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Abstract
Vanadate, a protein tyrosine phosphatase inhibitor which elicits insulin-like effects, has previously been shown to inhibit expression of the
insulin receptor gene at the transcriptional level in rat hepatoma cells. In an attempt to identify the DNA sequence and transcription factors
potentially involved in this effect, a fragment of the proximal 50flanking region of the IR gene (�1143/�252 upstream the ATG codon) has been
cloned and functionally characterized. RNase protection allowed the identification of several transcription start sites in the conserved region of
the gene, among which two major sites at �455 and �396. Upon fusion to the luciferase gene and transient transfection into hepatoma cells, the
�1143/�252 fragment showed promoter activity. This was unaffected by deletion of the �1143/�761 sequence, but markedly decreased (90%)
by additional deletion of the �760/�465 sequence. Treatment of hepatoma cells with vanadate led to a dose-dependent decrease in promoter
activity of the 1143/�252, �760/�252 and �464/�252 constructs (change relative to untreated cells, 40, 55 and 23% at 125 mM, and 70, 85 and
62% at 250 mM, respectively). These data suggest that although the entire DNA sequence upstream the transcription start sites is probably
involved in vanadate-induced inhibition, the short sequence downstream of position �464 and is sufficient for inhibition. Potential targets of
vanadate are the transcription factors FoxO1 and HMGA1, two downstream targets of the insulin signaling pathway which have been shown to
mediate the inhibitory effect of insulin on IR gene expression.
© 2018 The Authors. Published by Elsevier B.V. on behalf of Société Française de Biochimie et Biologie Moléculaire (SFBBM). This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Vanadium is a transition metal found in relative abundance
in nature and in trace amounts in living organisms. By
inhibiting enzymes involved in phosphate transfer and release
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reactions, vanadium compounds affect a broad variety of
cellular processes [1]. Since 1979, many reports have under-
lined their ability to exert insulin-like effects in isolated cells,
to normalize glucose homeostasis and insulin sensitivity in
rodent models of type I and II diabetes, and to improve insulin
sensitivity in some diabetic human subjects [2]. The insuli-
nomimetic action of vanadium compounds is linked to their
ability to activate several components of the insulin signaling
pathway, through inhibition of their dephosphorylation by
protein tyrosine phosphatases [3e5]. Additionally, vanadium
has been shown to correct the impaired expression of hepatic
genes involved in carbohydrate and lipid metabolism in ro-
dents with type 1 diabetes [6e8].

One major target of vanadium in cells is the insulin receptor,
the most proximal component of the insulin signaling pathway.
nçaise de Biochimie et Biologie Moléculaire (SFBBM). This is an open access
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In addition to their ability to activate IR kinase and to inhibit the
dephosphorylation of the tyrosine phosphorylated b subunit of
the receptor [9], vanadium compounds have been shown to
induce a decrease in IR protein [10e12] andmRNA [12] level in
cultured cells and to prevent their increase in STZ-induced dia-
betic rats [13e15]. Although the in vivo effects of vanadium in
diabetic rats may be mediated in part by reversal of hypergly-
cemia, studies with isolated cells clearly indicate a direct effect
on IR gene expression. Furthermore, vanadate-induced inhibi-
tion of insulin receptor gene expression in Fao hepatoma cells has
been shown to occur at a transcriptional level [12].

Transcription of the human IR gene is critically regulated by
the architectural transcription factor HMGA1. First described as
a nuclear binding protein whose expression increases alongwith
IR mRNA during myocyte and adipocyte differentiation [16],
HMGA1 was later characterized [17] and shown to activate IR
gene transcription as a multiprotein-DNA complex with the Sp1
and C/EBPb transcription factors [18]. Genetic defects of
HMGA1 in human subjects and disruption of the HMGA1 gene
in mice adversely affect IR protein expression and impair in-
sulin signaling, and conversely forced expression of HMGA1 in
cells of affected subjects restores IR expression [19]. Recently,
HMGA1 has been identified as a major downstream nuclear
target of the PI3K/Akt insulin signaling pathway [20]. Serine
phosphorylation of HMGA1 by Akt kinase, by reducing its
DNAbinding activity, mediates insulin-induced inhibition of IR
gene transcription. Another important regulator of this process
is FoxO1, a crucial effector of insulin action [21]. As a target of
the PI3K/Akt signaling pathway, FoxO1 also mediates, via
phosphorylation and nuclear exclusion, insulin-induced IR
down regulation [21]. These observations raise the possibility
that HMGA1 and/or FoxO1 are involved in the ability of
vanadate to inhibit transcription of the IR gene.

