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RNA-binding activity of IRP1 (iron regulatory protein 1) is regu-
lated by the insertion/extrusion of a [4Fe-4S] cluster into/from the
IRP1 molecule. NO (nitic oxide), whose ability to activate IRP1
by removing its [4Fe-4S] cluster is well known, has also been
shown to down-regulate expression of the IRP1 gene. In the pres-
ent study, we examine whether this regulation occurs at the trans-
criptional level. Analysis of the mouse IRP1 promoter sequence
revealed two conserved putative binding sites for transcription
factor(s) regulated by NO and/or changes in intracellular iron
level: Sp1 (promoter-selective transcription factor 1) and MTF1
(metal transcription factor 1), plus GAS (interferon-γ -activated
sequence), a binding site for STAT (signal transducer and activator
of transcription) proteins. In order to define the functional activ-
ity of these sequences, reporter constructs were generated through
the insertion of overlapping fragments of the mouse IRP1 pro-
moter upstream of the luciferase gene. Transient expression assays
following transfection of HuH7 cells with these plasmids revealed
that while both the Sp1 and GAS sequences are involved in

basal transcriptional activity of the IRP1 promoter, the role of
the latter is predominant. Analysis of protein binding to these
sequences in EMSAs (electrophoretic mobility-shift assays) using
nuclear extracts from mouse RAW 264.7 macrophages stimulated
to synthesize NO showed a significant decrease in the formation of
Sp1–DNA and STAT–DNA complexes, compared with controls.
We have also demonstrated that the GAS sequence is involved
in NO-dependent down-regulation of IRP1 transcription. Further
analysis revealed that levels of STAT5a and STAT5b in the nucleus
and cytosol of NO-producing macrophages are substantially lower
than in control cells. These findings provide evidence that STAT5
proteins play a role in NO-mediated down-regulation of IRP1
gene expression.
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INTRODUCTION

In mammals, cellular iron homoeostasis is largely co-ordinated
at the post-transcriptional level through the action of two cyto-
plasmic IRPs (iron regulatory proteins) (IRP1 and IRP2). They
function by binding to RNA stem–loop structures, known as IREs
(iron-responsive elements), located in the 5′- or 3′-untranslated
regions respectively of specific mRNAs that code for ferritin
and transferrin receptors. The activity of IRPs is modulated by
changes in intracellular iron concentrations, becoming activated
as translational repressors and/or molecules conferring mRNA
stability by low iron and inactivated by high levels of iron in
the LIP (labile iron pool) [1]. The inactive IRP1 has a secondary
function as cytosolic aconitase when co-ordinating a [4Fe-4S]
cluster, which masks the IRE-binding site. It has long been held
that IRP1 is a major post-transcriptional regulator that controls
iron metabolism in response to fluctuations in intracellular iron.
However, recent studies on KO (knockout) IRP1 [2] and KO
IRP2 mice [3,4] strongly suggest that IRP2, rather than IRP1, is
responsible for maintenance of the constitutive body iron balance.
The new concept of IRP1 as a molecular target responding
preferentially to stimuli other than iron-related challenges is
now under debate [5,6]. Indeed, the two activities of IRP1

have been shown to be modulated by NO (nitric oxide) [7,8],
oxidative stress [9,10], phosphorylation [11] and hypoxia/reoxy-
genation [12].

NO and/or NO-derived species appear to be chemical mes-
sengers able to induce a broad spectrum of post-translational
modifications of the IRP1 molecule. First, NO may act directly on
the [4Fe-4S] cluster of IRP1, inducing its gradual disassembly and
removal, favouring the IRE-binding conformation of the protein
[13,14]. Secondly, nitration of IRP1, reported in vitro following its
exposure to peroxynitrite [14] and in NO- and superoxide (O2

•−)-
producing macrophages [15], has been shown to prevent IRP1
activation. Lastly, NO is also responsible for the down-regulation
of IRP1 expression at both mRNA and protein levels [16].

Needless to say, modulation of IRP1 function is an impor-
tant element but not the sole contributor in a complex network
of interactions between NO and intracellular iron (reviewed in
[17,18]). Besides IRP1, IRP2 has been also shown to be regulated
by NO [19,20]. It is also important to recall that one of the
most apparent hallmarks of NO action originally described by
Hibbs et al. [21] is depletion of intracellular iron. Recently, a
mechanism of NO-induced iron loss involving glutathione and
multidrug resistance-associated protein 1 has been proposed [22].
Another common feature of cells exposed to NO is the formation
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of iron–nitrosyl complexes, with multiple haem and non-haem
iron proteins inhibiting key enzymes in DNA synthesis and
mitochondrial respiration (reviewed in 23,24]). Finally, NO has
been reported to be a strong inducer of haem oxygenase express-
ion at both the transcriptional [25] and post-transcriptional level
[26].

