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The tight relationship between oxygen and iron
prompted us to investigate whether the expression of
transferrin receptor (TfR), which mediates cellular iron
uptake, is regulated by hypoxia. In Hep3B human hep-
atoma cells incubated in 1% O2 or treated with CoCl2,
which mimics hypoxia, we detected a 3-fold increase of
TfR mRNA despite a decrease of iron regulatory pro-
teins activity. Increased expression resulted from a
4-fold stimulation of the nuclear transcription rate of
the TfR gene by both hypoxia and CoCl2. A role for
hypoxia-inducible factor (HIF-1), which activates tran-
scription by binding to hypoxia-responsive elements in
the activation of TfR, stems from the following observa-
tions. (a) Hypoxia and CoCl2-dependent expression of
luciferase reporter gene in transiently transfected
Hep3B cells was mediated by a fragment of the human
TfR promoter containing a putative hypoxia-responsive
element sequence, (b) mutation of this sequence pre-
vented hypoxic stimulation of luciferase activity, (c)
binding to this sequence of HIF-1a, identified by compe-
tition experiments and supershift assays, was induced
in Hep3B cells by hypoxia and CoCl2. In erythroid K562
cells, the same treatments did not affect iron regulatory
proteins activity, thus resulting in a stimulation of TfR
gene expression higher than in hepatoma cells.

Iron is needed for several essential functions but is also
potentially dangerous as a catalyst of reactive oxygen species
production (1). Thus, iron is usually bound to proteins, and iron
homeostasis is tightly regulated. Iron in serum is mainly trans-
ported by transferrin (Tf),1 which delivers the metal to cells
requiring it. Iron-laden Tf interacts with transferrin receptor
(TfR), and the complex is then internalized by receptor-medi-
ated endocytosis. Since the TfR plays a crucial role in the
control of iron entry into cells, its expression is tightly regu-
lated. Iron controls TfR mRNA levels through a well charac-
terized post-transcriptional mechanism involving binding of
cytosolic iron regulatory proteins (IRPs) to iron-responsive el-

ements (IREs) in the 39-untranslated region of TfR mRNA (2,
3). In conditions of iron depletion, IRP actively binds to IREs
and increases TfR mRNA stability by preventing access to
ribonucleases (2, 3). Since, at the same time, the IRE-IRP
interaction prevents ferritin mRNA translation, the combined
effect of this regulation results in increased iron availability in
the intracellular pool. An inverse regulation occurs when iron
is plentiful in such a way that iron homeostasis is maintained.
On the other hand, iron-independent TfR expression is mainly
controlled at the transcriptional level (4). Indeed, elevated
transcription is an important means to provide high TfR ex-
pression in erythroid (5) and mitogen-activated (6, 7) cells.

Hypoxia is increasingly recognized as an important regulator
of gene expression, and a number of physiologically relevant
genes have been found to be induced by hypoxic conditions that
may help the cell to adapt to reduced oxygen supply (8–11).
Although post-transcriptional mechanisms may contribute to
the induction of hypoxia-sensitive genes, hypoxia-inducible fac-
tor (HIF-1), which activates gene transcription in response to
reduced oxygen concentration, is the most relevant component
of the molecular response to hypoxia. HIF-1 is a heterodimer
consisting of an a and b subunit; the latter is identical to the
aryl hydrocarbon receptor nuclear translocator (ARNT), which
is also able to dimerize with the aryl hydrocarbon receptor.
Hypoxia results in the stabilization of HIF-1a, enabling it,
upon dimerization with the constitutively expressed ARNT and
formation of a complex with the transcriptional coactivator
p300/CBP, to bind hypoxia-responsive elements (HREs) in re-
sponsive genes.

Hypoxia stimulates erythropoiesis and intestinal iron ab-
sorption (12), and it is therefore conceivable that proteins in-
volved in iron transport and uptake are regulated by oxygen
supply. Indeed, serum Tf levels increase in animals exposed to
hypoxia (13), and it has been recently shown that Tf gene
expression is induced by hypoxia in hepatoma cells (14). How-
ever, for efficient erythropoiesis, transferrin must be iron-
loaded and internalized through interaction of Tf with TfR, and
hence, the increased plasma iron transport capacity provided
by hypoxic up-regulation of Tf expression (14) should be fol-
lowed by increased availability of cellular Tf binding sites.

