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Abstract Ferritin is a protein that oxidizes and sequesters
intracellular iron in a mineral core. We have reported that the
E1A oncogene selectively represses ferritin H transcription,
resulting in reduced levels of the ferritin H protein. Here we
demonstrate that cells respond to pro-oxidant challenge by
inducing ferritin mRNA and protein, and that this response is
completely blocked by E1A. Concordantly, E1A sensitized cells
to the cytotoxic effects of oxidative stress and enhanced the
accumulation of reactive oxygen species in response to pro-
oxidant challenge. These results demonstrate that expression of
E1A impedes the cellular response to oxidative stress, including
the induction of ferritin.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

Ferritin is a 24-subunit protein with a major role in the
regulation of intracellular iron storage and homeostasis (re-
viewed in [1^3]). Ferritin is comprised of two subunit types,
termed H and L. These subunits assemble to form an apopro-
tein of approximately spherical structure that encases an in-
ternal ferrihydrite mineral core. Ferritin is ubiquitously dis-
tributed in the animal kingdom, and is also present in plants
and bacteria, suggesting that it performs functions vital to cell
survival [4,5]. One of these functions is to limit iron availabil-
ity for participation in reactions that produce oxygen free
radicals. For example, the donation of electrons by reduced
iron to endogenously produced oxygen species such as hydro-
gen peroxide can lead to the accumulation of oxygen free
radicals, which have the potential to damage lipids, proteins
and DNA [6]. Storage of iron as an oxidized species within the
mineral core of ferritin minimizes the availability of iron for
such reactions. Indeed, several reports have implicated ferritin
in the protection from oxidant injury [7]. For example, pre-
treatment of cells with hemin, an iron source that induces
ferritin, was shown to protect endothelial cells from the toxic
e¡ects of a subsequent challenge with hydrogen peroxide [8].
Antisense oligomers to ferritin H were able to partially block
a similar response in leukemic cells, strongly implicating fer-
ritin H in the protection against oxidative stress [9].

Transcription of the murine ferritin H gene is modulated by
an enhancer element located approximately 4.1 kb 5P to the
transcriptional start site, termed FER-1 [10]. We have previ-
ously reported that the adenovirus early region 1A oncogene
(E1A) selectively represses ferritin H transcription by target-
ing the FER-1 element [11]. The E1A gene is a potent onco-
gene that can reprogram normal regulation of cell growth,
leading to cell immortalization (reviewed in [12]). E1A gene
products modify the transcriptional program by directly bind-
ing to a number of host proteins involved in transcriptional
control [13]. E1A targets ferritin H both by reducing the bind-
ing of AP-1 family members to FER-1, and by interacting
with p300, a transcriptional co-activator involved in FER-1
enhancer activity [10,11]. As a consequence, cells that express
E1A contain ferritin depleted in the ferritin H subunit [14].

These observations suggested that cells expressing E1A
might exhibit a diminished ability to respond to oxidant chal-
lenge. Here we show that expression of E1A impedes the
response to oxidative stress, including the induction of ferri-
tin.

2. Materials and methods

2.1. Cell culture
NIH3T3 cells were transfected with an expression vector for E1A or

with a control vector encoding hygromycin resistance, and stable
transfectants were derived and cultured as described previously
[14,15]. Both a clonal E1A transfectant (3T3/E1A clone F2) and a
pool derived from over 100 independent clones (3T3/E1A pool)
were analyzed. Expression of E1A was con¢rmed by Western blotting
[14].

2.2. Metabolic labeling and immunoprecipitation
Cells were labeled and ferritin immunoprecipitated and analyzed by

SDS-PAGE, essentially as described [16]. Gels were analyzed on a
PhosphorImager (Molecular Dynamics).

2.3. Northern blotting
RNA was isolated and expression of ferritin mRNA evaluated by

Northern blotting using ferritin H and ferritin L cDNA probes as
previously described [14].