To get some insight into the DNA sequence and tran-
scription factor(s) potentially involved in this inhibitory effect
of vanadate, a fragment of the proximal 50flanking region of
the rat IR gene (�1143/�252 upstream the ATG codon) has
been cloned and characterized. Transcription start sites in this
fragment have been mapped, and the full length and two
50deleted fragments have been examined for their ability to
direct expression of linked reporter luciferase in untreated and
vanadate-treated rat hepatoma cells.

2. Materials and methods
2.1. Liver and hepatoma cells
Liver was obtained from male adult Sprague-Dawley rats.
The Fao hepatoma cell line was derived from the Reuber H35
hepatoma [22]. Cells were cultured attached to Falcon Petri
dishes in Coon's modified Ham's F12 medium supplemented
with 5% fetal calf serum as previously described [12].
2.2. Extraction of nucleic acids
Genomic DNA was prepared from liver fragments
(0.3e0.5 g) and Fao hepatoma cells (13 � 106 cells) by phenol
extraction and ethanol precipitation after digestion by pro-
teinase K. Total liver RNA was prepared by a single step
procedure as described previously [12]. DNA and RNA
integrity was assessed by electrophoresis on 0.8 or 1% agarose
gels containing 0.1 mg/ml BET followed by UV visualization.
2.3. Cloning of fragments of the rat IR gene proximal
50flanking region
The �1143/�252 fragment of the proximal 50flanking re-
gion of the rat IR gene was generated by PCR amplification of
liver genomic DNA using as primers the oligonucleotides
50GCTCCAGACCTTTAAATTGGA-3’ (sense) and 50 CGTCC
TGTGTCCGCAATCGC-3’ (antisense). The former corre-
sponds to the �1009/�989 sequence of the mouse IR gene
(Genbank accession M28869.1), which exactly matches the
�1143/�1123 sequence of the rat IR gene, and the latter to the
�271/�252 sequence of the 347 bp 50untranslated portion of
rat IR cDNA [23] (Genbank accession M29014.1). The spec-
ificity of the �1143/�252 fragment was verified by Southern
blotting using as a probe a 32P-labeled EcoR1-Eco47III frag-
ment of rat IR gene cDNA (sequence �347/�15). Following
cloning and sequencing of two additional fragments (�890/
�514 and �1143/�563), the complete sequence of the
�1143/�252 fragment was determined and the �1143/�1
sequence was deposited in Genbank (accession AJ006071).
Two 50 truncated DNA fragments, encompassing �760/�252
and �464/�252 sequences, were prepared by digestion of the
parental �1143/�252 fragment cloned in the PCRTMII vector
by digestion with the restriction enzymes Pvu2 and Dra1,
respectively.
2.4. Sequence analysis of the rat IR gene proximal
50flanking region
Database searches and alignments of the 50flanking
sequence of the rat IR gene with that of the mouse and human
IR genes were performed using the blast program (ncbi.nlm.
nih.gov/BLAST). The rat sequence was scanned for potential
SINEs using SINE base search (http://sines.eimb.ru) and for
potential transcription factor binding sites using the Jaspar
software and Jaspar core database (http://jaspar.genereg.net).
2.5. Identification of transcription start sites in rat IR
gene 50flanking region
Transcription start sites in the �1143/�252 fragment of the
rat IR gene were mapped using a RNase protection assay. The
�464/�252 and �760/�252 fragments generated as indicated
above were used as templates to synthesize two [P32] labeled
antisense RNA probes using T7 RNA polymerase. Each probe
(500,000 cpm) was hybridized with 40 mg of total liver RNA
in 20 ml of 40 mM Pipes buffer, pH 6.5, containing 80% (v/v)
formamide, 0.4 M NaCl and 1 mM EDTA. After incubation
for 15 h at 55 �C, the nonhybridized probes were digested by
RNase T1 (20 U/ml) and RNase A (40 mg/ml) in RNase buffer
for 30 min at 37 �C, and hybrids were analyzed on sequencing
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polyacrylamide gels (6% polyacrylamide/7M urea). The size
of the protected RNA fragments was determined using a
dideoxy sequencing ladder run in parallel on the same gels.
2.6. Construction of the IR-luciferase gene fusion
plasmids, transfection of hepatoma cells, and
determination of luciferase activity
The �1143/�252, �760/�252 and �464/�252 fragments
of the rat IR gene cloned in the PCRTMII vector were subcl-
oned in pGL3, a low background promoter-less luciferase
plasmid. IR inserts were excised from the IR-PCRTMII con-
structs by digestion with EcoR1 (�1143/�252 insert),
Hind3 þ EcoR1 (�760/�252 insert) and Apa1 þ EcoR1
(�464/�252 insert), respectively. Owing to the lack of
compatible cloning sites in the pGL3 vector, inserts were first
cloned in the Bluescript vector and then excised by digestion
with Xho1 þ Sma1 (�1143/�252 fragment) and
Kpn1 þ Sma1 (�760/�252 and �464/�252 fragments) prior
to subcloning in the pGL3 vector. The correct orientation of
the inserts in the PGL3 constructs was verified by sequencing.