In the present study, we focused on NO-mediated down-
regulation of IRP1, an effect that may be of considerable bio-
logical importance, especially under conditions of sustained NO
synthesis, because it could reduce the amount of the protein avail-
able for post-translational modification. The biological mech-
anisms underlying the NO-induced decrease in IRP1 expression
are unknown, although it has been suggested that NO can modify
transcriptional activity of the IRP1 gene [16]. Indeed, accumu-
lating evidence suggests that NO affects gene expression at the
transcriptional level [27] by modulating the activities of various
TFs (transcription factors) such as NF-κB (nuclear factor κB)
[28], AP-1 [29], Sp1 [30], HIF-1 (hypoxia-inducible factor-1) [31]
and STAT (signal transducer and activator of transcription) [32].
Here, we sought to locate putative binding sites for TFs regulated
by NO and/or changes in intercellular iron level. Through exam-
ination of the nucleotide sequence of the mouse IRP1 promoter
(GenBank® accession no. AJ427344), we identified the following
conserved motifs: one Sp1 sequence, one MRE (metal responsive
element) and one binding site for STAT family proteins {GAS
[IFN-γ (interferon-γ )-activated sequence]}. Functional analysis
of the IRP1 promoter region and analysis of these putative TF-
binding sites by EMSA (electrophoretic mobility-shift assay)
using nuclear extracts from NO-producing RAW 264.7 macro-
phages indicate that the GAS is an important regulatory element
responsible for down-regulation of IRP1 expression by NO.

EXPERIMENTAL

Materials

DMEM (Dulbecco’s modified Eagle’s medium) was obtained
from Gibco-BRL. Low endotoxin FCS (fetal calf serum), FAC
(ferric ammonium citrate), DFO (desferrioxamine®) and LPS
(lipopolysaccharide) from Escherichia coli (serotype O55:B5)
were purchased from Sigma (St. Louis, MO, U.S.A.). Murine re-
combinant IFN-γ was from RandD Systems. 1400W {N-[3-
(aminomethyl)benzoyl]acetamide}, L-NMMA (L-NG-monome-
thyl-L-arginine) and DETA/NO [diethylentriamine NONOate
(diazeniumdiolate)] were purchased from Cayman Chemical Co.
(Ann Arbor, MI, U.S.A.). Restriction and modification enzymes
were from Invitrogen (Carlsbad, CA, U.S.A.). All oligonucleo-
tides were synthesized by Invitrogen. Competent E. coli DH5αTM

cells, ONPG (o-nitrophenyl β-D-galactopyranoside) and Lipo-
fectamineTM were from Invitrogen. Luciferin was from Euro-
medex. All other chemicals were obtained from Sigma.

Cell culture and treatment

RAW 264.7 murine macrophages, a cell line established from
a tumour induced by Abelson murine leukaemia virus, were
obtained from the American Type Culture Collection (Rockville,
MD, U.S.A.). Cells were cultured in DMEM containing 5% (v/v)
FCS and gentamicin (50 µg/ml) in 100 cm2 plastic culture flasks
(Nunc) in a humidified atmosphere of 95 % air and 5% CO2

at 37 ◦C. For NOS2 (nitric oxide synthase 2) induction, RAW
264.7 macrophages were stimulated for 16 h with 20 units/ml
IFN-γ and 50 ng/ml LPS. In other experiments these cells were
incubated with 250 µM DFO and/or 100 µM FAC for 24 h. The
human hepatoma cell line HuH7 was maintained in DMEM

supplemented with 10% (v/v) FCS, 50 units/ml penicillin and
50 µg/ml streptomycin.

Nitrite measurement

NO production was determined by quantifying nitrite, the stable
end-product of NO, spectrophotometrically by a colorimetric
assay. Briefly, 200 µl of sample medium was reacted with 800 µl
of Griess reagent (1 % sulfanilamide and 0.1% naphthylethyl-
enediamine), and the absorbance was measured at 543 nm.
Sodium nitrite was used as a standard.

Plasmid constructs

Two fragments from the IRP1 promoter region were PCR
amplified using two different forward primers: promIRP1F1
5′-CCGACGCGTCCCGACTAGACTGCAAGCTTCAGCC-
ATC-3′ (for the fragment encompassing −122 to +73 bp) and
promIRP1F2 5′-CCGACGCGTAGAAATCGGCTCTACACTT-
CCTGGGACTGAG (for the fragment encompassing −532 to
+73 bp) and the same reverse primer promIRP1R 3′-CCGCTC-
GAGCCGACTCCGCGCTCCTCCCACTGA–5′. The two PCR
fragments of respectively 195 and 605 bp were digested with
XhoI/MluI and ligated to the XhoI/MluI-cleaved pGL2-basic
vector (Promega, Madison, WI, U.S.A.) to create plasmids pGL2-
IRP1P0.1 and pGL2-IRP1P0.2 in which the IRP1 promoter se-
quences were transcriptionally fused in the correct orientation
to the luciferase reporter gene. To generate a third construct,
pGL2-IRP1P0.3, a double-stranded oligonucleotide containing
the upstream GAS sequence from the IRP1 promoter (boldface)
as well as 5′ KpnI (underlined) and a 3′ MluI (underlined) res-
triction site 5′-CCGGGTACCAGGCATTTCTAGGAAAATAA-
GAACGCGTGCC-3′ was inserted into the pGL2-IRP1P0.2
plasmid following MluI/KpnI digestion to place it upstream of
the 605 bp fragment. The orientation and the integrity of all
plasmids were verified by sequencing. Figure 1(B) shows a sche-
matic representation of the luciferase reporter constructs used in
the present study.

