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Frataxin promotes antioxidant defense in a thiol-
dependent manner resulting in diminished malignant

transformation in vitro
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Friedreich ataxia is an inherited disorder caused by decreased expression of frataxin protein. Increasing evidence
suggests that this protein might detoxify reactive oxygen species (ROS) by an unknown mechanism. Here we
demonstrate that transgenic overexpression of human frataxin increases cellular antioxidant defense via activa-
tion of glutathione peroxidase and elevation of reduced thiols, thereby reducing the incidence of malignant
transformation induced by ROS, as observed by soft agar assays and tumour formation in nude mice. These
findings expand the understanding of antioxidant properties of frataxin, and tentatively suggest a role in the

early induction of cancer.

INTRODUCTION

Friedreich ataxia (FA) is a degenerative autosomal recessive
disease affecting tissues of high metabolic activity, namely
heart muscle, pancreatic B-cells and certain neurons of the
spinal chord (1). We and others have demonstrated that people
with FA exhibit a deficit in ATP synthesis in vivo (2,3).
Despite a severely reduced life expectancy, people suffering
from FA appear to develop malignant disorders atypical for
their young age (4-6).

FA has been attributed to expansions of an intronic GAA
triplet repeat within the frataxin gene leading to decreased
expression of the corresponding protein (7). Frataxin is a
nuclear-encoded protein that is targeted to the mitochondria
and highly conserved through evolution (8). We and others
have resolved the protein structure which suggests an unpre-
cedented membrane-bound interaction with other proteins
(9,10). Observations in yeast suggested an involvement in
cellular respiration (8,11). Subsequently we overexpressed frataxin
in murine fibroblasts and observed an increase in mitochondrial
membrane potential and oxidative phosphorylation (12).

Increasing evidence suggests a role for frataxin in promoting
cellular defense against reactive oxygen species (ROS): (i) FA
appears to be phenotypically identical to a rare human disorder
leading to a systemic lack of o-tocopherol, a vitamin which
functions as a well established antioxidant (13); (ii) early data

suggest increased sensitivity of fibroblasts from FA patients to
energy-rich radiation (14); (iii) others have found increased
sensitivity to exogenous ROS in such fibroblasts (15) and
lymphoblasts (16); (iv) Patel’s group has demonstrated an
increased rate of mutations in samples of genomic DNA from
FA patients (17); (v) clinical data demonstrate increased oxida-
tive stress in patients with FA (18,19); and (vi) recent data
from Koenig’s group suggest that tissue-specific targeted
disruption of the frataxin gene in heart and neuronal tissues
causes depletion of iron-sulfur clusters presumably caused by
ROS (20). This latter observation is supported by findings in
heart biopsies from humans (21). It remains to be clarified
whether these observations reflect a direct function of frataxin
(e.g. as an antioxidant) or depict a downstream effect caused by
disturbed mitochondrial function in general (22-24). To investi-
gate this we have transgenically overexpressed human frataxin in
murine fibroblasts and studied its role in antioxidant defense.

RESULTS

Transgenic overexpression of human frataxin in murine cells

Human frataxin was overexpressed in murine 3T3L1 cells
employing a retroviral system as described previously (12).
Expression of the transgene was detected by northern blotting,
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Figure 1. Stable transgenic expression of human frataxin in murine fibroblasts.
Immunoblot against hemagglutinin-tagged human frataxin in whole-cell
extracts from mock-transfected (left lane) and frataxin-transfected (right lane)
3T3L1 cells gives two specific bands at 29 kDa (native frataxin) and 18 kDa
(mature frataxin) plus a set of non-specific bands in the upper molecular range
indicating that equal amounts of protein are loaded on the gel.

which indicated an ~2-fold increase of the overall frataxin
expression (12). To confirm the integrity of the protein, we
compared cells overexpressing human frataxin with vector-
transfected control cells (mock-transfected) by immunoblot-
ting. Figure 1 depicts a typical western blot after loading equal
amounts of protein, as indicated by the intensities of the non-
specific upper bands. In the lower range of the gel, the mock-
transfected cells (Fig. 1, left lane) show no signal, while the
cells overexpressing human frataxin (Fig. 1, right lane) show a
typical double band consisting of the native cytosolic frataxin
(29 kDa) and the processed mitochondrial frataxin (18 kDa).
These findings together with our previously published obser-
vations (12) suggest appropriate processing of the transfected
native frataxin towards a functional protein.