Fao hepatoma cells were transfected with empty pGL3 and
IR-pGL3 constructs using fugene and then treated with
vanadate or left untreated over three days. On day 1, cells were
seeded in 6 well tissue culture dishes (300,000 cells per well)
in 3 ml of Ham F12 medium supplemented with 10% calf
serum, 1% penicillin-streptomycin (10,000 U/ml) and 2%
fungizone (250 mg/ml). On day 2, 2 mg of plasmid DNA in
10 ml of water was mixed with 6 ml of fugene in 100 ml of
medium, and after incubation for 15 min at 23 �C, this mixture
was added dropwise to the cells. After 3e8 h, the medium was
replaced by fresh medium. On day 3, sodium orthovanadate
was added at the indicated concentration. On day 4, cells were
washed in Mgþþ and Caþþ free PBS and lysed in 0.2 ml of
100 mM KPO4, pH 7.8. Lysates were clarified by centrifu-
gation and assayed in triplicate for luciferase activity using a
luminometer. After normalization for protein concentration,
activity of IR-pGL3 constructs was expressed as fold increase
relative to activity of empty pGL3. All data shown were the
mean ± SEM of 3e4 determinations in separate transfection
experiments. Comparison between experimental groups were
performed by analysis of variance followed by the Fisher,
Scheffe and Bonferroni/Dunn tests. Differences were consid-
ered significant at the level of P < 0.05.

3. Results and discussion
3.1. Structural characterization of the proximal
50flanking region of the rat IR gene
The proximal 50flanking region of the IR gene was first
cloned in human [24] and mouse [25] over 1.8 and 1.2 kb
upstream the ATG, respectively. Alignment of the �1143/�1
sequence of the rat IR gene (this study, Genbank accession
AJ006071) with the 1009/�1 sequence of the mouse IR gene
(Genbank accession M28869) reveals a 86% identity at �766/
�1 and �734/�1, and a 83% identity at �1143/�993 and
�1009/�858, respectively. In contrast, identity of the rat
sequence with the �1823/�1 sequence of the human IR gene
(Genbank accession M23100) is only 68% at �558/�1 and
�536/�1, respectively, with a maximum (83%) at �523/�407
(rat) and �545/�429 (human). Alignments of rat
(NC_005111.4), mouse (NC_000074.6) and human
(NC_018930.2) genomic clones over 10 kb upstream the IR
gene coding sequence confirm these observations and show
that a high identity (>78%) between the rat and mouse se-
quences is maintained up to �4.2 kb, whereas there is little
identity between the rat and human sequences upstream of
�0.6 kb.