Transfections and reporter gene assays

Twenty-four hours before transfection, HuH7 cells were plated
in six-well culture plates (Nunc) at 50–70% confluence. The
cells were transiently transfected with 1 µg of plasmid DNA
using LipofectamineTM reagent according to the manufacturer’s
recommendations. Cells were incubated, 6 h after transfection,
with 250 µM DETA/NO for 48 h. After incubation the cells were
harvested, total cellular extracts were prepared and luciferase
activity was assessed using the Luciferase Assay System kit
according to the manufacturer’s instructions (Promega). As an
internal control to assess transfection efficiency, cells were co-
transfected with a reporter vector (pSV β-gal) containing the
β-galactosidase gene driven by the SV40 (simian virus 40)
virus promoter (Promega). Luciferase activities were normalized
relative to co-expressed β-galactosidase activity values measured
in a standard assay in which ONPG hydrolysis was quantified by
absorbance at 420 nm using a Hitachi U-2000 spectrophotometer.
As negative and positive controls for transient transfection ex-
periments, the pGL2-basic vector without any promoter sequence
and a pGL3 control vector containing the SV40 promoter were
used respectively.

EMSA

Nuclear protein extracts were prepared from cells as previously
described [33]. Three double-stranded DNA fragments, created
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Figure 1 Functional studies of the IRP1 promoter region

(A) The location of putative binding sites for the TFs regulated by NO and/or changes in intracellular iron level in the mouse IRP1 promoter. The −2790 to +90 bp fragment of the mouse IRP1 gene
(GenBank® accession no. AJ427344) was analysed using TESS software and the TRANSFAC database. The indicated sequences located at positions −61 to −55 bp, −135 to −128 bp and −1354
to −1345 bp upstream of the transcription initiation site, represent three potential cis-acting regulatory elements corresponding to Sp1, MRE and the GAS sequence respectively. The consensus
sequences and the position of the above-mentioned putative binding sites in human IRP1 gene sequence (AL161783) are indicated. (B) Structure of reporter gene constructs used in transient
transfection assays. All constructs were prepared using the pGL2-basic vector. Two overlapping fragments of the mouse IRP1 promoter sequence extending from −122 to +73 bp and −532 to +73 bp
relative to the transcription start were amplified and cloned in front of the coding region of the luciferase gene to generate two constructs: pGL2-IRP1P0.1 and pGL2-IRP1P0.2 respectively. A third
construct pGL2-IRP1P0.3 was generated by insertion of a 19 bp fragment of the mouse IRP1 promoter containing the GAS sequence upstream of the −532 to +73 bp fragment in pGL2-IRP1P0.2.
Sequences corresponding to the putative Sp1-, MTF1- and STAT-binding sites are shown. (C) Basal and NO-dependent transcriptional activity of mouse IRP1 promoter fragments. HuH7 cells
were transfected with luciferase reporter gene constructs containing 194 bp (pGL2-IRP1P0.1), 605 bp (pGL2-IRP1P0.2) and 624 bp (pGL2-IRP1P0.3) IRP1 promoter fragments as described in the
Experimental section. After 5 h, the cells were treated with 250 µM DETA/NO (solid bars) or left untreated (open bars). After 48 h, the cells were harvested, lysed and assayed for luciferase activity.
β-Galactosidase activity produced by the co-transfected plasmid pSV40 β-gal was used to correct for transfection efficiencies and to normalize the luciferase activity of each sample. Results represent
the means +− S.D. for three separate experiments. Asterisks indicate a statistically significant decrease in promoter activity in NO-treated cells compared with non-NO-treated cells (*P < 0.05).

by annealing oligonucleotides, were used as probes: 5′-CCA-
GGCTCCGCCCCTCGGGG-3′, 5′-CCCCGAGGGGCGGAGC-
CTGG-3′; 5′-GAAGGGAGGGCGCACCCGGACT-3′, 5′-AGT-
CCGGGTGCGCCCTCCCTTC-3′ and 5′-AAGGCATTTCTAG-
GAAAATAAGAT-3′, 5′-ATCTTATTTTCCTAGAAATGCCTT-

3′. These sequences were identical with the following regions
of the mouse IRP1 promoter: −70 to −50 bp containing an Sp1-
binding site (underlined), −141 to −119 bp containing an MRE
sequence (underlined) and −1363 to −1339 bp containing a
GAS sequence (underlined). EMSAs were performed as described
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previously [33]. Briefly, all fragments were labelled with [32P]ATP
(NEN Life Science Products–DuPont, Bad Homburg, Germany)
using T4 polynucleotide kinase (Fermentas). The radiolabelled
probes (0.1–0.5 ng) were incubated with nuclear protein extracts
(2.5 µg) for 20 min at room temperature in 20 µl reaction mix-
tures containing 10 mM Hepes (pH 7.9), 100 mM KCl, 1.5 mM
MgCl2, 1 mM DTT (dithiothreitol), 1 mM EGTA and 10% gly-
cerol. The specificity of DNA binding was determined by compet-
ition assays performed using a 25- or 50-fold excess of the un-
labelled fragments. Reactions were examined by electrophoresis
on nondenaturing 6% polyacrylamide gels prepared in a buffer
composed of 45 mM Tris (pH 8.0), 45 mM borate and 1 mM
EDTA. After running for 2 h, the gels were dried and the radio-
active signal visualized using a Bio-Rad Molecular Imager FX
and quantified using Quantity One software (Bio-Rad).