Here we show that TfR gene transcription is stimulated by
hypoxia and that a HIF-1 binding site in the TfR promoter is
involved in this response. Cell-specific modulation of IRP ac-
tivity, by allegedly regulating TfR mRNA stability, possibly
represents an additional level of control.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture Conditions—Hep3B hepatoma cells were
grown in minimal essential medium and K562 human erythroleukemia
cells in RPMI 1640. Media were supplemented with 10% heat-inacti-
vated fetal calf serum, 2 mM L-glutamine, 100 units/ml penicillin, 0.1
mg/ml streptomycin. Cell lines were maintained in a humidified incu-
bator at 37 °C in 5% CO2, 95% air. For hypoxic stimulation, cells at 90%
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confluency were placed in an incubator chamber that was thoroughly
flushed with a gas mixture containing 5% CO2, 1% O2 and nitrogen-
balanced, tightly sealed, and incubated at 37 °C for different time
periods as described (15). The pH of the culture medium did not change
after 20 h of hypoxia. Cells were also exposed to 100 mM CoCl2 or 100 mM

desferrioxamine (Sigma) for different time periods.
Northern Blot Analysis—Total cellular RNA was isolated as de-

scribed (16), and equal amounts of RNA were electrophoresed under
denaturing conditions. To confirm that each lane contained equal
amounts of total RNA, the ribosomal RNA content in each lane was
estimated in the ethidium bromide-stained gels by laser densitometry.
RNA was transferred to Hybond-N filters (Amersham Pharmacia Bio-
tech), which were hybridized with 32P-labeled human TfR cDNA pTR10
(17). Quantitative determination was achieved by direct nuclear count-
ing using an InstantImager (Packard Instruments Co.), and the values
were calculated after normalization to the amount of ribosomal RNA.

Nuclear Transcription Assay—Nuclei were purified and incubated
for in vitro transcription as described (18). 32P-Labeled nuclear RNA
elongated in vitro was purified, and equal amounts of trichloroacetic
acid-precipitable radioactivity for each sample were hybridized to the
following DNA probes fixed on nitrocellulose filters: human heme oxy-
genase (HO-1) (19), L-ferritin subunit (20), and TfR (17) cDNAs. Hy-
bridization signals were evaluated by direct nuclear counting using an
InstantImager and normalized to the values of L-ferritin subunit after
subtraction of the background values represented by the hybridization
signals of the empty plasmid pGEM (Promega, Milano, Italy).

In Vitro RNA Transcription—The pSPT-fer plasmid containing the
iron-responsive element of human ferritin H chain (21) was linearized
with BamHI and transcribed in vitro with T7 RNA polymerase in the
presence of 100 mCi of [a-32P]UTP (800 Ci/mmol, Amersham Pharmacia
Biotech).

RNA-Protein Gel Retardation Assay—Cells were homogenized in the
buffer described by Leibold and Munro (22), the lysate was centrifuged
at 16,000 3 g, and the supernatant was used for an RNA-protein band
shift assay. Samples containing 2 mg of protein (determined using the
Bio-Rad protein assay kit) were incubated in the absence or presence of
2% 2-mercaptoethanol, with a molar excess of IRE probe. Incubation,
digestion with RNase T1, and treatment with heparin were performed
as previously described (23). After separation on 6% nondenaturing
polyacrylamide gels, RNA-protein complexes were visualized by auto-
radiography and quantitated by direct nuclear counting using an
InstantImager.