Frataxin increases cellular resistance to oxidative stress

Cells overexpressing frataxin and mock-transfected cells were
grown to a sub-confluent state and subsequently exposed to
various concentrations of the ROS tert-butyl-hydrogen
peroxide to determine putative differences in the resistance to
oxidative stress. Survival in the absence of tert-butyl-hydrogen
peroxide was defined as 100%. A final concentration of 600 UM
tert-butyl-hydrogen peroxide induced cell death within 16 h in all
cells (both frataxin-overexpressing and mock-transfected) (Fig. 2).
Concentrations from 100 to 500 uM (increment: 100 uM)
caused a corresponding incremental increase of cell death in
both cell lines; however, cells overexpressing frataxin exhibited
an increased resistance to tert-butyl-hydrogen peroxide when
compared to mock-transfected cells (Fig. 2). This difference
was significant for all concentrations of tert-butyl-hydrogen
peroxide evaluated within this range (P < 0.05), where concen-
trations of 200, 300 and 400 uM showed a highly significant
difference (P < 0.005) (Fig. 2). Thus, frataxin appears to
increase resistance against exogenous oxidative stress.

Frataxin decreases intracellular levels of free radicals

To determine whether frataxin has an effect on endogenous
levels of ROS, a confocal laser scanning technique was
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Figure 2. Frataxin increases resistance to exogenous reactive oxygen species.
Cell survival assay comparing relative numbers of cells surviving a 16 h exposure
to tert-butyl-hydrogen peroxide at various concentrations: black bars indicate
mock-transfected cells; grey bars indicate frataxin overexpressing cells; error
bars indicate SD.

employed. To detect intracellular free radical production,
fluorescence of DCF was quantified. Its precursor H,DCF-DA
is a non-polar compound that readily diffuses into cells, where
it is hydrolyzed to the non-fluorescent polar derivative H,DCF
and thereby trapped within the cell. In the presence of an
appropriate oxidant, H,DCF is oxidized to the highly fluores-
cent DCF, which is then detected by microscopic techniques.
Employing this method, frataxin-overexpressing cells appear to
show lower levels of ROS when compared to mock-transfected
cells (Fig. 3A). When quantifying the fluorescence activities in
a minimum of 100 cells per experiment, a highly significant
difference in light emission, proportional to free radical
content, was observed (P < 0.005) (Fig. 3B). Thus, frataxin
appears to decrease levels of intracellular oxidative stress.

Frataxin promotes antioxidant defense via glutathione and
its peroxidase

To determine whether this antioxidant effect of frataxin can be
attributed to the protein itself, in vitro assays were performed.
Firstly, purified recombinant human frataxin was used to determine
putative activities by employing assays for the major antioxidant
enzyme complexes: superoxide dismutase (SOD), catalase
(CAT) and glutathione peroxidase (GPX). No activities were
detected with the purified frataxin (Table 1). Functionality of
each assay was confirmed using purified CAT (bovine liver)
and SOD (bovine erythrocytes) (both from Calbiochem,
Schwalbach, Germany) as positive controls. Thus, frataxin
itself appears not to function as an antioxidant.

To further determine whether the antioxidant effect of
frataxin might be explained by indirect activation of known
ROS-detoxifying enzymes, total activity of SOD, CAT and
GPX was measured in cell extracts, and activity in cells over-
expressing frataxin was compared to that in mock-transfected
controls. While quantification of SOD and CAT showed no
relative increase of activities in comparison to control cells,
activity of total glutathione peroxidase was found to be
increased by >50%. This difference was found to be highly
significant (P < 0.001; Table 1). Since GPX activity is
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Figure 3. Frataxin reduces endogenous levels of reactive oxygen species. (A) Confocal laser scanning evoked fluorescence of 2’,7’-dichlorofluorescein within
mock-transfected (left) and frataxin overexpressing (right) cells, where intensity of fluorescence is proportional to the amount of intracellular reactive oxygen
species. (B) Results of computerized quantification of fluorescence intensity, where the black bar indicates mock-transfected cells and the grey bar represents

frataxin overexpressing cells.

Table 1. Enzymatic activities of purified frataxin and cellular extracts from
cells overexpressing frataxin relative to mock-transfected cells

Recombinant frataxin Cellular extracts

Superoxide dismutase ~ No activity No difference
No difference
+51.9 (£10.1)%*

+38.8 (43.9)%"

Catalase No activity

Glutathione peroxidase No activity

Thiol content Not applicable

2P < 0.001; °P = 0.010.

dependent on the presence of reduced thioles, the content of
this cofactor was determined as well. The content for thioles in
the cellular extracts evaluated was found to be elevated by
more than a third in comparison to mock-transfected cells
(P=0.010; Table 1).

Thus, the antioxidant properties of frataxin might be
explained by its effects on glutathione peroxidase activity and
thiol content.