Western blot analysis

A total of 50 µg of nuclear or cytoplasmic proteins, prepared as
described previously [7,34], were separated by electrophoresis
on SDS/8% polyacrylamide gels and transferred to Hybond ni-
trocellulose membranes (Amersham Biosciences) using Novex®

Western Transfer apparatus (Invitrogen). STAT5a and STAT5b
proteins were detected by incubation of the membranes with
anti-STAT5a- and anti-STAT5b-specific rabbit antibodies kindly
provided by Dr Frederic Verdier (INSERM U363, Paris, France)
[35]. Nuclear extracts from UT7 cells (kindly provided by
Dr Frederic Verdier) overexpressing STAT5a and STAT5b pro-
teins were used as a positive control. Immunoreactive bands
were revealed following incubation with a goat anti-rabbit horse-
radish peroxidase-conjugated secondary IgG (Sigma) using the
chemiluminescence ECL®-plus kit (Amersham Life Sciences).
Quantification was performed relative to β-actin detected using a
specific antibody obtained from Sigma.

RT (reverse transcriptase)–PCR analysis of STAT5a mRNA level

For RT–PCR analysis, total cellular RNA was extracted from
RAW 264.7 macrophages (107 cells) using TRIzol® reagent
(Invitrogen, Carlsbad, CA, U.S.A.) according to the manufac-
turer’s protocol. Total RNA (2 µg) was used for reverse transcrip-
tion with superscript II RNAse H RT (Invitrogen) in a 30 µl re-
action mixture incubated at 45 ◦C for 1 h. Of this reaction mixture,
2 µl were then used for PCR amplification with Platinum Pfx
DNA Polymerase (Invitrogen), using oligonucleotide primers spe-
cific for STAT5a: forward: 5′-CCGTGGGATGCTATTGACTT-
3′, reverse: 5′-ACGTGTTCTGGAGCTGTGTG-3′. PCR products
were analysed on 2% agarose gels run with TBE (Tris/borate/
EDTA; 45 mM Tris/borate and 1 mM EDTA) buffer and stained
with ethidium bromide. The specific band of 169 bp was quanti-
fied with a Molecular Imager using Quantity One software (Bio-
Rad) and normalized to a 489 bp fragment of the GAPDH (gly-
ceraldehyde-3-phosphate dehydrogenase) housekeeping gene
amplified from duplicate samples using the forward primer
5′-GACCACAGTCCATGCCATCAC-3′ and the reverse pri-
mer 5′-TCCACCACCCTGTTGCTGTAG-3′.

Real-time quantitative RT–PCR

STAT5a mRNA levels in RAW 264.7 cells were measured by real-
time quantitative RT–PCR using a Light Cycler (Roche Dia-
gnostics, Mannheim, Germany). The same cDNA templates and
primers as those described above were used. Detection of ampli-
fication products was carried out using SYBR Green (Roche) as
described previously [36]. To confirm amplification specificity, the
PCR products from each primer pair were subjected to melting-

curve analysis and subsequent agarose-gel electrophoresis. For
data analysis, Light Cycler 3.5 Software was used [36]. Quanti-
fication was performed relative to GAPDH control reactions.

Statistical analysis

For statistical evaluation, one-way ANOVA was applied. For
estimation of the significance of difference between arithmetic
means, the Scheffe test was used. All calculations were done
using Statgraphics Plus 6.0 software.

RESULTS

Identification of putative binding sites for TFs regulated
by NO and iron in the IRP1 promoter

The −2790 to +90 bp fragment of the mouse IRP1 gene
(GenBank® accession no. AJ427344) was searched for potential
binding sites for TFs regulated by NO and/or changes in intra-
cellular iron level using the TESS (Transcription Element
Search System) software (http://www.cbil.upenn.edu/tess/) and
TRANSFAC database (http://www.gene-regulation.com/pub/
databases.html#transfac). We found the following conserved
motifs: one Sp1 sequence, 55 bp away from the transcription start
site; one MRE sequence, 128 bp away from the transcription
start site; and one GAS motif, a potential binding site for STAT
family proteins, 1345 bp upstream of the transcription start site
(Figure 1A). All identified sequences are also present in the
human IRP1 promoter (GenBank® accession no. AL161783) at
approximately the same distances from the transcription start site
(Figure 1A).