2.4. Measurement of reactive oxygen species (ROS)
Cells were plated at a concentration of 5U104 cells/well in 96-well

dishes. After incubation for 18^24 h, the growth medium was re-
moved and the well was washed two times with 150 mM NaCl,
10 mM HEPES-Tris (pH 7.3) (HBS). The adherent cells were incu-
bated with 100 Wl of HBS containing 4 WM di(acetoxymethyl ester)
of carboxy-2P,7P-dichloro£uorescin-diacetate (DCFH-DA Molecular
Probes, Oregon) in the presence or the absence of H2O2 (300 WM).
DCFH-DA is a non-£uorescent permeant molecule, which is acted
upon by intracellular esterases to produce 2P,7P-dichloro£uorescin
(DCFH) [17]. In the presence of intracellular ROS, DCFH is rapidly
oxidized to the highly £uorescent 2P,7P-dichloro£uorescein (DCF) [18].
The oxidative products were measured with a £uorescent microplate
reader (Molecular Devices, California) using 485 nm and 538 nm as
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extinction and emission ¢lters, respectively, at 37³C. Fluorescent units
were converted to pmol product using a standard curve constructed
with authentic DCF (Molecular Probes).

2.5. Cytotoxicity assays
Cells were plated in 96-well plates at 1U104 cells/well. After 18^

24 h, hydrogen peroxide at various concentrations was added directly
to the wells, and cytotoxicity assessed after 24 h further incubation
essentially as described [15]. For measurement of the cytotoxic re-
sponse to tert-butyl hydroquinone (t-BHQ), cells were plated at
2.5U105 cells/35-mm dish before exposure to various concentrations
of t-BHQ (Sigma). Cells were washed twice with phosphate-bu¡ered
saline (PBS), ¢xed with ethanol, and stained with crystal violet. Dye
was eluted with 50% ethanol in 0.1 M sodium citrate, and optical
density measured at 595 nm.

2.6. Statistical analysis
ROS accumulation by 3T3/hyg and 3T3/E1A cells in the presence

and absence of hydrogen peroxide was analyzed using repeated meas-
ures analysis of variance. Each experiment consisted of four experi-
mental conditions: two cell types in the presence and absence of
hydrogen peroxide. The interaction between cell type and hydrogen
peroxide was ¢rst assessed to test if the e¡ect of hydrogen peroxide
di¡ered between 3T3/hyg and 3T3/E1A cells. Paired t-tests were then
used to assess the e¡ect of hydrogen peroxide for each cell type. All P
values reported are two-sided; P values less than 0.05 are considered
statistically signi¢cant.

3. Results

3.1. E1A transfectants exhibit an enhanced accumulation of
ROS in response to oxidant stress

In order to measure the e¡ect of E1A on the response to
oxidative stress, we ¢rst assessed whether expression of E1A
modulated the accumulation of ROS. Cells were either ex-
posed to 300 WM hydrogen peroxide or left untreated, and

the accumulation of ROS measured continuously over a 1-h
period at 37³C. As shown in Fig. 1, basal production of ROS
was approximately equivalent in cells expressing E1A and in
controls transfected with vector alone. Treatment of cells with
hydrogen peroxide led to an increase in ROS in both cell
types. However, following challenge with hydrogen peroxide,
both clonal (not shown) and pooled E1A transfectants (Fig. 1)
exhibited an increase in accumulation of ROS that was greater
than that seen in control cells.

To quantitate the e¡ect of E1A expression on the response
to hydrogen peroxide, seven independent experiments com-
paring the response of control 3T3/hyg cells and 3T3/E1A
cells to hydrogen peroxide were performed. Expression of
E1A enhanced the accumulation of ROS in response to chal-
lenge with hydrogen peroxide: hydrogen peroxide increased
ROS accumulation by 0.14 pmol/well after 1 h (0.13 þ 0.03
to 0.27 þ 0.04 s.d., P = 0.0001) in control cells, compared to
0.30 pmol/well (0.12 þ 0.03 to 0.42 þ 0.08 s.d., P = 0.0001) in
E1A transfectants. The di¡erence between ROS accumulation
in 3T3/hyg and 3T3/E1A cells in response to hydrogen per-
oxide was highly statistically signi¢cant (P90.0001).

