
studied. We show here that a 16-mer sequence within the CYP2B1
mRNA is required for insulin regulation of this mRNA stability.
This sequence, predicted to form a hairpin structure, displays
80% identity with the regulatory sequence of CYP2E1 and can
bind a hepatic cytosolic protein with an apparent molecular mass
of 60 kDa.

EXPERIMENTAL

Cell culture and treatments

Fao cells were grown in monolayer culture as described pre-
viously [14]. Cells were exposed to insulin (0.1 µM), the usual
supplement to a primary hepatocyte culture medium, for 6 h
during their exponential phase of growth [15]. Untreated cultures
were used as controls.

Preparation of cytoplasmic extracts

After trypsinization, a pellet of cells from five culture dishes
(30 × 106 cells), was resuspended in 25 mM Tris (pH 7.9)/0.5 mM
EDTA. After four cycles of freezing in ethanol/solid CO2 and
thawing at 37 ◦C for 5 min, the samples were then centrifuged at
4 ◦C at 15000 g for 15 min; the supernatant was divided into por-
tions and stored at −80 ◦C until use. The protein concentration
was determined, using the bicinchoninic acid (‘BCA’) (Pierce)
procedure, with BSA as standard, according to the manufacturer’s
instructions.

Preparation of rat liver extracts

The cellular fractions were prepared by differential centrifugation.
All manipulations were performed at 4 ◦C. The Zucker-rat liver
kindly provided by Dr Chantal Benelli (INSERM U530, Hôpital
des Enfants Malades, Paris, France) was thawed in iso-osmotic
NaCl, diced with scissors, washed in iso-osmotic NaCl two or
three times, ground (1 g/5 ml) in buffer (250 mM sucrose/100 mM
Tris/HCl/1 mM EDTA, pH 7.4) with an Ultra-Turrax® grinder
(IKA-Labortechnik, Staufen, Germany) for 10–20 s and homo-
genized with a Potter–Elvehjem-type device (Fisher Bioblock
Scientific, Illkirch, France). The homogenate was successively
centrifuged at 800 g for 10 min to isolate the nuclear pellet, and
at 9000 g for 20 min to isolate the mitochondrial pellet and the S9
supernatant. The S9 supernatant was then centrifuged at 105000 g
for 60 min to obtain the microsomal pellet and the cytosolic super-
natant. The microsomes were suspended in 100 mM sodium phos-
phate/20% (v/v) glycerol. The fractions were stored at −80 ◦C.
The protein concentration was determined as described above.

Plasmids

Dr. Frank J. Gonzalez (National Cancer Institute, National Insti-
tutes of Health, Bethesda, MD, U.S.A.) generously provided us

Figure 1 Map of full-length rat CYP2B1 cDNA and sizes of the RNA probes

Full-length rat CYP2B1 cloned into pcDNAI at EcoRI sites and mRNAs with different sizes (PstI,
AflIII, and NotI) are located. ATG, start of coding region; TGA, stop codon.

with a partial rat CYP2B1 cDNA lacking the 5′-UTR. To obtain
full-length CYP2B1 cDNA, this partial cDNA was reamplified
by PCR, using a primer containing the additional 5′-UTR. EcoRI
sites were added in both primers for cloning into pcDNAI/Amp
(Invitrogen) (Figure 1). This plasmid was named pcDNAI/
CYP2B1. The plasmid pcDNAI/CYP2E1 was previously de-
scribed [13].

The Renilla reniformis (sea pansy) luciferase expression plas-
mid p-αglob-RL, which was named pRL, contains the proximal
promoter of the α-globin gene [13]. To maintain the open reading
frame, an 18-mer oligonucleotide (CTTCCCCTCTTGGGGA-
AC), corresponding to the binding site of cytoplasmic proteins
found in the CYP2B1 sequence, was inserted in pRL in the coding
sequence of the Renilla gene at the AflIII site, 183 bases after the
ATG codon. The new plasmid was named pRL-Seq2B16. The in-
sertion was analysed by sequencing.

Northern-blot analysis

Total RNA from Fao cells was extracted using the RNeasy Mini
kit (Qiagen, Courtaboeuf, France). Subsequently, 10–20 µg of
total RNA was subjected to electrophoresis in denaturing formal-
dehyde/1.2% agarose gels and transferred to nylon membranes.
These membranes were prehybridized and then hybridized with
several 32P-labelled cDNA probes [rat CYP2E1 and CYP2B1,
and 18 S rRNA (an endogenous housekeeping gene)]. After hy-
bridization, the filters were washed at 65 ◦C for 30 min succes-
sively with 2 × SSC (standard saline citrate; 1 × SSC is 150 mM
NaCl/15 mM sodium citrate, pH 7.0), 0.1% SDS, then 0.5 × SSC,
0.1% SDS, and, sometimes, 0.1 × SSC and 0.1% SDS, and then
were processed for autoradiography. The relative intensities of
the hybridization signals were determined by scanning with a
StormTM 840 phosphoimager (Amersham Biosciences).