Predominant role of the GAS sequence in the inhibition of mouse
IRP1 promoter activity by NO in transfected HuH7 cells

To perform functional studies of the IRP1 promoter and analyse
its regulation by NO, three luciferase-based reporter constructs
containing sub-fragments of the IRP1 promoter sequence, with
sizes ranging from 195 to 624 bp (Figure 1B), were transiently
transfected into HuH7 cells and the cells were grown for 48 h with
or without DETA/NO as an NO donor. The pGL3 control vector
expressing the luciferase under the control of the SV40 promoter
was highly expressed in these cells and there was a 60% reduction
in luciferase activity following DETA/NO treatment (results not
shown), as previously reported [37]. Transient transfections of
HuH7 cells with the pGL2-IRP1P0.1 construct containing the
minimal promoter fragment showed that the basal luciferase
activity produced by this construct was very low and treatment of
the cells for 48 h with a chemical NO donor (DETA/NO, 250 µM),
induced a statistically significant 2-fold reduction (P < 0.05)
in luciferase activity (Figure 1C). The longer 605 bp fragment
from pGL2-IRP1P0.2 construct containing both Sp1 and MRE
showed a higher transcriptional activity, with a 3–4-fold increase
in luciferase activity as compared with HuH7 pGL2-IRP1P0.1-
transfected cells. However, the NO treatment only induced a
moderate decrease in luciferase activity. Another construct was
made by adding an oligonucleotide with the GAS sequence
upstream of pGL2-IRP1P0.2 (Figure 1B). The basal activity
produced by the pGL2-IRP1P0.3 plasmid was the highest among
all the analysed IRP1 promoter-luciferase constructs. Treatment
with DETA/NO of pGL2-IRP1P0.3 vector-transfected HuH7 cells
revealed a substantial (90%) inhibition of luciferase activity
compared with basal conditions (Figure 1C). Considering that
the pGL2-IRP1P0.3 construct was generated by the addition,
upstream of the 605 bp fragment in pGL2-IRP1P0.2, of a short
19 bp fragment comprising the upstream GAS sequence from the
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Figure 2 Effect of endogenous NO on Sp1–, STAT– and MTF1–DNA binding activity in mouse 264.7 macrophages

Nuclear protein (2 µg) and a molar excess of 32P-labelled probes containing the (A) Sp1, (B) GAS or (C) MRE sequences from the mouse IRP1 promoter were used in EMSA analysis as described
in the Experimental section. Cultured RAW 264.7 macrophages were stimulated for 16 h with 20 units/ml IFN-γ plus 50 ng/ml LPS in the presence or absence of 1 mM L-NMMA and 25 µM 1400W
(A, B). NO production was measured by assaying nitrites using the Griess method in culture supernatants of stimulated and unstimulated cells. RAW 264.7 macrophages were incubated with 250 µM
DFO and/or 100 µM FAC for 24 h (C). To check the specificity of the DNA binding, unlabelled competitor fragments were added to reaction mixtures at 25- and 50-fold molar excess over the labelled
probes. Reaction products were separated by electrophoresis on non-denaturing 6 % polyacrylamide gels. The experiments were performed at least three times, and representative gels are shown.
The positions of the DNA–protein complexes and the free probes are indicated.

IRP1 promoter, this result suggests the effective and predominant
role of the STAT-binding site in both the basal transcriptional
activity and the NO-dependent regulation of the mouse IRP1
promoter.

NO inhibits Sp1– and STAT–DNA binding, but has no effect
on MTF1 DNA binding

Since the Sp1- and the STAT-binding sites appear to be functional
and play a role in NO-mediated down-regulation of the IRP1 pro-
moter we decided to study the effect of NO on the DNA binding
activity of Sp1 and STATs in RAW 264.7 macrophage nuclear ex-
tracts. We performed EMSAs using short DNA probes comprising
the Sp1-binding site or the GAS sequence of the mouse IRP1
promoter. The specificity of the constitutive DNA-binding re-
actions (Figures 2A and 2B, lanes 1) was confirmed by com-
petition with a 50-fold (Figures 2A and 2B, lanes 4) and a 25-
fold (Figures 2A and 2B, lanes 5) molar excess of the unlabelled
probes. NO production was stimulated by treating the cells with
IFN-γ and LPS and was followed by measuring nitrite (a stable
oxidation product of NO) released in the culture medium (as
indicated below Figures 2A and 2B). The formation of Sp1–DNA
(Figure 2A, lane 2) and STAT–DNA (Figure 2B, lane 2) com-
plexes in reactions including nuclear extracts from NO-producing
RAW 264.7 cells was markedly reduced as compared with those
using extracts from control cells (Figures 2A and 2B, lanes 1). This
decrease was 65 and 47% respectively as assessed by densito-
metric analysis. The effect of NO was largely reversed when
EMSAs were performed using nuclear extracts from stimulated
macrophages treated with 1400W and L-NMMA, two NOS2
inhibitors (Figures 2A and 2B, lanes 3). EMSA was also used
to visualize nuclear protein complexes with the MRE sequence
overlapping the −128 to −135 region of the IRP1 promoter in
NO-producing macrophages (Figure 2C). The specificity of the
basal MTF1 binding to MRE in control RAW 264.7 macrophages

(Figure 2C, lane 1) was confirmed by competition with a 50-fold
excess (Figure 2C, lane 2) of the unlabelled MRE probe. NO
has been shown to affect LIP levels in various cell types [53,54],
and thus may indirectly influence the DNA-binding activity of
MTF1, a TF known to bind MRE and to be regulated by heavy
metals [38]. However, we detected no changes in MTF1 binding
to MRE in RAW macrophages using nuclear extracts from cells
stimulated for NO synthesis with IFN-γ /LPS (Figure 2C, lane 3).
Similarly, in macrophages incubated either with FAC (Figure 2C,
lane 4) or DFO, an iron chelator (Figure 2C, lane 5), the level of
MTF1–DNA complexes was unaffected compared with control
cells, clearly indicating that fluctuations in intracellular iron level
had no effect on MTF1–DNA binding.

