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The global increase in transcription of cytoprotective genes induced in response to oxidative challenge has
been termed the antioxidant response. Ferritin serves as the major iron-binding protein in nonhematopoietic
tissues, limiting the catalytic availability of iron for participation in oxygen radical generation. Here we
demonstrate that ferritin is a participant in the antioxidant response through a genetically defined electrophile
response element (EpRE). The EpRE of ferritin H identified in this report exhibits sequence similarity to EpRE
motifs found in antioxidant response genes such as those encoding NAD (P)H:quinone reductase, glutathione
S-transferase, and heme oxygenase. However, the EpRE of ferritin H is unusual in structure, comprising two
bidirectional motifs arranged in opposing directions on complementary DNA strands. In addition to EpRE-
mediated transcriptional activation, we demonstrate that ferritin is subject to time-dependent translational
control through regulation of iron-regulatory proteins (IRP). Although IRP-1 is initially activated to its RNA
binding (ferritin-repressing) state by oxidants, it rapidly returns to its basal state. This permits the translation
of newly synthesized ferritin transcripts and ultimately leads to increased levels of ferritin protein synthesis
following oxidant exposure. Taken together, these results clarify the complex transcriptional and translational
regulatory mechanisms that contribute to ferritin regulation in response to prooxidant stress and establish a

role for ferritin in the antioxidant response.

Elemental iron is required for normal cell growth and pro-
liferation. However, excess iron is potentially harmful, since it
can catalyze the formation of reactive oxygen species via Fen-
ton chemistry. Excess reactive oxygen species have been impli-
cated in damage to DNA, proteins, and lipids and may play a
role in cancer and inflammation (13, 20, 38). For these reasons,
cells have evolved highly regulated mechanisms for controlling
intracellular iron levels. Important among these is the iron
storage protein, ferritin. Ferritin is a holoenzyme shell (~450
kDa) consisting of 24 subunits of two types, H and L, and
capable of storing up to 4,500 atoms of ferric iron. The H-to-L
ratio within ferritin varies in a tissue-specific manner and is
also influenced by pathophysiological conditions, including in-
flammation and malignancy (3, 9, 41, 46). Ferritin H and L
protein sequences are highly conserved among species, sug-
gesting the importance of these proteins in regulating iron
homeostasis (10, 40).

The induction of cytoprotective enzymes in cells challenged
with chemical carcinogens, toxic electrophiles, and oxidants
has been termed the antioxidant response (14). The ability of
cells to up-regulate the synthesis of these phase II enzymes is
a pivotal cellular defense mechanism that is mechanistically
distinct from induction of phase I enzymes mediated by the Ah
receptor (6, 34). Expression of enzymes that constitute the
antioxidant response is induced at the transcriptional level by
a variety of compounds, including zers-butylhydroquinone (z-
BHQ), B-naphthoflavone (3-NF), and hydrogen peroxide (14).
A cis-acting element responsible for transcriptional activation
in response to these compounds has been identified in the
5’-flanking region of the genes encoding mouse (31) and rat
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(36) glutathione S-transferase (GST)-Ya, rat GST-pi (24), rat
(6) and human (19) NAD(P)H quinone reductase, human
v-glutamylcysteine synthetase (23), mouse heme oxygenase
(1), mouse ferritin L chain (47), and mouse metallothionein I
genes (5). The element, referred to as the electrophile re-
sponse element (EpRE) or antioxidant response element, has
a core APl-like motif and requires adjacent core-like se-
quences for its function (14). In animal studies, the levels of
both ferritin H and ferritin L mRNA were shown to increase in
rat liver in response to the glutathione-depleting agent phor-
one (2) and the chemopreventive dithiolethione (32). These
studies suggest that ferritin induction in response to xenobiot-
ics and oxidants may occur via an EpRE-mediated mechanism.
Indeed, Wasserman and Fahl have recently demonstrated that
the 5" upstream region of the ferritin L gene contains a func-
tional EpRE that can be activated by -BHQ (47).