In vitro transcription

After linearization of the pcDNAI/CYP2B1 with either the PstI or
AflIII or NotI restriction enzymes (Figure 1), the products were
transcribed with T7 RNA polymerase in the presence or in
the absence of [32P]UTP (800 Ci/mmol; Amersham Biosciences)
using standard protocols (Stratagene, Amersham Biosci-
ences). Transcripts were separated from unincorporated nucleo-
tides on a Sephadex G-50 column, and specific radioactivity was
determined by counting an aliquot in a Packard liquid-scintillation
counter.

RNA–protein binding reactions (RNase T1 protection)

The reaction was carried out as previously described [13]. In com-
petition experiments, the unlabelled RNA (50–100-fold excess)
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was preincubated at room temperature for 10 min with cytoplas-
mic proteins before the addition of the radiolabelled probe. In
competition experiments with antisense oligonucleotides, the
antisense oligonucleotide (3 µg) was preincubated with the 32P-
labelled RNA probe to allow base-pairing for 5 min at 65 ◦C, fol-
lowed by 10 min at room temperature before the addition of
cytoplasmic proteins.

Two 16-mer RNAs [CYP2E1 RNA (UUCCCAUCCUUGGG-
AA) and CYP2B1 RNA (UUCCCCUCUUGGGGAA)] were
synthesized by Proligo (Paris, France) and 5′-labelled with
[γ -32P]ATP by the T4 polynucleotide kinase. Incubations and
competition experiments with antisense oligonucleotides were
performed as described above for RNA–protein binding reactions
without addition of RNase T1, but with UV-cross-linking reaction
on ice (one run of 8 min, followed by three runs at 120000 µJ
using a UV Stratalinker® 1800 instrument from Stratagene) per-
formed after cytoplasmic protein addition.

UV cross-linking analysis

The reaction was carried out in a final volume of 50 µl. Cyto-
plasmic proteins (40 µg) and 106 c.p.m. of 32P-labelled RNA
probes were incubated at room temperature for 10 min in a bind-
ing buffer [13 mM Hepes/40 mM KCl/53 mM MgCl2/1 mM
dithiothreitol/5% (v/v) glycerol], and 2 µg/µl yeast tRNA to pre-
vent non-specific binding. The reaction mixture was exposed
to UV light on ice (one run of 8 min, followed by three at
120000 µJ; UV Stratalinker® 1800 instrument), then treated with
RNase A (30 µg for 20 min at 37 ◦C). A Laemmli buffer was then
added [0.006% Bromophenol Blue/125 mM Tris/4% (w/v)
SDS/5% (v/v) glycerol] and the reaction mixture was incubated
at 95 ◦C for 10 min and subjected to SDS/10%-(w/v)-PAGE with
15 g/l Tris/72 g/l glycine/5 g/l SDS as running buffer. Protein–32P
mRNA complexes were detected by autoradiography of the dried
gel and quantified with the phosphoimager.

Antisense internalization

A CYP2B 26-mer antisense oligonucleotide containing the
16-mer antisense sequence coupled with penetratin (AS2B16-P:
GGAGGUUCCCCAAGAGGGGAAGGGGA), a 26-mer control
sequence, without hairpin loop, coupled with penetratin (AS con-
trol-P: GGAGGUUAGUCAAGAUCAGAAGGGGA) and free
penetratin (P) were purchased from Q-Biogene (Illkirch, France).
The oligonucleotide–penetratin conjugation efficiency on a 0.1%
SDS/15%-polyacrylamide gel was guaranteed by the manufac-
turer.

At 1 day before transfection, Fao cells (106 cells/well) were
seeded into the culture medium in a six-well dish. Concentrated
solutions of AS2B26-P, AS2Bcontrol-P and P (800 nM) were pre-
pared in culture medium and added to a final concentration of
400 nM. After 30 min, the cells were treated or not treated with in-
sulin (0.1 µM). After 6 h, two identically treated wells were mixed
and total mRNAs were extracted.

Transfection experiments

At 1 day prior to the transfection, cells were seeded (4 × 105 cells/
well) into the culture medium in a six-well dish. Each well was
transfected with 100 µl of a medium containing 2 µg of pRL or
2 µg of pRL-Seq2B16, 3 µl of FuGENE 6TM Transfection Re-
agent (Roche) and serum free-medium.

mRNA half-life determinations

mRNA turnover was assessed at different times after treatment of
cells with the transcription inhibitor DRB (5,6-dichloro-1-β-D-

ribofuranosylbenzimidazole) [16]. At this dose, DRB treatment
for 15 h did not affect the number or viability of Fao cells. Fao
cells were treated with insulin (0.1 µM) or left untreated for 3 h
and were then treated with 100 µM DRB. Total RNA was isolated
0, 3, 6, 9, 12 and 15 h after DRB treatment.