NO decreases STAT5a and STAT5b protein levels in the cytosol
and nuclei of NO-producing macrophages

The mechanism underlying the NO-mediated decrease in STAT–
DNA complex formation and inhibition of transcriptional activity
of the mouse IRP1 promoter, could involve impaired nuclear
translocation of STAT proteins in response to NO. Since the STAT
protein family comprises seven members showing apparently
similar binding affinity for the GAS sequence [39], we focused
our attention on the STAT5 proteins whose involvement in signall-
ing pathways inhibited by NO is well recognized [32,40]. We
measured STAT proteins in cytosolic and nuclear extracts of
RAW 264.7 macrophages, using nuclear extracts from UT7 cells
overexpressing STAT5a and STAT5b as positive controls. The
results showed a marked reduction in STAT5b protein levels in
nuclei of NO-producing RAW 264.7 macrophages as compared
with control macrophages (Figure 3, upper panel, lane 2 versus
lane 1). However, an even more drastic reduction in both STAT5a
and STAT5b proteins, i.e. an almost total absence (Figure 3,
lower panel, lane 2), was observed in the cytosol, which indicates
that impaired translocation is not the reason for the reduction in
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Figure 3 Reduced STAT5a and STAT5b protein levels in NO-producing RAW
274.7 macrophages

RAW 264.7 macrophages were stimulated for 16 h with 20 units/ml IFN-γ plus 50 ng/ml LPS in
the presence or absence of 1 mM L-NMMA and 25 µM 1400W. NO production was measured
by assaying nitrite in the culture medium. STAT5a and STAT5b levels were assessed in nuclear
(upper panel) and cytosolic (lower panel) extracts by Western blotting as described in the
Experimental section. To assist identification of STAT5a and STAT5b bands, nuclear extracts
from UT7 cells overexpressing STAT5a and STAT5b proteins (a gift from Dr Frederic Verdier)
were electrophoresed on the same gels. Each blot is representative of three blots showing similar
results.

STAT–DNA complex formation. This characteristic pattern of
changes in STAT protein levels in these two cellular compartments
was specific for NO-producing cells and it was largely reversed
when NO synthesis had been abolished by inhibitors of NOS2
(Figure 3, lane 3).

LPS/IFN-γ -induced reduction of STAT5a expression is not due
to mRNA down-regulation

We next examined whether this reduction in the amount of
STAT5a protein resulted from a decrease in the level of the
corresponding mRNA transcript. Both semi-quantitative RT–
PCR (Figures 4A and 4B) and real-time quantitative RT–PCR
(Figure 4C) consistently showed that STAT5a mRNA expression
in NO-producing RAW 264.7 macrophages was unchanged
relative to control cells or in comparison with macrophages in
which NO synthesis was severely reduced. These analyses suggest
that the substantial decrease in STAT5a protein content in response
to NO is not due to less efficient transcription of the STAT5a gene
or decreased stability of STAT5a mRNA.

DISCUSSION

Most studies on the regulation of IRP1 activities have been
focused on post-translational mechanisms underlying the inser-
tion/extrusion of a [4Fe-4S] cluster into/from the IRP1 molecule
[5,13]. However, we have recently shown that changes in intra-
cellular protein IRP1 levels could account for the observed
modifications in its IRE-binding affinity [16,41,42]. It has long
been known that in mammals, IRP1 displays highly variable
expression patterns in different tissues [43]. The biological
significance of regulation of IRP1 expression at the protein level
are indicated by studies on NO-producing macrophages, in which
NO was shown not only to induce IRP1 RNA binding activity
but also to reduce IRP1 protein level [16]. The aim of the present

Figure 4 Analysis of STAT5a mRNA abundance in NO-producing RAW 264.7
macrophages by RT–PCR

RAW 264.7 macrophages were stimulated for 16 h with 20 units/ml IFN-γ plus 50 ng/ml LPS in
the presence or absence of 1 mM L-NMMA and 25 µM 1400W. NO production was measured
by assaying nitrite in the culture medium. RNA was isolated from harvested cells and used
for semi-quantitative RT–PCR as described in the Experimental section. The GAPDH amplicon
was used as a control for the amount of cDNA used in the PCR reactions. The experiments
were performed three times, and a representative result is shown (A). PCR product bands were
quantified using a Molecular Imager and the means +− S.D. are plotted in arbitrary units (n = 3)
(B). STAT5a mRNA abundance in RAW 264.7 macrophages was measured by real-time RT–PCR
(C). Each column represents the mean (+−S.D.) for three amplification reactions performed on a
single cDNA sample reverse transcribed from RNA prepared from cells from three independent
experiments. The level of STAT5b mRNA in control macrophages was assigned the 100 % value.