In addition to transcriptional control, ferritin mRNA is sub-
ject to translational control by iron-regulatory proteins (IRPs),
proteins that bind to the iron-responsive element (IRE) in the
5" untranslated region (UTR) of ferritin mRNA and inhibit its
translation (10). The activity of IRP-1 is modulated by intra-
cellular iron concentrations, becoming activated as a transla-
tional repressor by low iron levels and inactivated by high iron
levels (8, 11, 15, 18, 33). Several reports have suggested that
IRP-1 is activated in cells treated with hydrogen peroxide (21,
26-28). Although this has not been consistently observed, an
anticipated consequence of IRP activation is ferritin repres-
sion. Such an effect would be expected to negate transcription-
ally mediated increases in ferritin mRNA levels, since the
resulting transcripts would not be effectively translated. These
unique complexities of ferritin posttranslational regulation, in
particular the potential for oxidant-mediated repression of fer-
ritin translation through IRP activation, must be taken into
account in models invoking the functional participation of fer-
ritin in the antioxidant response.
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To elucidate the role of ferritin in response to oxidant stress,
we have asked whether induction of ferritin in response to
oxidants occurs at a transcriptional level and whether it pro-
ceeds via a definable genetic element. Concomitantly, we have
analyzed the effects of cellular exposure to oxidants on IRP
activity and ferritin protein synthesis. Our results identify the
EpRE of the ferritin H gene as a 75-bp cis-acting element
located 4.1 kb upstream of the transcription initiation site. We
show an inverse and time-dependent biphasic response of
ferritin protein and IRP activation to oxidative stress. These
results demonstrate that the relationship between ferritin
mRNA, ferritin protein synthesis, and IRP activation can be
explained by temporal events that occur in response to prooxi-
dant stress. This sequence of events clarifies discordant obser-
vations in the literature, describing both activation and inacti-
vation of the IRP in response to oxygen radicals (2, 29), and
identifies ferritin as a component of the antioxidant response.

MATERIALS AND METHODS

Cell culture. The BNL CL.2 mouse normal liver and Hepal-6 mouse hepa-
toma cell lines were obtained from the American Type Culture Collection. They
were cultured at 37°C in a humidified 5% CO, atmosphere in high-glucose
Dulbecco’s modified Eagle’s medium (Life Technologies, Inc.) supplemented
with 10% fetal bovine serum (Gemini Bioproducts).

Reagents and chemicals. Hydrogen peroxide, -BHQ, and B-NF were pur-
chased from Sigma.

Construction of 5’ ferritin H-hGH reporter plasmids. (i) 5’ deletion mutants.
Expression of human growth hormone (hGH) in pGEM7z{(+)—4.8kbFH-hGH
was driven by the 5’ flanking region of the mouse ferritin H gene from nucleo-
tides —4819 to +86 (17, 42). A set of 5’ FH deletion mutants was constructed as
follows. pGEM7zf(+)—4.8kbFH-hGH was digested with Apal and AfII1, and the
6.3-kb Apal-Afilll pGEM7zf(+)-1.5kbFH-hGH vector fragment was isolated.
pBluescript KS(—)—4.0kbFHCAT, pBluescript KS(—)—4.0kbAP1+aFHCAT,
pBluescript KS(—)—4.0kbAP1+38FHCAT, and pBluescript KS(—)—4.0kbp
AP1+eFHCAT (42) were digested with Apal and AfI1, and 2.5 to 2.6 kb of the
ferritin H DNA was isolated and ligated to the 6.3-kb Apal-AfIll pGEM7zf(+)-
1.5kbFH-hGH vector fragment.

(ii) Insertion of the EpRE into an hGH reporter plasmid. Synthetic double-
stranded 5'-Apal/blunt-end-3" DNA; (40-bp FER-1, 47-bp AP1, 59-bp FER-
1+AP1, and 75-bp FER-1+AP1 [see Fig. 3]) or the 107-bp FER1+AP1 DNA
fragment isolated from pBluescript KS(—)—4.0kbAP1+€eFHhGH (see Fig. 2C)
was cloned into pGEM7zf(+)—0.32kbFH-hGH as follows. Each 5’-Apal/blunt-
end-3" DNA was ligated to the Apal-EcoRV 5.1-kb fragment of pGEM7zf(+)-
4.0kbFHhGH [this 5.1-kb DNA is equivalent to pPGEM7zf(+)—0.32kbFH-hGH].
pGEM7zf(+)—0.32kbFH-hGH (no insertion) was constructed by digestion of
pGEM7zf(+)—4.8kbFH-hGH with Apal and EcoRV followed by generation of
blunt ends with T4 DNA polymerase and self-ligation of the 5.1-kb fragment.

DNA transfection and RNase protection assay. Transient DNA transfection
into BNL CL.2 or Hepal-6 cells was carried out by the calcium phosphate
precipitation method. Calcium phosphate-DNA precipitates were made by mix-
ing 15 ng of each hGH reporter plasmid with 0.2 ml of 0.25 M CaCl, and adding
0.2 ml of 2X BES-buffered saline [SO mM N,N-bis(2-hydroxyethyl)-2-aminoeth-
anesulfonic acid, 280 mM NaCl, and 1.5 mM Na,HPO, (pH 6.9)]. The resultant
0.4 ml of calcium phosphate-DNA solution was added to the overnight culture of
the cells plated in duplicate at a density of 4 X 10° cells per 60-mm dish
containing 4 ml of the culture medium. After incubation for 6 h, the cells were
washed twice with phosphate-buffered saline, fed with 4 ml of the fresh culture
medium, and incubated for 36 to 40 h. The transfected cells were then treated
with freshly diluted H,O, or +-BHQ for 8 to 10 h and harvested for isolation of
total RNA. Preparation of total RNA and Northern blotting were carried out as
described previously (43). The RNase protection assay was performed essentially
as described previously (16) using a chimeric RNA probe spanning the region of
the 5’ ferritin H gene between —225 (Smal site) and +86 and approximately 100
bp of the hGH coding region. RNA hybrids were separated on 6% acrylamide
sequencing gels and visualized by autoradiography. Radioactive signal intensities
were quantitated using a PhosphorImager analyzer (model 445Si; Molecular
Dynamics).