Plasmid Constructs—To construct the pTfRA-luc vector, a 1710-bp
EcoRI-EcoRV fragment excised from plasmid pAT153-E5.E5 (24) was
filled and inserted into the SmaI site of the pGL2 vector (Promega,
Milano, Italy). To obtain the pTfRB-luc clone, a 455-bp fragment was
amplified from the No. 9 derivative of plasmid pcD-TR1 (25) using
oligonucleotides corresponding to positions -439 to -424 and 12 to 116
as 59 and 39 primers, respectively. The amplified product was blunted
and inserted into the SmaI site of the pGL2 vector (Promega, Milano,
Italy). Mutation of the putative HRE sequence 59-TACGTGC-39 cen-
tered at position -86 in the sense DNA strand of the pTfRB-luc plasmid
with replacement of the bases TACGT with AATTC to construct pT-
fRBm-luc was introduced by polymerase chain reaction-based site-di-
rected mutagenesis using the ExSite mutagenesis kit (Stratagene, Mi-
lano, Italy). All constructs were verified by DNA sequencing.

Transient Transfection Assay—Subconfluent Hep3B cells were tran-
siently cotransfected using the calcium phosphate method with 10 mg of
a 50:1 mixture of pGL2 constructions and pRL-SV40 reporter vector
containing Renilla luciferase, which was used to normalize for trans-
fection efficiency. After recovering for 48 h, the cells were subjected to
the various treatments. Cells were collected, washed, and lysed using
the reporter lysis buffer (Promega, Milano, Italy). Luciferase activities
were then measured in a Lumat LB 9501 luminometer (Berthold) using
the dual-luciferase reporter assay system (Promega, Milano, Italy) ac-
cording to the manufacturer’s instructions.

Nuclear Extract and Electrophoretic Mobility Shift Assay—The HRE
sequence was synthesized to match W18 in Wang and Semenza (26).
The TfR-18 oligonucleotide corresponding to sequences from nucleotide
position -93 to -75 relative to the transcription start site in the human
TfR gene (AGCGTACGTGCCTCAGGA) was labeled with [g-32P]ATP by
means of T4 polynucleotide kinase. Hep3B nuclear extract (10 mg of
protein) prepared as described (26) was preincubated in 10 mM Tris, pH
7.8, 50 mM NaCl, 1 mM EDTA, 5% (v/v) glycerol, 5 mM dithiothreitol, and
20 mg/ml poly(dIzdC) for 5 min at room temperature before the addition
of 0.5 ng of labeled probe. For supershift assay, 1 mg of OZ15 monoclonal
antibody to HIF-1a (NeoMarkers, Union City, CA) was added, and the
binding reaction mixture was incubated at 4 °C for 90 min. After 20 min

at room temperature, reaction products were electrophoresed at 4 °C in
5% polyacrylamide in 30 mM Tris, 30 mM boric acid, 0.06 mM EDTA.

RESULTS

Analysis of TfR mRNA Levels—TfR expression in response to
hypoxia was studied in a line of hepatoma cells that is exten-
sively used to investigate regulation of genes associated to
hypoxic stress. Northern blot analysis (Fig. 1) showed that
incubation of Hep3B cells in reduced oxygen atmosphere (1%
O2) for 20 h strongly increased TfR mRNA steady state levels.
Quantification of four experiments showed a 3-fold induction.
Treatment with CoCl2, a well known inducer of several hy-
poxia-responsive genes (8–11), also increased TfR mRNA ex-
pression to a similar extent.

Bandshift Assay of IRP Activity—Since TfR is known to be
regulated at post-transcriptional level by the IRE-IRP interac-
tion (2, 3), we investigated the IRE binding activity of IRP by
RNA bandshift assays in cytosolic extracts of Hep3B cells. Fig.
2 demonstrates that IRP activity in human hepatoma cells was
up-regulated by iron chelation, as expected on the basis of
previous work (2, 3), and markedly repressed (70% inactiva-
tion, as revealed by quantification of three separate experi-
ments) by both hypoxic exposure and treatment with CoCl2 for
20 h, as previously shown for rat hepatoma cells (27). Treat-
ment of cell extracts with 2-mercaptoethanol, which fully acti-
vates latent IRP (2, 3), eliminated all the differences, thus
indicating equal loading of all samples and suggesting that
inactivation was due to a post-translational switch. Experi-
ments with murine cells in which, at a difference from human
cells, separation and detection of IRP-1 versus IRP-2 by band-
shift assays is possible, demonstrated that the two IRPs are
divergently regulated by hypoxia (27, 28). We cannot specify
the role of the two IRP isoforms in hypoxic human hepatoma
cells; nevertheless, as IRP-1 and IRP-2 bind IREs with similar
affinity and specificity (2, 3, 29), a decrease of TfR mRNA
stability should reflect the observed reduction of total IRP
binding activity.