As with the human [18] and mouse [19] IR genes, the
50flanking sequence of the rat IR gene displays a high GC
content (68% of the �575/�1 sequence). In addition, it har-
bours two 14 bp repeats (50TCCCTAGGCTTTTA 30) at
�1073�1060 and �941/�928; a 77 bp sequence with 65%
identity to the B4 member of the SINE family at �1018/�942;
three 12e16 bp AT-rich (>80%) sequences at �997/�986,
�765/�750 and �747/�734, potentially involved in the
binding of HMGA1; a polyT sequence at �820/�791; and a
polyC sequence at �551/�540. Potential binding sites for a
number of transcription factors shown by chromatin immu-
noprecipitation to bind to DNA sequences in the proximal
50flanking region of the human IR gene (http://www.genome-
euro.ucsc.edu) are detectable in that of the rat gene. In addi-
tion to binding sites for Sp1, C/EBPb, FoxO1, TCF7L2 and
the glucocorticoid receptors, which are known to activate
transcription of the human IR gene, there are binding sites
for CREB, E2F1 and EGR1, which activate transcription of
the IGF1 receptor gene, and for HNF4, a factor involved in
hepatocyte differentiation. Alignment of the 50flanking region
of the rat, mouse and human IR genes over 2 kb upstream the
ATG codon shows that number and distribution of potential
transcription factor binding sites between the conserved and
nonconserved portion depend on the particular factor consid-
ered, but are generally comparable for the three species.
3.2. Mapping of transcription start sites
As in many housekeeping genes, multiple transcription start
sites have been identified in the 50flanking sequence of the
human and mouse IR genes. Primer extension and nuclease S1
protection assays have allowed the identification of seven sites
at �550/�400 in the human gene [26e28] and of two sites at
�469 and �424 in the mouse gene [25]. To map the tran-
scription start sites in the 50flanking sequence of the rat IR
gene, a RNase protection assay was used. Liver RNA was
hybridized with 32P-labeled antisense RNA probes comple-
mentary to the �464/�252 and �760/�252 DNA sequences,
following which the size of RNase-protected hybrids was
assessed by gel electrophoresis (Fig. 1). With the �464/�252
probe (Pvu2 generated), one major protected fragment of 144
bp, and four minor fragments of 194, 131, 117 and 111 bp
were identified, indicating a major transcription start site at
�396, and four minor sites at �446, �383 �369 and �363,
respectively. With the �760/�252 probe (Dra1 generated),
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Fig. 1. Localization of transcriptional start sites in the 50flanking region of the

rat insulin receptor gene by RNase protection analysis. The �464/�252 and

�760/�252 IR gene fragments generated from the �1143/�252 parental
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one major protected fragment of 203 bp and three minor
protected fragments of 180, 144 and 117 bp were detected,
indicating a major site at �455 and three minor sites at �432,
�396 and �369. It is of interest that, as in the human and
mouse IR genes, the transcription start sites identified in the
rat IR gene are mainly localized in the conserved region of the
gene.
3.3. Basal and vanadate-sensitive promoter activity of IR
gene fragments in transfected hepatoma cells
Based on the expression of 50deleted fragments of the
human [26e31] and mouse [25] IR genes linked to chloram-
phenicol acetyltransferase in transiently transfected cells, the
majority of promoter activity has been mapped to sequences
�646/�290 and �447/�412, respectively. In an attempt to
identify the rat IR gene sequence required for basal and
vanadate-sensitive promoter activity, three fragments (�1143/
�252, 760/�252 and �464/�252) of IR genomic DNA linked
to luciferase were examined for promoter activity in tran-
siently transfected rat Fao hepatoma cells (Fig. 2).

In untreated cells, promoter activity of the �760/�252
fragment was similar to that of the �1143/�252 fragment, but
relative to these fragments activity of the �464/�252 frag-
ment was decreased by 90%. These findings indicate that,
consistent with deletional analysis of the 50flanking region of
the human IR gene, the �760/�465 sequence of the rat IR
gene is important for activation of transcription. Interestingly,
this sequence harbours a 16 bp AT-rich sequence at �765/
�750, potentially involved in the binding of the transcription
factor HMGA1, a conserved CEBPb binding motif at �744/
�734, and multiple potential Sp1 binding sites at �600/�500
(Fig. 3). Association of these factors within a multiprotein-
DNA complex has been shown to be essential for activation
of human IR gene transcription [19].

Treatment of Fao cells with vanadate led to a significant,
dose-dependent decrease of promoter activity of each of the
three IR gene fragments (Fig. 2). Relative to untreated cells,
the changes in activity of the �1143/�252, �760/�252 and
�464/�252 fragments induced by vanadate were respectively,
40%, 55% and 23% at 125 mM, and 70%, 85% and 62% at
250 mM, with no statistically significant differences between
the three fragments. This suggests that although the entire
�1143/�252 sequence may be involved in the inhibitory ef-
fect of vanadate, the short DNA sequence downstream of
position �464 and upstream of the transcription start sites is
sufficient for inhibition. Examination of the �1143/�252
sequence reveals, in addition to the potential binding sites for
HMGA1, CEBPb and Sp1 mentioned above, three potential
binding sites for FoxO1 at �1109/�1099, �861/�851 and
�450/�440 (Fig. 3). Since deletion of the �1143/�761 and
�760/�465 sequences does not suppress the inhibitory effect
of vanadate on promoter activity, the most proximal FoxO1
binding site at �450/�440, also the best conserved, can be
considered as at least one potential site of action of vanadate.