Preparation of RNA probe and measurement of IRP binding to IRE. IRP
RNA probe was synthesized in an in vitro transcription system driven by the T7
promoter using a synthetic DNA template as described previously (22). A 47-
base oligonucleotide containing the IRE sequence (5'-GTTCCGTTCAAACAC
TGTTGAAGCAAGAACTATAGTGAGTCGTATTA-3') was annealed with
an 18-base oligonucleotide containing the T7 promoter sequence (5'-TAATAC
GACTCACTATAG-3') at an equal molar ratio. A 2-p.g portion of the partially
double-stranded oligonucleotide DNA was incubated at 37°C for 1 h with 2 U of
T7 RNA polymerase (Promega) in a 20-ul reaction volume containing 10 mM
dithiothreitol, 0.05 mM CTP, 0.5 mM ATP, 0.5 mM GTP, and 0.5 mM UTP, and
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50 wCi of [a-**P]CTP (400 to 800 Ci/mmol; Amersham). The template DNA was
then digested with 250 pg of DNase I per ml for 15 min at 37°C, extracted with
phenol-chloroform-isoamyl alcohol, and precipitated with ethanol. A full-length
RNA transcript was recovered from a 10% polyacrylamide sequencing gel after
the transcripts were stained with ethidium bromide. Preparation of cytosolic cell
extracts and the IRP binding assay were performed essentially as described
previously (15) with the following modifications. For preparation of cytosolic cell
extracts, cells were incubated in 150 ul of extraction buffer (10 mM HEPES [pH
7.6], 3 mM MgCl,, 40 mM KCI, 5% glycerol, 1 mM dithiothreitol, 0.2% NP-40)
for 5 min at room temperature. Cell debris was removed by centrifugation at
12,000 X g for 10 min at 4°C, and the protein concentration in each cell extract
was measured using the Bio-Rad protein assay kit. A 1-ug portion of cytosolic
extract was incubated with 0.5 X 10* to 1 X 10* cpm of the 3?P-labeled IRE RNA
probe at 25°C for 15 min. To measure total IRP binding, cytosolic extracts were
incubated with 2% B-mercaptoethanol prior to addition of the RNA probe.
RNA-protein complexes were separated on 5% nondenaturing polyacrylamide
gels. The gels were treated with 10% acetic acid-10% isopropanol solution for 5
to 10 min, dried, and subjected to autoradiography.

Immunoprecipitation of ferritin. For the estimation of ferritin protein synthe-
sis, cell lysates metabolically labeled with Tran®*S-label (100 wCi/ml; ICN) for
1 h after H,O, treatment were immunoprecipitated with rabbit anti-human liver
ferritin antibody (Dako Corp.) and protein A-agarose (Calbiochem). The im-
munoprecipitates were separated on sodium dodecyl sulfate-15%-polyacryl-
amide gels.

RESULTS

Oxidative stress induces ferritin mRNA. To study ferritin
regulation in response to oxidative stress, we first examined
ferritin H and L mRNA levels in the nontransformed mouse
liver cell line BNL CL.2 following an 8-h exposure to two
different oxidants, H,O, and ~-BHQ. Northern blots demon-
strated that both reagents induced ferritin H and L mRNA in
a dose-dependent manner (Fig. 1). Time course experiments
demonstrated that induction of ferritin H mRNA was observed
at 4 h after treatment with H,O, or --BHQ and sustained for
at least 8 h in response to H,O, and for 24 h following expo-
sure to +-BHQ (data not shown). These concentrations were
not cytotoxic, as demonstrated by trypan blue exclusion (the
number of viable cells per dish was 5.3 X 10° = 0.3 X 10° at
time zero, 6.3 X 10° = 0.4 X 10° and 5.6 X 10° = 0.4 X 10°
after 4 and 24 h, respectively, of treatment with 250 pM -BHQ
and 5.1 X 10° = 0.3 X 10° and 4.6 X 10° = 0.3 X 10° after 4
and 24 h, respectively, of treatment with 750 pM H,0O,). In-
duction of ferritin mRNA was observed in another mouse liver
cell line, Hepal-6 (Fig. 1), suggesting that the response of
ferritin to oxidants is not cell line specific. Increases in the
levels of ferritin mRNA were also seen in cells exposed to
B-NF (Fig. 1), indicating that induction of ferritin may be a
general response to prooxidant stress.