Run-on Transcription Analysis—The increase of TfR mRNA
levels in the presence of reduced IRP activity pointed to a
transcriptional effect on TfR expression. To directly assess this
aspect, we measured TfR gene transcription in isolated nuclei.
Fig. 3 shows that the transcription rate of TfR gene is stimu-
lated by both hypoxia and CoCl2 with a response similar to that
of the heme oxygenase gene, which has been shown to be
transcriptionally activated by hypoxia (30). On the other hand,
transcription of the gene for ferritin L subunit was not altered
by these treatments. Quantification of three separate experi-
ments showed a 4-fold induction of TfR gene transcription.

FIG. 1. Northern blot analysis of TfR mRNA levels. A filter with
equal amounts of total cellular RNA, as revealed by ethidium bromide
fluorescence of ribosomal RNAs, was hybridized with the TfR cDNA as
indicated under “Experimental Procedures.” RNA was isolated from
Hep3B cells left untreated (lane 1), maintained under hypoxia for 20 h
(lane 2), or treated with 100 mM CoCl2 for 20 h (lane 3). The autoradio-
gram shown is representative of four independent experiments.
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Transcriptional Activity of the TfR Promoter—We then ana-
lyzed the structure of the TfR gene to determine whether any
consensus HREs were present that might account for our ob-
servations of hypoxic induction of TfR gene transcription.
Search for potential binding sites in the promoter region ex-
tending 1.7 kilobases upstream of the initiation site with the
MatInspector V2.2 program revealed two binding sites match-
ing the consensus for AHR/ARNT (NGCGTGA/C) and two bind-
ing sites for HIF-1a/ARNT (TACGTGC), one on the sense and
another on the antisense strand. To further clarify the role of
transcriptional activation in hypoxia-mediated TfR gene ex-
pression, a 1710-bp fragment of the human TfR promoter re-
gion was cloned in front of luciferase, and the resulting con-
struct (pTfRA-luc) was transiently transfected in Hep3B cells
(Fig. 4A). As indicated by previous evidence showing that less
than 200 bp of 59 region are sufficient for expression of the TfR
gene (24), the cloned fragment was sufficient for efficient tran-
scription of the promoterless reporter gene in transfected nor-
moxic cells, as demonstrated by a several hundred-fold induc-
tion of basal luciferase activity over that of the empty pGL2
Basic vector. Exposure to hypoxia for 20 h stimulated luciferase
expression 2.5-fold, as revealed by quantification of 3 experi-
ments (Fig. 4B). Treatment with CoCl2 induced a slightly
stronger response. No elevation was observed after a similar
induction of cells transfected with the control pGL2 DNA. To
better define the promoter region that confers oxygen respon-
siveness to TfR, we focused on a shorter region containing the
sequence 290 to 283 relative to the transcription start site on
the sense strand (59-TACGTGC-39), which matches consensus
HREs and that is positioned 15 bases upstream of a CACA
repeat, which seems to be necessary for hypoxic inducibility (8).

A 455-bp fragment (pTfRB-luc) was used for transfection and
reporter gene assays, and its activity was compared with that
of a similar construct (pTfRBm-luc) in which the HRE sequence
on the sense strand had been mutated (Fig. 4A). This shorter
fragment conserved high basal transcription efficiency and was
still able to confer hypoxic inducibility of luciferase activity to
an extent similar to that previously observed with the longer
construct (Fig. 4B). In agreement with the observation that the
HIF-1/HRE interaction is important for basal transcription
levels of hypoxia-inducible genes also under normoxic condi-
tions (31), the mutation somewhat decreased the basal levels of
pTfRBm-luc reporter activity (data not shown), but impor-
tantly, also prevented almost completely the hypoxia-stimu-
lated increase of luciferase activity (Fig. 4B), thus suggesting
that this sequence is a functional HRE in the response of TfR to
hypoxia.