3.2. E1A augments cytotoxicity of hydrogen peroxide and
t-BHQ

To determine whether the enhanced accumulation of ROS
in response to hydrogen peroxide seen in E1A transfectants
resulted in functional cellular consequences, we measured sur-
vival of cells after exposure to either hydrogen peroxide or
another oxidant, t-BHQ [19,20]. As shown in Fig. 2, exposure
of cells to an increasing concentration of hydrogen peroxide
for 24 h led to a dose-dependent decrease in survival. At all
but the lowest dose, survival of E1A transfectants was sub-
stantially reduced relative to vector controls. For example, at

Fig. 1. Time course of ROS accumulation in 3T3/Hyg control cells
and 3T3/E1A cells. Cells were incubated in the presence and ab-
sence of 300 WM hydrogen peroxide and the accumulation of reac-
tive oxygen species measured continuously in a £uorescence micro-
plate reader as described in Section 2. Fluorescence of growth
medium alone was unchanged throughout the course of the experi-
ment and was subtracted before calculating ROS accumulation. Ex-
periments were performed multiple times with similar results; the re-
sults of two replicate experiments are shown. Cells retained full
viability during the time course of this assay (not shown).

Fig. 2. E1A transfectants exhibit enhanced sensitivity to hydrogen
peroxide over a wide range of hydrogen peroxide concentrations.
Cells were plated in 96-well dishes and allowed to attach for 18^24 h
before being treated with the indicated concentrations of hydrogen
peroxide in growth medium for 24 h. Four replicate cultures were
prepared for each time point. Surviving cells were assessed by stain-
ing with crystal violet; the staining intensity of untreated cells was
de¢ned as 100%. Data represent mean and standard error for seven
independent experiments.
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300 WM hydrogen peroxide, mean survival of vector transfec-
tants at 24 h was 64%, whereas that of clonal and pooled E1A
transfectants was 17% and 30%, respectively. A similar en-
hancement of hydrogen peroxide toxicity was observed at all
times tested: as shown in Fig. 3, at 8, 24 and 48 h, vector
transfectants exhibited substantially increased survival relative
to E1A transfectants. This re£ected a generalized increase in
sensitivity to oxidants and not a particular response to hydro- gen peroxide, since E1A transfectants also exhibited enhanced

cytotoxicity when challenged with t-BHQ (Fig. 4).

3.3. Treatment with t-BHQ induces an increase in ferritin
mRNA and protein that is blocked by E1A

As shown in Fig. 5, treatment of 3T3/hyg cells with 100 WM
t-BHQ dramatically increased levels of ferritin H mRNA. An
elevation in ferritin L mRNA was also seen, although the
increase was more modest (Fig. 5). Similar results were ob-
served with hydrogen peroxide (not shown), suggesting that
the induction of ferritin occurs in response to oxidative stress.

We previously showed that cells transfected with E1A ex-
hibited a relative reduction in basal levels of ferritin H mRNA
[14]. This is also seen in Figs. 5A and 6A. We now demon-
strate that E1A has an additional e¡ect: as shown in Fig. 5,
E1A not only reduced basal levels of ferritin H, but com-
pletely blocked t-BHQ-mediated induction of ferritin H
mRNA. E1A was also able to reduce induction of ferritin
L. The E1A-dependent inhibition of ferritin mRNA induction
in response to oxidants was re£ected in an inhibition of ferri-
tin protein synthesis : as shown in Fig. 6, treatment with t-
BHQ led to a time-dependent increase in synthesis of ferritin
protein that was blocked in cells expressing E1A.

4. Discussion

Results presented here demonstrate that ferritin mRNA and

Fig. 3. Time-dependent sensitivity of 3T3 cells stably expressing
E1A to hydrogen peroxide. Cells were plated in 96-well dishes and
allowed to attach for 18^24 h before being treated with 250 WM hy-
drogen peroxide in growth medium. Four replicate cultures were
prepared for each time point. At the end of the time intervals
shown, surviving cells were assessed by staining with crystal violet.
Data represent mean and standard error for seven independent ex-
periments.

Fig. 4. E1A transfectants exhibit an enhanced sensitivity to t-BHQ.
3T3/Hyg and 3T3/E1A clone F2 cells were treated with the indi-
cated concentrations of t-BHQ and survival measured after 24 h as
described in Section 2. Shown are means and standard errors of
three independent experiments.