Induction of ferritin H by oxidants is transcriptionally me-
diated. The induction of ferritin H mRNA by H,O, or --BHQ
was inhibited by actinomycin D (data not shown), suggesting
that it was transcriptionally mediated. To confirm this obser-
vation, we transfected —4.8kbFH-hGH, a reporter plasmid
containing the ferritin promoter and 5’-flanking sequences
fused to the human growth hormone gene, into BNL CL.2 or
Hepal-6 cells. Transfected cells were then treated with H,O,
or +-BHQ to test if these reagents activate hGH transcription
driven by the ferritin H gene 5’ region. Total RNA was isolated
and subjected to RNase protection assays to detect both en-
dogenous ferritin H and transfected hGH mRNA levels simul-
taneously (the multiple bands corresponding to endogenous
ferritin H mRNA routinely observed in this assay probably
result from RNA secondary structure [16]). As shown in Fig.
2A and B, both H,O, and -BHQ induced the expression of
transfected —4.8kbFH-hGH as well as of endogenous ferritin
H in two different liver cell lines. These results indicate that
induction of ferritin H mRNA by H,O, and +-BHQ is mediated
by a transcriptional mechanism that targets a response ele-
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FIG. 1. H,0, and -BHQ induce mRNAs for ferritin H and L in BNL CL.2 and Hepal-6 mouse liver cells. (Top left) Confluent BNL CL.2 cells were treated for
8 h with H,0, at 250 or 750 pM or +-BHQ at 100 or 250 pM. A 10-pg portion of total RNA from each treatment was subjected to sequential hybridization with a probe
for ferritin H (FH) and ferritin L (FL). Equivalent amounts of RNA loading and transfer to membrane were confirmed by ethidium bromide staining (results not
shown). (Top right) The results for ferritin H (FH) and ferritin L (FL) mRNA induction in BNL CL.2 cells (ferritin H and L expression without treatment was defined
as 1.0) from five independent experiments are shown, with the standard error indicated. (Bottom) Confluent Hepal-6 cells were treated with H,O, at 250 uM, t-BHQ

at 100 uM, and B-NF at 50 pM for 8 and 25 h. Ferritin H (FH) and ferritin L (FL) mRNA expression was similarly analyzed by Northern blotting.

ment(s) contained within the 4.8-kb 5'-flanking region of the
ferritin H gene.

Identification of sequences in the ferritin H gene that me-
diate transcriptional regulation by prooxidants. We have pre-
viously identified a 37-bp basal enhancer element (termed
FER-1) located 4.1 kb 5’ to the transcriptional initiation site of
the mouse ferritin H gene (42). FER-1 comprises two ele-
ments, one of which contains an AP1-like sequence (42, 45).
Since the EpREs characterized in several genes, including
those encoding GST and quinone reductase, contain consensus
AP1 and/or AP1-like sequences and serve as basal enhancer
elements (14), we asked if a region containing the FER-1
element served as an EpRE of the ferritin H gene. To test this
possibility, several hGH reporter constructs with deletions in
the 5’ ferritin H gene were constructed (Fig. 2C) and trans-
fected into Hepal-6 cells. The transfected cells were then
treated with H,O, or +-BHQ for 8 to 10 h and subjected to
RNase protection assays. —4.8kb, which has an intact 4.8-kb
5'-flanking region of the ferritin H gene, reproducibly exhib-

ited approximately twofold induction of hGH reporter gene
expression in Hepal-6 cells (Fig. 2D). In contrast, —4.0 kb,
deleted in a 0.8-kb region containing the FER-1 element (Fig.
2C), failed to induce hGH expression in response to H,O, or
t-BHQ (Fig. 2D). These results suggest that an EpRE of the
ferritin H gene is located between 4.8 and 4.0 kb upstream
from the transcription initiation site.

To further elucidate essential elements in the electrophile
response region, three additional reporter plasmids with step-
wise deletions in the 0.1-kb region containing FER-1 were
constructed (Fig. 2C) and examined for their response to H,O,
or -BHQ. —4.0kbAP1+a, which has a complete consensus
AP1/NF-E2 binding sequence and an additional 12 bp up-
stream sequence but does not contain FER-1, acquired a par-
tial restoration of response to H,O, and -BHQ (Fig. 2D). In
contrast, when the complete FER-1 element was included
(—4.0kbAP1+3), the basal enhancer activity was restored
and was further activated by H,O, or +-BHQ (Fig. 2D).
—4.0kbAP1+¢, which contains an additional 23 bp proximal to