Reverse transcription was performed on 2 µg of RNA samples
using the cDNA High-Capacity Archive Kit (Applied Biosystems,
Courtaboeuf, France) in a final volume of 50 µl, according to
the manufacturer’s instructions. R. reniformis luciferase specific
oligonucleotide primers were designed using oligoexplorer soft-
ware (Oligosoftware) (primer sense: AGGAAACGGATGATAA-
CTGG; primer antisense: GCTACTGGCTCAATATGTGG). 18 S
rRNA was used as reference gene (primer sense: TCCCCCAA-
CTTCTTAGAGG; primer antisense: CTTATGACCCGCACTT-
ACTG). For each primer pair, we performed a no-template control
and a no-RT (reverse transcriptase) control (RT-negative assays),
which produced negligible signals, suggesting no primers–dimer
formation. Amplicons were 182 and 234 nts long for R. reniformis
luciferase and 18 S rRNA respectively. Gel electrophoresis was
performed to verify the size of the specific amplications and the
absence of additional PCR fragments. Quantitative changes in
mRNA expression were assessed with a real-time quantitative
PCR method performed in an ABI Prism 7900 Sequence Detec-
tor System (Applied Biosystems, Foster City, CA, U.S.A.).
Reaction mixtures for real-time PCR using SYBR-Green de-
tection consisted of SYBR® Green PCR Master Mix (ABGene,
Courtaboeuf, France), 300 nM of each primer and 4 ng of cDNA
in a final volume of 10 µl. PCR cycles proceeded as follows:
denaturation 15 min at 95 ◦C, followed by 40 cycles at 95 ◦C
for 30 s, 60 ◦C for 30 s and 72 ◦C for 30 s. Rat 18 S rRNA was
used as an internal control. Relative quantification of the
mRNA expression levels of target genes was calculated using
the 2−��CT method, where:

��CT = (CTRenilla luciferase − CT18 S rRNA)tx

− (CTRenilla luciferase − CT18 S rRNA)t0

Each sample determination was performed in triplicate. The
amount of mRNA at zero time (t0, the time of DRB addition)
in each group (pRL and pRL-Seq2B16 control, pRL and pRL-
Seq2B16 treated with insulin) was assigned as reference com-
pared with the amount of mRNA at time x (tx, where x = 3, 6, 9,
12 or 15 h).

Statistical analysis

Student’s two-tailed t tests were performed using Statview soft-
ware (Abacus Concepts, Berkeley, CA, U.S.A.).

RESULTS

It was previously shown that a 6 h insulin treatment decreased the
amount of CYP2B1 mRNA by 60% in the highly differentiated
Fao hepatoma cells by a post-transcriptional mechanism [2]. In
order to determine the mechanisms of CYP2B1 mRNA stability
and its regulation, RNA–protein interactions were first studied and
the protein-binding sites were mapped on the CYP2B1 mRNA.
Such binding sites were detected by the ability of bound proteins
to protect a labelled RNA probe from complete degradation by
RNase. Using Fao cells, cytoplasmic proteins and the full-length
CYP2B1 mRNA as a probe, a major CYP2B1 RNA–protein
complex was observed (Figure 2A, lanes 3 and 5). Treatment of
the binding reaction mixture with proteinase K completely abol-
ished the formation of the complex (results not shown), indicating
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Figure 2 Complexes of cytoplasmic proteins from Fao cells, treated or
not treated with insulin, on full-length 32P-labelled CYP2B1 mRNA (A, D)
and on partial 32P-CYP2B1 mRNA probes obtained by transcription in vitro
from pcDNAI/CYP2B linearized by AflIII (B, 1–1700-nt fragment) and PstI (C,
1–165-nt fragment)

The reaction was carried out in a final volume of 20 µl containing 105 c.p.m. of 32P-labelled
CYP2B mRNA (A and D, full-length fragment; B, fragment 1–1700 nt; C, 1–165-nt fragment)
(lanes 1–6) and 40 µg of cytoplasmic proteins from Fao cells untreated (lanes 3 and 4) or
treated with 0.1 µM insulin (lanes 5 and 6). For competition experiments (lanes 4 and 6)
a 50–100-fold excess of unlabelled CYP2B1 mRNA (A, full-length fragment; B, 1–1700-nt
fragment; C and D, 1–165-nt fragment) were incubated with cytoplasmic proteins before addition
of the radiolabelled probe. A portion (100 units) of RNase T1 was added to the reaction mixture
(lanes 2–6) to degrade the mRNA unprotected by protein binding. Complexes were visualized
after PAGE and autoradiography.