DNA Binding Activity to the TfR HRE—To assess whether
the sequence found in the TfR gene promoter with high homol-
ogy to consensus HRE was the target of HIF-1, nuclear extracts
were analyzed by electrophoretic mobility shift assays. Fig. 5,
panel A shows that the TfR-18 probe detected a constitutively
expressed DNA binding activity (C) as well as a DNA binding
activity (HIF-1) present in hypoxic and CoCl2-treated cells
(lanes 2 and 3) and absent in nonhypoxic cells (lane 1). The
specificity of the interaction between the probe and hypoxia-
induced factors was tested by competition with nonradioactive
oligonucleotides. Inclusion of increasing amounts of unlabeled
TfR-18 oligonucleotides (lanes 4–6) inhibited the binding of the
constitutive and inducible complexes. Competition with cold
oligonucleotides corresponding to the HRE present in the
erythropoietin enhancer (W-18, lanes 7–9) suggested that the
hypoxia-inducible factor binding the TfR probe was indeed
HIF-1. To further determine the composition of the hypoxia
and CoCl2-induced complexes, nuclear extracts were incubated
with a monoclonal antibody to HIF-1a before the mobility shift
assay. Supershift assays (Fig. 5, panel B, lanes 3 and 4) showed
that HIF-1a interacts with the HRE sequence of the TfR gene.

TfR Gene Expression in Erythroid Cells—Erythroid cells rely
almost completely on transferrin-bound iron for hemoglobin
synthesis and therefore express TfR at high levels (5). Thus, to
investigate whether hypoxic stimulation of TfR expression was
extended to erythroid cells, we subjected K562 cells to hypoxic
and CoCl2 treatment. Northern blot analysis demonstrated a
marked up-regulation of the TfR transcript not only in desfer-
rioxamine-treated K562 cells, as expected, but also in hypoxic
and CoCl2-treated cells, (Fig. 6, panel A). Indeed, quantification
of three different experiments showed that TfR gene expression
was stimulated 8-fold in hypoxic versus normoxic cells, i.e. to a
greater extent than in hepatoma cells (see Fig. 1). Interest-
ingly, RNA bandshift assays (Fig. 6, panel B) demonstrated
that in erythroid cells, IRP activity was stimulated by desfer-
rioxamine but not affected by hypoxia. These findings suggest
therefore that in these cells the increased transcription of TfR
gene was not counteracted by the decreased mRNA stability,
which should be the result of down-regulation of IRP activity,
thus resulting in higher accumulation of TfR mRNA.

DISCUSSION

Results reported in the present paper add TfR to the growing
list of hypoxia-inducible genes and thus strengthen the link
between iron metabolism and oxygen homeostasis. In fact, all
the major genes of iron metabolism respond to hypoxia. Al-
though IRP-1 and IRP-2 modulation under hypoxic conditions
is determined at a post-translational level (27, 28), and ferritin
induction is post-transcriptionally controlled as a result of IRP
inactivation (32, 33), the expression of Tf (14) and TfR (present
study) is transcriptionally regulated. It is evident that there is

FIG. 2. Bandshift assay of IRP activity. Cytoplasmic lysates were
incubated with an excess of 32P-labeled IRE probe in the presence or
absence of 2% 2-mercaptoethanol (2ME), which is known to activate
IRP binding activity. RNA-protein complexes were separated on non-
denaturing 6% polyacrylamide gels and revealed by autoradiography.
Extracts were prepared from Hep3B cells left untreated (lane 1),
treated with 100 mM desferrioxamine for 20 h (lane 2), maintained
under hypoxia for 20 h (lane 3), or treated with 100 mM CoCl2 for 20 h
(lane 4). The autoradiogram shown is representative of three independ-
ent experiments.