FIG. 2. The cis-acting element responsible for transcriptional activation of the mouse ferritin H gene by H,O, or -BHQ is located 4.1 kb upstream to the
transcriptional initiation site. BNL CL.2 (A) or Hepal-6 cells (B) were transfected with 15 pug of —4.8kbFH-hGH. After 36 to 40 h, the cells were treated with H,O,
(750 uM for BNL CL.2 cells and 250 pM for Hepal-6 cells) or #-BHQ (250 uM for BNL CL.2 cells and 100 pM for Hepal-6 cells) for 8 to 10 h. A 10-pg portion of
total RNA isolated from each treatment was subjected to RNase protection assays as described in Materials and Methods to analyze the expression of transfected
—4.8kbFHhGH (the protected RNA band is 190 bases) and endogenous ferritin H mRNA (the protected RNA band is 86 bases) simultaneously. Each transfected and
endogenous ferritin H band without treatment was defined as 1.0, and the results from seven (BNL CL.2) and eight (Hepal-6) independent experiments and standard
errors are shown. (C) Schematic representation of ferritin H-hGH constructs used in this experiment. A basal enhancer element of the mouse ferritin H gene, FER-1
(42), and a proximal AP1/NF-E2 site are indicated in the diagram. (D) A 15-pg portion of each hGH construct was transiently transfected into Hepal-6 cells. After
36 to 40 h, the cells were treated with 250 uM H,O, or 100 uM #-BHQ for 8 to 10 h. A 10-p.g portion of total RNA isolated from each sample was subjected to RNase
protection assays to analyze the expression of transfected ferritin H-hGH and endogenous ferritin H mRNA simultaneously. Each transfected and endogenous ferritin
H band in the cells transfected with —4.8kbFHhGH without treatment was defined as 1.0, and the results from six independent experiments and standard errors are
shown.
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the FER-1 element, exhibited a similar restoration of response
to H,O, or ~-BHQ (Fig. 2D). These results suggest that the
functional EpRE of the ferritin H gene is located in the region
between —4.03 and —4.13 kb, containing both the FER-1 el-
ement and a proximal AP1/NF-E2 site (Fig. 2C).

To verify these results, we dissected elements of the elect-
rophile response region (between —4.03 and —4.13 kb) of the
ferritin H gene and inserted them into a minimum ferritin
H-hGH construct lacking the ferritin H 5’-flanking region be-
tween —0.32 and —4.8 kb (—0.32kbFH-hGH [Fig. 3]).
—0.32kbFH-hGH did not show induction of hGH transcription
in response to ~-BHQ (Fig. 3). This is consistent with the
results shown in Fig. 2D because —0.32kbFH-hGH does not
contain FER-1 or AP1/NF-E2 (Fig. 3). Five different ele-
ments were inserted into —0.32kbFH-hGH (Fig. 3), and each
insertion construct was transfected into Hepal-6 cells and
tested for restoration of hGH mRNA induction in response to
t-BHQ. As shown in Fig. 3, insertion of 47 bp containing the
AP1/NF-E2 site and flanking sequences or insertion of the 40
bp DNA that contains FER-1 alone failed to confer transcrip-
tional activation by --BHQ. Even insertion of 59 bp of DNA
containing FER-1 and the consensus AP1/NF-E2 site was not
able to restore +-BHQ responsiveness (Fig. 3). In contrast,
insertion of the 107-bp entire electrophile response region or
the 75 bp of DNA containing FER-1 and AP1/NF-E2 sites plus
8 and 11 additional 5’ and 3’ nucleotides, respectively, com-
pletely conferred induction of hGH mRNA in response to
+-BHQ (Fig. 3).

The 75-bp EpRE in the ferritin H gene contains two copies
of a canonical electrophile response sequence arranged in
opposing orientations. The DNA sequence of the 75-bp EpRE
of the mouse ferritin H gene identified in this study is shown in
Fig. 4. It contains the basal enhancer element of the ferritin H
gene, FER-1, and a proximal consensus AP1/NF-E2 element.
Sequence comparison between the 75-bp region of the ferritin
H gene and the consensus electrophile response sequence re-
cently reported by Wasserman and Fahl (47) reveal that both
the AP1-like element of FER-1 and the AP1/NF-E2 site of the
ferritin H gene contain consensus EpRE motifs, arranged in
opposite orientations (Fig. 4). Both the ferritin H EpREs and
the ferritin L EpRE identified recently (47) conform com-
pletely to the core sequence of the consensus EpRE (47). The
overall homology of the ferritin H EpREs to the full EpRE
consensus was 17 or 18 nucleotides out of 20 (Fig. 4).