that the complex was due to the interaction between RNA and
proteins. Moreover, the formation of this complex was prevented
by a 100-fold excess of unlabelled full-length CYP2B1 mRNA
as competitor (Figure 2A, lanes 4 and 6). The pattern of the la-
belled complex formed was similar with cytoplasmic proteins
from either control or insulin-treated cells (Figure 2A, lanes 3 and
5), indicating that protein(s) was (were) present in both situations.
In order to map the protein-binding site on the CYP2B1
mRNA, various truncated mRNA probes were prepared and used
for binding reactions [1–1700 nt (Figure 2B) and 1–165 nt (Fig-
ure 2C)]. The RNA–protein complex was observed with both
probes (Figures 2B and 2C, lanes 3 and 5) and was competed out
in each case by an excess of homologous unlabelled mRNA (Fig-
ures 2B and 2C, lanes 4 and 6). Treatment with insulin did not
modify the binding pattern. In order to demonstrate that the com-
plexes formed with the different probes were related, cross-
competition experiments were performed. Figure 2(D) shows that
excess unlabelled 1–165 CYP2B1 RNA prevents the binding of
cytoplasmic protein to the full-length mRNA probe (Figure 2D,

Figure 3 (A) Localization and sequence of antisense oligonucleotides
complementary to the CYP2B cDNA from EcoRI to PstI sites (fragment
1–165 nt CYP2B1 mRNA) and (B) inhibition of complex formation using
antisense competitors

AS1–AS5 correspond to the EcoRI site. The reaction was carried out in a final volume of 20 µl
containing 105 c.p.m. of 1-165-nt fragment 32P-CYP2B mRNA probe (lanes 1–6) and 40 µg of
cytoplasmic proteins from Fao cells (lanes 1–6). For competition experiments, 3 µg of antisense
(AS) oligonucleotide was incubated with 1-165-nt fragment 32P-labelled CYP2B1 mRNA probe
(lanes 1–6) before the addition of the cytoplasmic proteins. A portion (100 units) of RNase T1
was added to the reaction mixture (lanes 1–6) to degrade mRNA unprotected by protein binding.
Complexes were visualized, after PAGE, on the phosphoimager.

lanes 4 and 6). All these results suggest that the RNA–protein com-
plex is located within this 1–165-nt fragment of the CYP2B1
mRNA.

In order to map the RNA–protein complex more precisely,
several consecutive and non-overlapping antisense oligonucleo-
tides covering the 1–165-nt fragment were synthesized (Fig-
ure 3A). Preincubation of the fragment [32P]1–165-nt CYP2B1
mRNA with antisense oligonucleotides AS1–AS4 did not prevent
complex formation (Figure 3B, lanes 2–5). In contrast, oligonu-
cleotides AS5 (Figure 3B, lane 6) prevented protein from binding
to the 1–165-nt fragment. Similar results were obtained using
cytoplasmic proteins from cells treated (or not) with insulin
(results not shown), indicating that the RNA–protein interaction is
independent of insulin treatment. RNAdraw c©, a predictive secon-
dary-structure software [16a], was used to predict the putative sec-
ondary structure of the 1–165-nt CYP2B1 mRNA and showed the
presence of a hairpin loop (Figure 4), which exhibits 80% simi-
larity with the one described for CYP2E1 mRNA [13]. It was thus
hypothesized that this putative hairpin loop could be the binding
site for cytoplasmic protein(s). Therefore, a 16-mer antisense
oligonucleotide, complementary to this hairpin loop (AS2B16),
was synthesized. As shown in Figure 5 (lane 5), AS2B16 was
indeed able to block the formation of the full-length CYP2B1
mRNA–cytoplasmic protein complex. These data suggest that the
CYP2B1 16-mer is necessary for the formation of the RNA–pro-
tein complex. In order to test whether this hairpin alone is suf-
ficient to bind cytoplasmic proteins, a conventional gel-mobility-
shift assay was performed using a 32P-labelled 16-mer RNA
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Figure 4 (A) Predictive secondary structure of the CYP2B1 mRNA 1–165-nt fragment, and localization of antisense oligonucleotides complementary to this
sequence, and (B) CYP2B1 and CYP2E1 16-mer helix loops

Bases non-homologous in the two helix loops are boxed. The numbering starts from ATG.