study was to investigate the transcriptional regulation of IRP1
in response to NO and to identify regulatory elements within
the IRP1 promoter responsible for NO-dependent inhibition of
IRP1 expression. Although previous studies have reported no
changes in the total amount of immunologically detectable IRP1
following treatment of various cell types with iron sources and
iron chelators [44–46], recent data from closely related mouse
lymphoblastic cell lines show a close quantitative correlation
between the amount of IRP1 and LIP levels [41]. Furthermore,
it has been demonstrated that hepatic IRP1 protein levels in
haemochromatosis patients are altered [47]. With this in mind,
we also attempted to test the influence of iron on transcriptional
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regulation of the IRP1 gene. Using bioinformatics software, the
mouse IRP1 promoter sequence was screened for putative binding
sites for NO- and iron-dependent transcriptional regulators. We
identified potential binding sites for Sp1 and STAT proteins, two
TFs known to be molecular targets for NO [30,32,40]. We also
found one potential MRE sequence similar to those present in the
promoter region of genes encoding metallothionein-IIA [48], a
heavy-metal binding protein, or bivalent metal transporter 1 [49],
a mediator of apical iron uptake in duodenal enterocytes and iron
transfer from the transferrin receptor endosomal cycle into the
cytosol.

To gain further insights into the role of the GAS and Sp1
sequences in NO-mediated repression of the mouse IRP1 gene,
we transiently transfected human hepatoma HuH7 cells with con-
structs containing fragments of the mouse IRP1 promoter fused
to the luciferase reporter gene. The minimal 55 bp promoter had
a very low basal transcriptional activity, which was reduced by
NO production. The mouse IRP1 promoter lacks typical TATA or
CCAAT boxes. In many genes lacking a TATA box, a proximally
positioned Sp1 site may be critical for basal transcription and can
determine the start site [50]. Our results indicate that the proximal
Sp1 binding site is of limited importance for basal transcription
of IRP1. However, NO treatment of the transfected cells induced
a significant reduction in basal transcriptional activity, and
accordingly, nuclear extracts from activated macrophages reduced
the DNA binding activity of Sp1. This result is in line with those
of previous studies demonstrating inhibition or a lack of DNA
binding by native Sp1 derived from different cell types treated
with chemical NO donors [30,51,52]. It is important to note
that the NO-mediated loss of Sp1 DNA binding activity may
result in either a decrease [30,51] or an increase [52] in gene
expression, depending on whether this factor is acting as an
activator or a repressor of transcription. Thus the results of our
EMSA experiments are not conclusive concerning the role of Sp1
in NO-dependent down-regulation of IRP1 gene transcription.

Transfection of HuH7 cells with the second construct, pGL2-
IRP1P0.2, containing both Sp1 and MRE sequences, resulted in
substantially higher basal transcriptional activity, but no decrease
in luciferase activity in response to NO. Accordingly, there was
no change in the DNA-binding activity to the MRE sequence
in response to fluctuations in cellular iron content or to NO,
recently shown to alter LIP level [53,54]. This result agrees with
those of previous studies showing that interaction of MTF1
with multiple MREs present in 5′-regulatory regions of several
genes is induced by heavy metals other than iron [48]. It is thus
possible that the effect of MTF1-mediated modulation of gene
transcription may only involve genes containing several copies of
the MRE sequence in their promoters [48]. The insensitivity
of the binding of MTF-1, a zinc sensor protein [55], to DNA in
response to NO may result from the opposite effects of NO on zinc
finger-dependent transcription. Zinc finger disruption by NO may
inhibit or activate transcription, depending on the structure of the
promoter [56]. NO-mediated inhibition of zinc finger-dependent
gene transcription [51] may be counteracted by an indirect effect
resulting from NO-mediated release of zinc bound to cytosolic
low-molecular mass chelators. The activation of MTF1–DNA
binding by such a mechanism has been reported in response to
Cd (cadmium) and oxidative stress upon Cd binding or oxidation
of metal-co-ordinating thiolates respectively [55].

Functional analysis of the IRP1 promoter using the third
construct, pGL2-IRP1P0.3, clearly showed that the GAS sequence
plays a major role in both the basal expression level and NO-
dependent regulation of the IRP1 gene. It should be stressed
that only a 19 bp fragment comprising the GAS sequence from
the IRP1 promoter was added to pGL2-IRP1P0.2 in order to

generate pGL2-IRP1P0.3. The demonstration that NO produced
a 70% decrease in binding of STAT proteins to the GAS sequence
located in the IRP1 promoter strongly suggests the involvement
of this family of TFs in the regulation of IRP1 gene expression
by NO. In agreement with this finding, negative gene regulation
in response to NO by STAT5 [32,40], and also by STAT1 [57],
has been reported for several cellular functions in various cell
types. Taken together, the results of the EMSAs and those from
the functional activity assays indicate that the GAS sequence is
an important regulatory element responsible for down-regulation
of IRP1 expression by NO.