Hydrogen peroxide rapidly but transiently activates IRP-1.
Ferritin mRNA is subject to translational control by IRPs,
proteins that bind to the IRE in the 5" UTR of ferritin mRNA
and inhibit its translation. To assess the effect of oxidants on
the IRP proteins, we examined the binding of IRP proteins to
the IRE under the same experimental conditions as those used
above. As shown in Fig. 5, IRP-1 was activated at 0.5 h after
H,O, treatment and remained activated until 2 h in BNL CL.2
mouse liver cells. However, the increased IRP-1 binding was
transient, and after 4 h a decline in IRP-IRE interaction to
below basal levels was observed (Fig. 5). In contrast to IRP-1,
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IRP-2 binding to IRE was relatively low and its activation was
more modest (Fig. 5), consistent with published results (29).
The IRP-1-IRE interaction in the presence of B-mercapto-
ethanol was unchanged by H,O, (Fig. 5), suggesting that the
dynamic alteration in the IRP-IRE interaction following H,O,
treatment is regulated at a posttranslational level.
Translation of newly synthesized ferritin transcripts is de-
layed but not prevented following exposure to hydrogen per-
oxide. At the level of ferritin protein synthesis, effects of oxi-
dants on the IRP and ferritin mRNA converge. To determine
the ultimate effect of modulation of ferritin mRNA and IRP by
prooxidants, we measured ferritin protein synthesis in cells
treated with hydrogen peroxide. As shown in Fig. 5, consistent
with transient IRP activation (0.5 to 2 h) prior to the rise of the
ferritin mRNA level (4 to 24 h) seen in cells treated with
hydrogen peroxide, ferritin protein synthesis exhibited an ini-
tial decline followed by a rise. These results suggest that trans-
lation of newly synthesized ferritin mRNA is delayed by the
initial activation of IRP-1 activity in response to hydrogen
peroxide. When the cells were treated again with H,O, at 8 h
after the first H,O, stimulation, ferritin protein synthesis was
inhibited (Fig. 5, compare lanes 8 hr and 8 hr 2nd H,O,). This
suggests that the effects of oxidative stress on ferritin synthesis
are reversible. The cumulative effects of oxidative stress on
ferritin transcription and translation are depicted in Fig. 6.

DISCUSSION

Transcriptional regulation of the mouse ferritin H gene by
oxidative stress. The results presented in this study demon-
strate that ferritin is subject to both transcriptional and trans-
lational regulation by oxidative stress and elucidate the mech-
anism of transcriptional control of ferritin by oxidants. The
prooxidants H,O, and -BHQ transcriptionally activate the
mouse ferritin H gene via a 75-bp region located 4.1 kb 5’ to
the transcription initiation site. The 75-bp EpRE contains the
FER-1 element we previously identified as a basal enhancer of
the ferritin H gene. This result is consistent with the fact that
an EpRE generally serves as a basal enhancer element (14).
Our results further indicate that a proximal AP1/NF-E2 site is
required for full EpRE activity (Fig. 3). Thus, the EpRE of the
ferritin H gene is a composite sequence composed of three
elements: an AP1-like sequence, an Spl-like dyad element
(45), and an AP1/NF-E2 sequence (Fig. 4). The requirement
for a second AP1-like sequence for full functional EpRE ac-
tivity has been previously reported for human (48) and rat (6)
NADP(H):quinone reductase, rat GST-pi (24), and rat and
mouse GST-Ya (7, 31, 37) genes. Consistent with these func-
tional similarities, we found that both the AP1-like element of
FER-1 and the AP1/NF-E2 site of the ferritin H gene have
striking homology to the EpRE consensus sequence reported
by Wasserman and Fahl (47) (Fig. 4).

Prooxidant conditions, including treatment with hydrogen
peroxide, activate NFkB (39). We and others have suggested
that ferritin may function as a cytoprotective protein, whose

FIG. 3. The 75-bp cis-acting element responsible for transcriptional activation of the mouse ferritin H gene by H,O, or +-BHQ contains the FER-1 element and
an AP1/NF-E2 site. (Top) Schematic representation of ferritin H-hGH constructs used in this experiment. The cis-acting region in response to H,O, or t-BHQ was
dissected into various pieces, which were inserted into the EcoRYV site of —0.32kbFHhGH. —0.32kbFHhGH contains 0.32 kb of 5'-flanking region of the ferritin H gene
fused to the hGH reporter gene. 107bpFER-1+AP1 contains the entire cis-acting region (nucleotides —4132 to —4026) defined by the experiments in Fig. 2. 47bpAP1
contains a AP1/NF-E2 site (nucleotides —4072 to —4026). 40bpFER-1 contains the complete FER-1 element (nucleotides —4112 to —4073). 59bpFER-1+AP1 contains
the complete FER-1 element plus the AP1/NF-E2 site (nucleotides —4112 to —4054). 75bpFER-1+AP1 contains the complete FER-1 element plus the AP1/NF-E2
site (nucleotides —4117 to —4043). (Bottom) A 15-ug portion of each hGH construct was transiently transfected into Hepal-6 cells. After 36 to 40 h, the cells were
treated with 100 uM -BHQ for 8 to 10 h. A 10-p.g portion of total RNA isolated from each sample was subjected to RNase protection assays to analyze the expression
of transfected ferritin H-hGH and endogenous ferritin H mRNA simultaneously. Each transfected and endogenous ferritin H band in the cells transfected with
—0.32kbFHhGH without treatment was defined as 1.0. The results from four independent experiments and standard errors are shown.
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FIG. 4. The FER-1 element and the proximal AP1/NF-E2 site contain a canonical electrophile response sequence. The 75-bp cis-acting element responsible for
transcriptional activation of the mouse ferritin H gene by -BHQ contains the FER-1 element and an AP1/NF-E2 site, whose DNA sequence is shown. The consensus
EpRE sequence (47) conserved in this region is shaded. The two EpRE:s of the ferritin H gene and the EpRE of the ferritin L gene (47) were aligned with the consensus