Figure 5 Complexes of cytoplasmic proteins from untreated Fao cells on
full-length 32P-CYP2B1 mRNA

The reaction was carried out in a final volume of 20 µl containing 105 c.p.m. of full-length
32P-CYP2B mRNA (lanes 1–6) and 40 µg of cytoplasmic proteins from Fao cells (lanes 3–6).
For competition experiments, 3 µg of antisense oligonucleotides (ASns, lane 4; AS5-2B, lane 5;
AS2B16, lane 6) were incubated with the full-length 32P-labelled CYP2B1 mRNA probe before
the addition of the cytoplasmic proteins. A portion (100 units) of RNase T1 was added to the
reaction mixture (lanes 2–6) to degrade the mRNA unprotected by protein binding. Complexes
were visualized after PAGE and autoradiography.

covering the loop region and Fao cytoplasmic proteins. The form-
ation of the 16-mer RNA–protein complex was shown to be dose-
dependent and was competed by a 100-fold excess of unlabelled
16-mer CYP2B1 probe (results not shown). The formation of
the 16-mer RNA–protein complex (Figure 6A, lane 1) was dis-
placed by a homologous antisense oligomer (AS2B16) (Fig-
ure 6A, lane 3) and was unaffected by a non-specific antisense
oligomer (ASns) (Figure 6A, lane 2).

As the CYP2B1 and CYP2E1 hairpin loops share an 80%
homology, binding experiments were conducted using each
mRNA in the presence of specific antisense oligonucleotides

directed against either the CYP2E1 or the CYP2B1 hairpin loop.
Figure 6(A) shows that the formation of the 16-mer CYP2B1
RNA–protein complex was displaced by the homologous anti-
sense oligomer (AS2B16, lane 3), but also by a CYP2E1-specific
antisense oligomer (AS1,2-2E, lane 4). Similar results were
obtained with the CYP2E1: the formation of the 16-mer CYP2E1
RNA–protein complex was displaced by a CYP2E1-specific anti-
sense oligomer (AS1,2-2E, lane 7) and also by a CYP2B1-specific
antisense oligomer (AS2B16, lane 8). The protein(s) bound to
both CYPs may be similar, or they might even be the same protein.
We hypothesized that the same protein was able to bind to
both CYP mRNA sequences. This was suggested by the similar
migration in polyacrylamide gels (Figure 6A) and was in agree-
ment with the cellular localization of the protein and its mol-
ecular mass. Binding assays using fractions from successive
differential centrifugations of a rat liver extract were performed
using both of the 16-mer 32P-labelled RNA probes. No complexes
were found with the nucleus and the mitochondrial proteins (Fig-
ure 7). A complex was only observed with the cytosolic fraction
and with the S9 supernatant, which contains the cytosol. It was
thus concluded that the proteins are cytosolic. A UV-cross-linking
experiment confirmed that complexes with either the CYP2E1
and/or CYP2B1 sequences migrate similarly on SDS/PAGE with a
similar apparent molecular mass of 60 kDa (Figure 6B). This com-
plex is likely to comprise a single protein, although the possibility
cannot be excluded that another minor protein with a molecular
mass of 43 kDa is also present. These experiments suggest that
similar, or even identical, proteins are bound to the CYP2E1 and
CYP2B1 hairpin loops.

The functional consequences of the presence of a binding
site for cytoplasmic proteins in the CYP2B1 mRNA were then
studied. Indeed, RNA-binding proteins could play a role in the
destabilization of this mRNA by insulin, although the results
described above suggest that the binding of the cytoplasmic pro-
teins to the CYP2B1 mRNA is not significantly altered by insu-
lin. However, other functions of these proteins could be the target
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Figure 6 Reconstitution (A) and UV-cross-linking analysis (B) of the 16-mer
RNA–protein binding complex by incubation of the CYP2B and CYP2E
16-mer RNA with cytoplasmic proteins from untreated Fao cells

(A) The reaction was carried out in a final volume of 20 µl containing 105 c.p.m. of 32P-labelled
CYP2B 16-mer RNA probe (lanes 1–4) or 32P-labelled 16-mer CYP2E RNA probe (lanes 5–8)
and 40 µg of cytoplasmic proteins from untreated Fao cells (lanes 1–8). For competition
experiments, 3 µg of antisense oligonucleotides (ASns, lanes 2 and 6; AS2B16, lanes 3 and 8;
AS1,2-2E, lanes 4 and 7) were incubated with the 32P-labelled 16-mer RNA probe before addition
of the cytoplasmic proteins. Complexes were visualized, after PAGE, on the phosphoimager.
(B) The reaction was carried out in a final volume of 50 µl containing 106 c.p.m. of fragment
32P-labelled 16-mer CYP2B and CYP2E mRNA (lanes 1–8) and 40 µg of cytoplasmic proteins
from Fao cells (lanes 2–4 and 6–8). For competition experiments (lanes 3, 4, 7 and 8), 3 µg
of antisense oligonucleotides (ASns, lanes 3 and 7; AS2B16, lane 4; AS1,2-2E, lane 8) were
incubated with 32P-labelled 16-mer CYP2B1 (lanes 1–4) and CYP2E1 (lanes 5–8) mRNA
probes before the addition of the cytoplasmic proteins. Reaction mixtures were placed on ice
and exposed to UV light for 8 min, followed by three runs at 120 000 µJ. Complexes were
visualized, after PAGE, by autoradiography.