The GAS sequence was originally identified as an element
required for the rapid transcriptional induction of genes in res-
ponse to IFN-γ [58]. The protein complex binding to GAS
sequences in IFN-γ -treated cells is a dimer of STAT1, the proto-
type of the STAT protein family. To date, seven different STATs
have been recognized, six of which bind to a GAS element [59].
Because STAT5 proteins are those most frequently shown to take
part in nuclear signalling in response to NO [32,40], we investi-
gated the roles of STAT5a and STAT5b in the mechanism under-
lying NO-dependent down-regulation of IRP1. Although these
two STAT5 proteins share a high degree of amino acid sequence
identity and show considerable functional overlap they are not
functionally redundant [59]. According to a general model for re-
ceptor-mediated activation of STAT, there are several cytokine
receptor-associated Janus kinases that induce dimerization, nu-
clear translocation and DNA binding of STAT through tyrosine
phosphorylation [39]. To identify the mechanism through which
NO exerts its repressive effect on IRP1 expression via the GAS
sequence, we initially investigated whether it is associated with
impaired nuclear translocation of STAT5. Endogenous NO was
found to markedly reduce nuclear levels of both STAT5a and
STAT5b in RAW 264.7 macrophages. A similar effect was
observed when RAW 264.7 cells were incubated for 18 h with
DETA/NO (results not shown). Surprisingly, an identical analysis
of cytosolic extracts from RAW 264.7 macrophages, activated
for NO synthesis, showed an even greater decrease in STAT5a
and STAT5b content than that observed in nuclei. The results of
these Western blot analyses indicated an overall decline in STAT5
protein levels rather than one restricted to nuclei. The reduction
in the amount of STAT5a at the protein level was not associated
with a decrease in the expression or stability of the transcript,
since STAT5a mRNA levels were not influenced by NO. Taken
together, our results on STAT5a mRNA and protein levels in
NO-producing macrophages strongly suggest that NO sensitizes
STAT5 proteins for accelerated degradation. This conclusion is
supported by the description [60] of a proteosome proteolytic
pathway for STAT5 and the proposal that this plays a role in down-
regulation of STAT5 signalling. A hypothetical mechanism for the
down-regulation of STAT5 activity by NO may involve nitration
of key tyrosine residue(s) in STAT5 molecules and subsequent
proteolytic degradation by the ubiquitin–proteosome pathway as
has been described for other proteins [61].

The findings of the present study permit us to outline a plausible
regulatory loop between STAT family proteins, NO and IRP1. TFs
from the STAT family participate in signal transduction initiated
by IFN-γ , leading to the activation of NOS2 expression and
subsequent high output of NO [62]. The action of NO rapidly
generates the RNA binding form of IRP1 [13], which down-
regulates ferritin and up-regulates transferrin receptor via a post-
transcriptional mechanism, thus contributing to the expansion of
the catalytically active free iron pool. On the other hand, NO
would promote degradation of STAT5 proteins, which inhibits
expression of the IRP1 gene at the transcriptional level. The bio-
logical importance of this regulation may be in minimizing the
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NO-dependent reaction that boosts RNA binding by IRP1 and,
consequently, attenuates the NO-induced rise in the LIP, a major
factor in increasing the likelihood of oxidative injury.

Finally, a question arises as to the possible role of STAT5-driven
regulation of IRP1 described here, in the cross-talk between NO
and iron in cells. It is conceivable to propose that iron released
from iron-containing proteins upon NO enters LIP and transits
through the cytosolic compartment before being transported
across the cellular membrane as nitrosyl–iron complexes by
multidrug resistance-associated protein 1, as suggested recently
[22]. This so-called transient iron may be easily taken up by
ferritin, a main regulator of LIP levels [63]. By decreasing the
amount of IRP1 via STAT5, NO minimizes its potential to inhibit
ferritin expression at the post-transcriptional level, and may thus
maintain and safeguard the capacity of this protein to sequester
potentially harmful free iron.

This work was supported by a NATO (North Atlantic Treaty Organisation) Collaborative
Linkage grant (PST.CGL 979519). We thank John Gittins for a critical reading of this paper.

REFERENCES

1 Hentze, M. W., Muckenthaler, M. U. and Andrews, N. C. (2004) Balancing acts: molecular
control of mammalian iron metabolism. Cell 117, 285–297

2 Meyron-Holtz, E. G., Ghosh, M. C., Iwai, K., LaVaute, T., Brazzolotto, X., Berger, U. V.,
Land, W., Olivierre-Wilson, H., Grinberg, A., Love, P. et al. (2004) Genetic ablations of
iron regulatory proteins 1 and 2 reveal why iron regulatory protein 2 dominates iron
homeostasis. EMBO J. 23, 386–395

3 Cooperman, S. S., Meyron-Holtz, E. G., Olivierre-Wilson, H., Ghosh, M. C., McConnell,
J. P. and Rouault, T. A. (2005) Microcytic anemia, erythropoietic protoporphyria, and
neurodegeneration in mice with targeted deletion of iron-regulatory protein 2. Blood 106,
1084–1091

4 Galy, B., Ferring, D., Minana, B., Bell, O., Janser, H. G., Muckenthaler, M., Schumann, K.
and Hentze, M. W. (2005) Generation of conditional alleles of the murine Iron Regulatory
Protein (IRP)-1 and -2 genes. Blood 106, 2580–2589

5 Bouton, C. and Drapier, J. C. (2003) Iron regulatory proteins as NO signal transducers.
Science STKE 2003, 182

6 Meyron-Holtz, E. G., Ghosh, M. C. and Rouault, T. A. (2004) Mammalian tissue oxygen
levels modulate iron-regulatory protein activities in vivo. Science 306, 2087–2090

7 Drapier, J. C., Hirling, H., Wietzerbin, J., Kaldy, P. and Kühn, L. C. (1993) Biosynthesis of
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