EpRE sequence, in which the core sequence (36) is underlined.

role in sequestering “free” iron minimizes damage from a
variety of oxidative stresses including tumor necrosis factor
(TNF) and hydrogen peroxide (2, 4, 41). Our previous exper-
iments have shown that induction of ferritin H in response to
TNF is mediated by a tandem NF-kB consensus and NF-«kB-
like site (16). However, NF-kB does not appear to mediate the
response of ferritin H to hydrogen peroxide, since deletion of
the upstream region of the ferritin H promoter containing the
NF-«kB sites had no effect on induction of ferritin by oxidants
(Fig. 2). Thus, the response of ferritin to TNF differs from its
response to prooxidants: the response to TNF is restricted to
the H subunit of ferritin, whereas prooxidant challenge induces
both ferritin H and L and the responses are mediated by
differing cis-acting elements. These results suggest that multi-
ple independent pathways exist which converge in the augmen-
tation of ferritin synthesis in response to various forms of
oxidative insult.

The presence of an EpRE (also termed antioxidant response
element) in the mouse ferritin L gene has recently been re-
ported by Wasserman and Fahl as a result of a screen of the
GenBank database using a consensus sequence (47). The
EpRE in ferritin L was further demonstrated to be functional
in reporter assays (47). Since the core sequence of the EpREs
identified in ferritin H and L genes is well conserved (Fig. 4),
we speculate that a common mechanism may be involved in the
coordinate activation of the ferritin H and L EpRE. Function-
ally, these results reveal that oxidative stress leads to a coor-
dinate increase in the levels of both ferritin H and L subunits,
although the increase in ferritin H appeared somewhat greater
than that in ferritin L (Fig. 6). The more pronounced activa-
tion of ferritin H transcription may be due to a cooperative

function of the two bidirectional EpRE motifs in the ferritin H
gene (Fig. 4) compared to the single EpRE motif in the ferritin
L gene.

The FER-1 component of the EpRE is a composite element
of an AP1-like sequence followed by a dyad symmetry, both of
which are essential for maximum enhancer activity (42, 45).
Previously, we identified the FER-1 element as a target se-
quence for transcriptional repression of the ferritin H gene by
the adenovirus E1A oncogene (42, 44). These results suggest
that the EpRE may also be a target for transcriptional repres-
sion of the ferritin H gene by E1A. Indeed, our recent studies
indicate that E1A inhibits the transcriptional activation of fer-
ritin H gene by H,O, or --BHQ and sensitizes cells to cytotox-
icity of these oxidative stress inducers (25).

Translational regulation of ferritin by oxidative stress. Fer-
ritin is subject to translational control by the IRE binding
proteins IRP-1 and IRP-2. When activated, these proteins can
bind to the IRE in the 5" UTR of ferritin H or L mRNA and
inhibit translation of the mRNA. Importantly, it has been sug-
gested that the activity of IRP-1 is modulated not only by
intracellular iron status but also by reactive oxygen species.
Thus, to determine the functional consequences of EpRE-
mediated ferritin transcription in response to oxidants, we per-
formed time course experiments in which IRP binding activity
was measured following exposure of mouse liver cells to oxi-
dative stress. As shown in Fig. 5, IRP binding to the IRE was
stimulated rapidly following exposure to hydrogen peroxide.
Binding activity peaked at 1 h and remained elevated until 2 h
after H,O, treatment, consistent with results reported by oth-
ers (26). However, we found in this study that the enhanced
IRP-1 binding to IRE gradually declined to below basal levels
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FIG. 5. Activation of IRP-1 and inhibition of ferritin protein synthesis pre-
cede translation of the newly synthesized ferritin mRNA. (Top) BNL CL.2 cells
were treated with 750 uM H,O, or 100 pM desferrioxamine (DFO) for the times
indicated, and cytosolic cell extracts were prepared. A 3?P-labeled RNA probe
for IRE (0.5 X 10* to 1.0 X 10* cpm) was incubated with 1 pg of cell extract at
25°C for 30 min in the presence or absence of B-mercaptoethanol (2-ME) and
then subjected to separation on 5% polyacrylamide gels as described in Materials
and Methods. (Bottom) BNL CL.2 cells were treated with 750 uM H,O, for the
times indicated and labeled with Tran®3S-label for the next 1 h without stimu-
lants. Then 5 X 10° cpm of trichloroacetic acid-insoluble counts from each cell
lysate was immunoprecipitated with anti-ferritin antibody and analyzed on a 15%
polyacrylamide gel.