of the hormone. Consequently, additional experiments were
undertaken to demonstrate the actual functionality of the 16-mer
sequence in the destabilization of CYP2B1 mRNA by insulin. To
investigate this question, the antisense oligonucleotide (AS2B16)
was introduced in the Fao cells and the CYP2B1 mRNA was
quantified in the presence or absence of insulin. A control using
18 S mRNA, which is not regulated by insulin, was used to correct
loading variability. A CYP 26-mer antisense oligonucleotide con-
taining the AS2B16 sequence was coupled to P in order to
ensure an efficient delivery of the oligonucleotides in the cul-
tured cells. Figure 8 shows that insulin significantly decreased
(P < 0.01) the amount of CYP2B1 mRNA, in untreated Fao cells,
in cells treated with free penetratin and in cells transfected with

Figure 7 Reconstitution of 16-mer RNA–protein binding complex by
incubation of the CYP2B and CYP2E 16-mer RNA with different cellular
fractions from rat liver

The reaction was carried out in a final volume of 20 µl containing 105 c.p.m. of 32P-labelled
16-mer RNA probe (lanes 1–5) and 40 µg of rat liver differential-centrifugation fractions (lanes 1,
nuclear pellet; lanes 2, S9 fraction; lanes 3, mitochondrial pellet; lanes 4, cytosolic fraction;
lanes 5, microsomal pellet). Complexes were visualized, after PAGE, on the phosphoimager.

Figure 8 Effects of a 6 h 0.1 µM insulin treatment on the amount of CYP2B1
mRNA

Fao cells were treated with 400 nM free P or Ascontrol-P or AS2B16-P and, 30 min later,
cells were treated or not treated with 0.1 µM insulin for 6 h. CYP2B and 18 S mRNAs were
quantified by Northern blotting. Bars 1, Fao cells (n = 5); bars 2, Fao cells treated with free
P (n = 5); bars 3, Fao cells treated with P coupled with antisense control (AS control-P)
(n = 5); bars 4, Fao cells treated with P coupled with AS2B16 (AS2B16-P) (n = 5). The results
are expressed as percentages of the relative CYP2B1 mRNA expression, and 100 % corresponds
to the value in control cells. Data are means +− S.E.M. For each treatment, statistical differences
with the control values are indicated by **P < 0.01.

the P-linked antisense control-P described in the Experimental
section. In contrast, in cells transfected with the P-linked AS2B16,
the CYP2B1 mRNA expression was no longer affected by insulin,
suggesting that the 16-mer sequence is necessary for insulin effect
on the amount of endogenous mRNA.

The ability of this sequence to function in a heterologous en-
vironment was also tested by a half-life determination. We
introduced the 16-mer CYP2B1 sequence in the coding sequence
of the Renilla luciferase because this gene is not regulated by in-
sulin and because the half-life of its mRNA is the same order
of magnitude as that of CYP2B1. Following transfection of the
different constructs into Fao cells, the effects of insulin (0.1 µM)
on the Renilla luciferase mRNA expression were evaluated by
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Figure 9 Effects of insulin on the turnover rate of pRL and pRL-Seq2B16
mRNA

Fao cells were treated with 0.1 µM insulin (�, pRL; �, pRL-Seq2B16) or left untreated (�, pRL;
�, pRL-Seq2B16) for 3 h, then treated with 100 µM DRB (zero time). Total RNA was isolated at
the indicated times. Renilla luciferase mRNA abundance was determined by quantitative RT-PCR
(measurements at each point were performed in triplicate) and results were corrected with the
corresponding 18 S rRNA level and normalized with respect to zero-time values. The first-order
decay rate constants were derived and used to calculate the half-life values. The results were
combined from two independent experiments.

quantitative RT-PCR (Figure 9) in each group (pRL and pRL-
Seq2B16). Insulin did not modify the half-life of wild-type Renilla
luciferase [10.3 h (r2 = 0.81) without insulin and 9.4 h (r2 = 0.87)
with insulin]. Interestingly, the half-life of the chimaeric Renilla
luciferase containing the 18-mer insertion was comparable with
that of the wild-type (8.9 h, r2 = 0.94) and was significantly short-
ened to 5.3 h (r2 = 0.98) (P < 0.05) in the presence of insulin.
There was no significant difference between the decay rate
constants of the pRL with or without insulin, and the pRL-
Seq2B16 without insulin, curves.