The involvement of FoxO1 in the inhibitory effect of
vanadate on IR gene transcription shown here is supported by
several observations. First, as insulin, organic vanadium
compounds stimulate, via Akt activation, serine phosphoryla-
tion of FoxO1 [32], and by resulting in FoxO1 nuclear
exclusion this process has been shown to mediate the inhibi-
tory effect of insulin on transcription of the IR gene [21] and
other insulin-sensitive genes [33]. Second, some genes whose
expression is inhibited by insulin, such as the PEPCK,
glucose-6-phosphatase and IGFBP-1 genes, are also down-
regulated by vanadate, and for at least two of them, glucose
6-phosphatase [34] and d-aminolevulinate synthase [35],
increased phosphorylation and/or nuclear exclusion of FoxO1
in response to vanadate have been demonstrated. Third, the
increased activity of the PEPCK, glucose-6 phosphatase and
IGFBP-1 gene promoters induced by overexpression of the
FoxO1 related factor FoxO4 in HepG2 cells has been shown to
be repressed by bisperxovanadate [36].

Since potential binding sites for HMGA1 and C/EBPb are
present in the rat IR gene upstream of position �730 in the IR
gene, these transcription factors may also be involved in the
ability of vanadate to inhibit the expression of the �1143/
�252 and �760/�252 IR-luciferase constructs. As a down-
stream target of the PI3K/Akt insulin signaling pathway [20],
HMGA1 is expected to undergo serine phosphorylation and a



Fig. 2. Promoter activity of rat insulin receptor gene 50flanking sequences in untreated and vanadate-treated Fao hepatoma cells. Fao hepatoma cells were

transfected with the indicated IR gene fragment fused to the pGL3 plasmid as described in Materials and Methods. Transfected cells were left untreated or treated

with vanadate at the indicated concentration for 24 h. Following cell lysis, lysates were clarified and assayed for luciferase activity with results normalized to

protein and expressed relatively to empty pGL3 activity. For each of the three IR-luciferase constructs, asterisks indicate a statistically significant difference

between untreated and vanadate-treated cells.

Fig. 3. Schematic representation of the 50flanking �1143/�252 sequence of

the rat IR gene. This figure shows the conserved sequence (�523/�407)

(orange box), the transcription start sites (arrows), and the binding sites of

transcription factors potentially involved in IR gene transcription in untreated

and vanadate-treated hepatoma cells (colored ellipses and triangles).
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reduced ability to bind to IR DNA in vanadate-treated hepa-
toma cells. Interestingly by modulating FoxO1 binding to
DNA and FoxO1 transactivation, HMGA1 has recently been
shown to be essential for FoxO1-induced expression of the
IGFBP-1 gene in liver cells, and thus identified as an impor-
tant factor in modulating FoxO1 activity in the context of
insulin signaling [37,38]. Also supporting a potential
involvement of C/EBPb, vanadate treatment has been shown
to decrease, in vitro, C/EBPb mRNA in Fao hepatoma cells
(Bortoli S, unpublished observations) and to reverse, in vivo,
the overexpression of C/EBPb mRNA in liver of STZ-induced
diabetic rats [39].

4. Conclusion

Consistent with its ability to inhibit transcription of the
endogenous IR gene in rat Fao hepatoma cells, vanadate
treatment inhibits the promoter activity of the proximal
50flanking region of the IR gene in transfected cells. It affects
to a comparable extent the activity of the 1143/�252, �760/
�252 and �464/�252 gene fragments, suggesting that the
short sequence downstream of position �464 and upstream of
transcription start sites is sufficient for inhibition. Potential
targets of vanadate are the transcription factors FoxO1 and
HMGA1, both of which have been shown to mediate, via Akt-
dependent serine phosphorylation and reduced DNA binding
activity, insulin-induced inhibition of transcription of the IR
gene. Furthermore, FoxO1 has been implicated in vanadate-
induced down regulation of several other insulin-sensitive
genes. Analysis of Foxo1 and HMGA1 serine phosphoryla-
tion and association of these factors with IR genomic DNA in
control and vanadate-treated hepatoma cells should help to
prove their involvement in vanadate-induced inhibition of IR
gene transcription.
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