at later time points, i.e., 8 and 24 h after H,O, treatment (Fig.
5). Hence, the modulation of IRP activity by H,O, is revers-
ible. Since transferrin receptor mRNA is stabilized by activated
IRP (12), the decline of IRP-1 binding at later time points may,
at least in part, be attributable to an increase in transferrin
receptor display mediated by the initial wave of enhanced IRP
activity. Enhanced iron uptake resulting from this increase in
transferrin receptor may in turn function to downregulate IRP
activity in a negative feedback loop. Alternatively, regulation
of IRP activity by phosphorylation and dephosphorylation may
be involved (27). These possibilities are currently under inves-
tigation.

Divergent observations on the regulation of IRP by oxidative
stress have been reported, suggesting that it can be both acti-
vated (21, 27) and inactivated (2) in response to oxidative
stress. Results presented here offer a model that partially rec-
onciles these apparently disparate results by suggesting that
both occur but do so in a temporal sequence (Fig. 5 and 6).
Thus, in cells treated with hydrogen peroxide, we observed an
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initial activation of the IRP that was sustained for at least 2 h,
after which the IRP activity gradually declined. This indicates
that the elevated levels of ferritin mRNA induced by oxidative
stress gradually become available for translation.

Effects of oxidative stress on ferritin protein synthesis reflect
the combined contributions of transcriptional and translational
regulatory mechanisms. In accord with our observation that
IRP activity is transiently activated following exposure of cells
to hydrogen peroxide, we observed an inhibition of ferritin
synthesis that was sustained for at least 2 h after exposure to
H,O, (Fig. 5). However, reflecting the rise in ferritin mRNA
levels and the gradual inactivation of the IRP, at 4 h after
hydrogen peroxide treatment the synthesis of ferritin began to
rise above basal levels and was further increased until 24 h
(Fig. 5). Interestingly, when a second H,O, treatment was
carried out 8 h after the first H,O, treatment, the enhanced
levels of ferritin translation seen at 8 h were completely abol-
ished, perhaps as a consequence of IRP reactivation (Fig. 5).

Physiologically, it is not clear why treatments with prooxi-
dants should activate the IRP, since this leads to a transient
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FIG. 6. Transcriptional and translational regulation of ferritin. The cumula-
tive effects of hydrogen peroxide on ferritin H and L mRNA synthesis, IRP-1
activity, and ferritin H and L protein synthesis in BNL CL.2 cells are summa-
rized. Ferritin protein synthesis was measured by immunoprecipitation as shown
in Fig. 5; mRNA levels were measured by Northern blotting as shown in Fig. 1;
and IRP activation was measured by gel mobility shift assays as shown in Fig. 5.
The results were quantitated by Phospholmager analysis, with the signal inten-
sities at time zero being defined as 1.0. Results of two independent experiments
(protein and mRNA) or three independent experiments (IRP-1) and standard
errors are shown.
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decline in ferritin levels and an attendant decrease in the
ability to buffer iron available for participation in oxygen free-
radical formation. However, agents that trigger the antioxidant
response are often weak oxidants, which may function by gen-
erating a level of oxidative stress sufficient to induce the tran-
scription of cytoprotective enzymes but insufficient to elicit
major cell damage. By transiently exacerbating oxidative stress,
activation of the IRP may contribute to the transient prooxi-
dant state required to trigger a full antioxidant response.

Based on its induction by agents that induce the antioxidant
response (H,O,, +-BHQ, and B-NF), as well as its EpRE-
dependent mechanism, our results identify ferritin as a con-
stituent of the antioxidant response. Ferritin, with its ability to
oxidize and sequester intracellular iron in an internal mineral
core, limits the levels of catalytically available iron (30, 35).
Since iron is an important contributor to oxygen free-radical
toxicity, the inclusion of ferritin within the family of genes that
function to reduce intracellular levels of toxic electrophilic
species, such as GST, NAD(P)H quinone reductase, and y-glu-
tamylcysteine synthetase, is concordant with a view of ferritin
as a critical cytoprotective protein that constitutes an integral
part of the antioxidant response.
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