DISCUSSION

The mechanisms through which insulin regulates gene trans-
cription are now well understood [1]. However, insulin also reg-
ulates, at the post-transcriptional level, the expression of a num-
ber of genes, not only those involved in the glucose metabolic
pathway, such as the those encoding phosphoenolpyruvate car-
boxykinase, glucose transporter type 4 (‘GLUT4’) and glycogen
synthase, but also those involved in xenobiotic metabolism, such
as those encoding CYP2B1 and CYP2E1 [1]. Most of the path-
ways by which the stability of these mRNAs is controlled by
insulin remain unknown. However, Peng and Coon [17] showed
that the 3′-UTR is involved in the regulation of the CYP2E1
mRNA by insulin. Moreover, our group showed that a 16-mer
sequence is implicated in CYP2E1 mRNA destabilization by insu-
lin [13], and Kawashima et al. [18] suggested that the down-regu-
lation of resistin mRNA by insulin occurs through the synthesis of
novel protein(s). Indeed, cycloheximide, a protein-synthesis in-
hibitor, completely blocks insulin-induced reduction of resistin
mRNA. In the present study we examined the mechanisms of rat
CYP2B1 regulation at the post-transcriptional level.

The importance of the post-transcriptional mechanisms in the
regulation of gene expression has become increasingly clear, and
recent studies have highlighted the role of specific RNA–protein
interactions. This RNA-binding regulation requires both mRNA
sequences (cis-acting elements) and RNA binding proteins (trans-
acting factors). These proteins may influence RNA nuclear export,

subcellular localization, stabilization and translation [19]. Several
examples of CYP post-transcriptional regulation have been de-
scribed previously: rat and rabbit CYP2E1 and rat CYP2B1 by
insulin [2,17], mouse and rat CYP1A2 by 3-methylcholanthrene
[20,21], human CYP1A1 by dehydroepiandrosterone [22], rat
CYP1A1 and CYP1A2 by interferon-α/β [23] and CYP 2A5
by pyrazole [24,25]. The molecular mechanisms involved in this
regulation have been only partly identified. For rabbit CYP2E1,
mouse CYP2A5 and mouse CYP1A2, the cis-acting elements
were shown to be localized in the 3′-UTR. AREs (adenylate/
uridylate-rich elements), the most common determinant of RNA
stability in mammalian cells, have been identified in these regions
[26]. The AREs have been extensively investigated as cis-acting
determinants of rapid mRNA turnover. Such ARE elements are
not present either in the 5′- or the 3′-UTR of rat CYP2B1 and
CYP2E1.

In the present study, we showed that cytoplasmic protein(s)
was (were) able to bind to a 16-nucleotide sequence within the
CYP2B1 mRNA and that this sequence is implicated in CYP2B1
mRNA destabilization by insulin.

This sequence is located in the 5′ part of the coding region; it is
80% similar to the one mediating the post-transcriptional effect of
insulin in rat CYP2E1 mRNA, which is also located in the 5′ part
of its coding region. Whereas most of the sequences involved in
the regulation of mRNA stability were identified in the 3′-UTR,
a few cases of regulatory sequences in the open reading frame
have been reported in the mRNA of human c-fos, c-myc and inter-
feron-β [27–29], mouse β-tubulin [30] and Saccharomyces cer-
evisiae (baker’s yeast) PPR1 transcripts [31]. Moreover, two
destabilizing elements in the protein-coding region of fushi tarazu
mRNA are essential for Drosophila embryogenesis [32].

The 16-mer sequences involved in both CYP2B1 and CYP2E1
regulation by insulin have homologous sequences, a hairpin loop
stucture (RNAdraw c©) and display similar binding properties.
Indeed, antisense oligonucleotides directed against either the
CYP2B1 or CYP2E1 16-mer sequence were able to prevent
the binding of cytoplasmic proteins to the CYP2B1 mRNA as well
as to the CYP2E1 mRNA (Figure 6A). The sequence and struc-
ture of regulatory RNA motifs are critical for their function [33]
as described for the iron-responsive element (‘IRE’) and for the
CYP2a5 mRNA [25]. There are numerous examples of the import-
ance of such secondary structures in the literature. The presence
and integrity of a stem loop in the 3′ end of histone RNA is
essential for the post-transcriptional regulation of the mRNA [34].
Yeast ribosomal protein L30 binds to an asymmetric, purine-
rich internal loop in its transcript to repress its own splicing and
translation [35].