FIG. 3. Nuclear run on assay of TfR transcription. Equal
amounts of 32P-labeled RNA synthesized in vitro by isolated nuclei
purified from Hep3B cells left untreated (C), maintained under hypoxia
for 12 h, or treated with 100 mM CoCl2 for 12 h were hybridized to panels
of the indicated DNA probes (pGEM, pGemini; L, ferritin L subunit;
HO, heme oxygenase; TfR, transferrin receptor) immobilized on nitro-
cellulose filters. The autoradiogram shown is typical of three different
experiments.
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post-transcriptional regulation of TfR expression via IRP-me-
diated control of mRNA stability in response to iron (2, 3) and
other stimuli (34, 35); however, we provide here results from
several lines of investigation to show that hypoxic stimulation
of TfR expression is mainly transcriptional. Indeed, run-on
experiments demonstrated elevated transcription of the TfR
gene in hypoxic and CoCl2-treated cells, which resulted in a
rise of steady-state mRNA levels. Transfection experiments

provided further evidence for the critical role of transcriptional
control in the response of TfR expression to reduced oxygen
concentration. We also demonstrated that hypoxia stimulates
TfR gene transcription through HIF-1a, the best characterized
transcriptional activator of hypoxia-sensitive genes. Indeed, a

FIG. 4. Reporter gene activation as-
say of TfR transcription. Panel A,
structures of reporter gene constructs. A
1710- or 455-bp fragment derived from
the TfR promoter (pTfRA-luc and pTfRB-
luc, respectively) was cloned in front of
the firefly luciferase gene. The expansion
shows a sequence containing the putative
HRE with the core motif in boldface (pT-
fRB-luc). This sequence was mutated in
pTfRBm-luc (underlined). Panel B, tran-
sient expression assay. Hep3B cells were
cotransfected with reporter plasmids and
control vector pRL-SV40, which contains
the Renilla luciferase gene. After expo-
sure of transfected cells to normoxia (20%
O2), hypoxia (1% O2), or CoCl2 for 20 h,
luciferase activity was determined, cor-
rected for transfection efficiency accord-
ing to the Renilla luciferase activity, and
normalized to the normoxic relative lucif-
erase activity arbitrarily defined as 1. All
values represent mean 6 S.D. of at least
four independent experiments.

FIG. 5. Analysis of HIF-1 DNA binding activity. Panel A, mobility
shift assay. Nuclear extracts prepared from Hep3B cells left untreated
(lane 1), maintained under hypoxia for 4 h (lanes 2 and 4–9), or treated
with 100 mM CoCl2 for 4 h (lane 3) were incubated with radioactive
TfR-18 in the absence (lanes 1–3) or presence of increasing amounts
(100-, 200-, 400-fold molar excess) of unlabeled TfR-18 (lanes 4–6) and
W-18 (lanes 7–9) oligonucleotides. Position of complexes containing
constitutive (C) or HIF-1 binding activity is indicated. Panel B, super-
shift assay. DNA binding activities of nuclear extracts prepared from
Hep3B cells maintained under hypoxia for 4 h (lanes 1 and 3) or treated
with 100 mM CoCl2 for 4 h (lanes 2 and 4) were assayed as described
above in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of OZ15
monoclonal antibody against HIF-1a. Positions of the supershift com-
plexes (S) is indicated. The autoradiograms shown in both panels A and
B are representative of at least four different experiments.