Fig. 5. A: Induction of ferritin mRNA by t-BHQ is blocked in
E1A transfectants. 100 WM t-BHQ was added to cells in growth me-
dium. After 0, 8 and 24 h cells were lysed, RNA was isolated, and
Northern blots prepared. Blots were hybridized sequentially with
mouse ferritin H and L cDNA probes. B: Data from three (ferritin
L) or four (ferritin H) replicate experiments were scanned and band
intensities quantitated by densitometry. For each cell type, the band
intensity of untreated samples was assigned a value of 1.0. Standard
errors are shown.
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protein are induced in cells exposed to a pro-oxidant such as
t-BHQ (Figs. 5 and 6). Through its ability to enhance iron
sequestration and reduce the availability of iron for participa-
tion in oxygen radical formation, ferritin induction may serve
as one component of a cytoprotective response designed to
minimize oxidative damage. Similarly, others have shown
that increased expression of ferritin H reduces the labile
iron pool [21,22], and suggested that ferritin induction may
protect cells from the oxidative injury mediated by UV [23,24]
and glutathione depletion [7].

Our experiments with E1A lend further support to a cyto-
protective role for ferritin in response to oxidative stress.
These experiments demonstrated that E1A not only repressed
basal transcription of ferritin H, but blocked oxidant-depend-
ent augmentation of ferritin mRNA and protein as well (Figs.
5 and 6). This result is consistent with reports demonstrating a
reduction in antioxidant defenses in transformed cells [25], a
response that has been suggested to confer a selective advant-
age to these cells [26]. Cells that express E1A were not appre-
ciably altered in growth rate when compared to vector-trans-
fected control cells (unpublished observations), and both
controls and E1A transfectants exhibited a similar accumula-
tion of ROS under basal conditions (Fig. 1). However, in
response to oxidant challenge, E1A expression led to an in-
crease in ROS accumulation relative to control cells (Fig. 1).
Since ROS accumulation has been correlated with enhanced
cytotoxicity [27^29], augmented accumulation of intracellular
ROS may explain the heightened sensitivity of E1A transfec-
tants to the cytotoxic e¡ects of oxidants such as t-BHQ (Fig.
4) and hydrogen peroxide (Figs. 2 and 3).

We have previously shown that E1A represses ferritin H
gene transcription [14]. E1A exerts its inhibitory e¡ect on

the ferritin H gene by targeting FER-1, an enhancer element
located approximately 4.1 kb 5P to the transcriptional start
site [10]. Taken together with results presented here, these
experiments suggest that proteins binding to FER-1 may con-
tribute to oxidant-dependent enhancement of ferritin H tran-
scription, and that E1A may block this response by interfering
with the assembly of a functional transcription factor complex
at this site. Although aspects of this model require further
testing, our recent observation that the induction of ferritin
H by oxidants is mediated by an electrophilic response ele-
ment that overlaps FER-1 (Tsuji et al., submitted) is consis-
tent with this model.

In addition to induction of ferritin H, induction of ferritin
L mRNA and protein in response to the pro-oxidant t-BHQ
was also observed (Figs. 5 and 6). Although E1A does not
reduce basal levels of ferritin L [14] (Fig. 5), we observed a
partial inhibition of oxidant-dependent induction of ferritin L
by E1A (Fig. 5). Thus, mechanisms regulating the response of
ferritin L and H to oxidants may share some overlap. The
electrophilic response element recently identi¢ed in the ferritin
L gene [30] may represent a plausible target for such a regu-
latory event.

Cells transformed by E1A have been used to model path-
ways involved in tumor cell killing by chemotherapeutic
agents, particularly DNA damaging agents [31]. Recent results
have shown that APAF-1, a cofactor required for caspase 9
activation, may be an important component of E1A-mediated
sensitization to such agents [32]. Our results demonstrate that
E1A sensitizes cells not only to DNA damaging cytotoxic
drugs, but to oxidative stress. Pathways of cell injury induced
by these diverse agents may therefore share common elements.
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