Recently, a number of trans-acting RNA-binding proteins inter-
acting with AREs have been described [36]. Some of these pro-
teins appear to promote destabilization of the RNA upon binding
to the ARE, whereas other proteins binding to the ARE contrib-
ute to RNA stabilization. Two nuclear hepatic proteins of 37 and
46 kDa exhibit a high affinity for a poly(U) motif in the 3′-UTR
of the mouse CYP1a2 mRNA, and their binding efficiencies are
altered by 3-methylcholanthrene [20]. Few investigations have
been conducted on mouse CYP2a5 mRNA. A set of proteins
from mouse liver is specifically bound to the 3′-UTR of this trans-
cript, and a 44 kDa protein is suggested to be involved in the
stabilization of CYP2A5 mRNA by controlling the length of
the poly(A) tail [37]. Pyrazole treatment increases the binding
of the 44 kDa protein and is associated with mRNA stabilization
[24]. More recently, this protein has been identified as hnRNPA1
(heterogeneous nuclear ribonucleoprotein A1) [38]. In our work,
UV-cross-linking experiments showed the binding of a major pro-
tein (with an apparent molecular mass of about 60 kDa) to either
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CYP2E1 or CYP2B1 mRNA. Similar electrophoretic properties
of both complexes on SDS/PAGE and competitive experiments
suggest that the same protein(s) [or very closely related protein(s)]
was (were) able to bind the two 16-mer sequences. Furthermore,
reconstitution experiments performed with different rat liver sub-
cellular fractions showed that the protein(s) bound to the two
16-mer sequences is (are) both essentially expressed in the
cytosol.

Insulin has no effect on the binding of this (these) protein(s)
to either the CYP2B1 or the CYP2E1 16-mer sequence. The
RNA binding ability and/or function of certain RNA-binding pro-
teins can be modulated by means of conformational changes
induced by amino acid modifications, such as post-translational
phosphorylation. Raffalli-Mathieu et al. [20] showed that phos-
phatase treatment of the nuclear extracts reduced the binding
of the 46 kDa protein to CYP1A2 mRNA, suggesting that the
binding activity of the protein may depend on its phosphoryl-
ation status or on some intermediary factors necessary for bind-
ing. Likewise, the phosphorylation of the C-terminus of p68 RNA
helicase abolishes its RNA binding, whereas the dephosphoryl-
ation restores it. Consequently, regulation of RNA-binding by the
phosphorylation/dephosphorylation cycle could control the func-
tions and the enzymatic activities of p68 RNA helicase in cells
[39]. No differences in the localization or the pattern of the RNA–
protein complexes were observed in experiments performed with
cytoplasmic extracts from Fao cells treated, or not treated, with in-
sulin. Thus, in the case of CYP2B1 mRNA, as previously shown
for CYP2E1, the critical regulatory steps are probably not the
binding of proteins to the target RNA sequence. It is possible that
other functions, such as protein–protein interactions mediating
the destabilization of the mRNA, are regulated. Alternatively, this
RNA-binding protein may constitute a scaffold upon which the
actual target of insulin can bind and exert an RNA destabilization
function. It is known that hnRNP K recruits different molecular
partners (e.g. mRNA, transcriptional repressors, inducible kinases
etc.) and plays an important role in different pathways, such as
RNA processing [40]. Furthermore, Ostrowski et al. [41] demon-
strated that insulin-induced phosphorylation of hnRNP K protein
alters K protein–protein and K protein–RNA interactions.

However, we were able to show the functional role of this se-
quence in the destabilization of CYP2B1 mRNA by insulin. In-
deed, an antisense oligonucleotide against this sequence impaired
the action of insulin on CYP2B1 mRNA concentration in Fao
cells (Figure 8). Moreover, the insertion of the 16-mer CYP2B1
sequence in a heterologous gene unresponsive to insulin, namely
that encoding the Renilla luciferase, led to the destabilization of
its mRNA in the presence of insulin (Figure 9). These results are
perfectly superimposable on those obtained with CYP2E1 [13].
These results showed that the modulation of the protein binding
to the 16-mer sequences is not the mechanism by which insulin
destabilizes CYP2B1 and CYP 2E1 mRNA.

In conclusion, we have shown that the binding of cytosolic pro-
teins to a 16-mer hairpin loop was responsible for CYP2B1 and
CYP2E1 mRNA turnover by insulin. These are the first identi-
fications of functional RNA sequences that are the target of insulin
action. In man, the equivalents of rat CYP2B1 and CYP2E1 are,
respectively, human CYP2B6 and CYP2E1. We have recently
obtained RNA–protein complexes by using full human RNA
CYP2B6 and CYP2E1 probes and human cytosolic proteins from
an HEPG2 cell culture. Our future investigations will seek to
identify the proteins that bind to this sequence. Identification and
characterization of these proteins could provide a considerable
insight into the mechanisms involved in regulated mRNA turnover
by insulin, not only for CYP expression, but also for other genes
that are post-transcriptionally regulated by this hormone. The

identification of the insulin pathway used in this regulation will
complete our understanding of the role of these proteins in the
whole cellular process initiated by insulin.
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