FIG. 6. Regulation of TfR expression in erythroid cells. Panel A,
a filter with equal amounts of total cellular RNA, as revealed by
ethidium bromide fluorescence of ribosomal RNAs, was hybridized with
the TfR cDNA as indicated in the legend to Fig. 1. RNA was isolated
from K562 cells normoxic (lane 1), treated with 100 mM desferrioxamine
(lane 2), hypoxic (lane 3), or treated with 100 mM CoCl2 (lane 4). The
autoradiogram shown is representative of three independent experi-
ments. Panel B, cytoplasmic lysates from K562 cells normoxic (lane 1)
treated with desferrioxamine 100 mM (lane 2), hypoxic (lane 3), or with
100 mM CoCl2 (lane 4) were incubated with an excess of 32P-labeled IRE
probe in the presence or absence of 2% 2-mercaptoethanol. RNA-protein
complexes were separated on nondenaturing 6% polyacrylamide gels
and revealed by autoradiography. The autoradiogram shown is repre-
sentative of three independent experiments.
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well conserved HRE sequence is present in the human TfR
promoter; moreover, when cells were transfected with con-
structs in which the putative HRE was mutated to abolish
HIF-1 binding, inducibility by hypoxia was lost. Results of
supershift assays are also consistent with HIF-1 acting as a
transactivating factor in the response of TfR to hypoxia. Indi-
cation that the TfR HRE is necessary to confer transcription
activation in response to hypoxia and that TfR possesses the
main properties shared by HIF-1a-regulated genes (11) is pro-
vided by two other types of evidence. (i) The extent of response
was similar when luciferase expression was driven by both the
1.7-kilobase- and the 455-bp-long promoters, thus indicating
that the latter contained the main regulatory element(s), and
(ii) mutation of the HRE around 285 almost completely abol-
ished the response to reduced oxygen concentration, thus indi-
cating the absence of other critical sites within the shorter
construct. The present results suggest that in Hep3B cells,
transcriptional induction was sufficient to overcome the coun-
teracting effect of decreased IRP activity, which, on the basis of
the well known effects of the IRE-IRP interaction on TfR
mRNA turnover (2, 3), is expected to have decreased TfR
mRNA stability.

While this study was in preparation, it was reported that the
activation of IRP binding capacity induced by hypoxia in
Hep3B cells resulted in higher expression of TfR and suppres-
sion of ferritin synthesis (36). We have no immediate explana-
tion for the discrepancy between our results, which are in
agreement with previous evidence of a reduced IRP-1 binding
in murine hepatoma cells and macrophages (27, 28, 32), and
those of Toth et al. (36). However, with regard to the post-
transcriptional control imposed by IRPs, since the two IRPs are
regulated oppositely by hypoxia (28) i.e. decreased IRP-1 and
increased IRP-2 activity, the discrepancy in the observed total
IRP activity (IRP-1 and IRP-2) may depend on the relative
abundance of the two forms in a particular cell. In turn, this
can be influenced by a variety of parameters, such as iron
content of the medium and proliferative status of the cell (37),
which could possibly account for the divergent results obtained
in different laboratories using the same cell line. On the other
hand, although increased total IRP activity as the result of
higher IRP-2 levels is plausible in cells rich in IRP-2, e.g. 293
human kidney cells (28), a similar up-regulation is less likely in
Hep3B cells, where the amount of IRP-2 is low (36).

Although hepatoma cells are a convenient system to study
hypoxia, the dependence of liver cells on Tf iron is limited.
Indeed, hepatic TfR expression is immediately down-regulated
by iron overload in patients with hemochromatosis (38) who
nonetheless accumulate iron from non-transferrin sources (39).
On the other hand, erythroid cells use almost exclusively Tf-
bound iron for proliferation and hemoglobin synthesis. It is
therefore of interest that in these cells, which are exquisitely
sensitive to changes in oxygen supply, hypoxic response of TfR
is not only maintained but is even increased compared with
that of hepatoma cells. The large accumulation of TfR mRNA is
possibly the result of the combination of elevated transcription
and unaltered mRNA stability, as inferred on the basis of
previous work (2, 3) by the lack of changes of IRP activity,
although the contribution of a higher transcription rate cannot
be excluded.

Increased RNA stability is an additional mechanism for the
induction of hypoxia-inducible genes (9). The results presented

here suggest that hypoxia modulates TfR expression at multi-
ple levels in a cell-specific way. Unidirectional activation,
through increased transcription and unchanged, IRP-medi-
ated, mRNA stability (discussed above), occurs in erythroid
cells, whereas in hepatic cells the two controls are divergent,
and reduced IRP activity counteracts in part enhanced tran-
scription, eventually resulting in a smaller rise of TfR mRNA.
One can speculate whether this cell-specific response is aimed
at providing bone marrow cells with plenty of iron for eythro-
poiesis while preventing excessive entry of the metal into other
cells where free iron could trigger formation of reactive oxygen
species during reoxygenation or post-ischemic reperfusion.
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