Frataxin inhibits colony formation after exposure to
reactive oxygen species

Malignant transformation is characterized by repeated occurrence
of mutations in DNA, cumulatively leading to loss of cell cycle
control. Multiple mutagenic agents, specifically ROS,
including singlet oxygen, have been described. Based on the
findings above, we asked whether frataxin might inhibit
ROS-induced malignant transformation. To answer this question,
cells overexpressing frataxin were compared with mock-
transfected cells by continuously passaging them in media
containing 2 UM menadione (Sigma), a vitamin K derivative
known to cause perpetual generation of ROS. A subset of
mock-transfected cells (a total of four out of a total population
of 30) exhibited loss of anchorage-dependent growth as
determined by crystal-violet staining of colonies (Fig. 4A) and
so-called soft agar assays (Fig. 4B), putatively indicating
occurrence of cell cycle transformation. None of the cells

overexpressing frataxin (0 out of a total of 30) formed
colonies, i.e.they remained apparently untransformed
(P =0.043) (Figs. 4A and B).

Thus, frataxin appears to inhibit loss of anchorage-
dependent growth subsequent to continuous exposure to ROS.

Since loss of anchorage-dependent growth suggests previous
occurrence of malignant transformation, putative tumouri-
genicity in vivo was determined. Those mock-transfected cells
which lost anchorage-dependent growth characteristics, as well
as cells with normal growth characteristics, were evaluated. Cells
of normal growth consisted of frataxin-transfected cells as well
as cells which were mock-transfected, but did not transform.
These three groups were compared concerning their ability to
generate tumours in immune-compromised mice. Suspensions
of cells were injected into the right hind and evaluated for
tumour growth over a time period of 6 weeks. As shown in
Figure 4C, only cells which exhibited a loss of anchorage-
dependent growth generated tumours, while apparently normal
cells did not exhibit tumour formation in nude mice. Histological
analyses of tumours revealed carcinoma-like characteristics
without evidence for invasive growth (data not shown).

Together, these data suggest frataxin inhibits malignant
transformation subsequent to continuous exposure to ROS.

DISCUSSION

FA, the most common hereditary ataxia, leads to premature
death within the third decade of life (1). Based on its progressively
degenerative nature, attempts to treat FA have employed
synthetic antioxidants, including idebenone, a coenzyme Q
derivative (25-28). This therapeutic approach is supported by
several findings, suggesting a state of increased oxidative
stress in FA, as indicated in the introductory section (14-21).
Our present findings indicate that frataxin itself does not
exhibit antioxidant properties, at least not in a classical
manner, i.e. it does not resemble SOD, CAT or GPX in
standard enzyme activity assays. Overexpression of the protein
causes a specific activation of GPX activity in whole cell
extracts, accompanied by an elevation of cellular thiol levels.
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Figure 4. Frataxin inhibits loss of anchorage-dependent growth subsequent to exposure to oxidative stress. (A) Growth characteristics of cells continuously
exposed to menadione, a generator of oxidative stress, indicating colony forming growth in a subset of mock-transfected cells (left dish), while cell lines over-
expressing frataxin never formed colonies (right dish). (B) Growth characteristics of identical cells after plating into agar-supplemented media, consistent with loss
of anchorage-dependent growth subsequent to exposure to oxidative stress. (C) Hind region of nude mice 6 weeks after injection of cell lines shown in (A), indi-
cating tumour formation (left) by those cells with loss of anchorage-dependent growth.

These effects lead to an increased resistance to exogenous
oxidative stress induced by tert-butyl-hydrogen peroxide. We
also demonstrate here that metabolically active cells exhibit
decreased endogenous levels of ROS when overexpressing
frataxin. These findings are consistent with previously
published data, specifically on increased sensitivity of fibro-
blasts from FA patients (showing reduced expression levels of
frataxin) to exogenous ROS (15) as well as decreased levels of
free glutathione in blood of such individuals (29). With regard
to the mechanism, recent data from Rustin’s group (30) suggest
an impaired activation of SOD in FA fibroblasts relative to
controls subsequent to exposure to oligomycin. While these
data were obtained in cells with reduced levels of frataxin (as
found in FA), our data suggest that the opposite approach, i.e.
overexpression of frataxin, does not affect the activity of SOD,
at least not in the basal state. Furthermore, overexpression of
frataxin selectively activates GPX in our experimental setup,
while Chantrel-Groussard et al. (30) did not evaluate the
activity of this enzyme, nor did they quantify CAT activity.
These differences in the experimental setup prohibit any direct
comparison of the present data with those from Rustin’s group,
since opposite models were employed; however, our findings
combined with those of Chantrel-Groussard et al. (30) provide
a consistent model for how frataxin exerts its effects on anti-
oxidant defense: the previously demonstrated effects on
activity of SOD (30), together with a specific regulation of
GPX activity suggested by the present study, would lead to a
loss of iron-sulfur-proteins, as observed in the corresponding

knock-out models (20), which may be caused by increased
amounts of toxic ROS in cells lacking frataxin.

While the occurrence of clinically observed cancer in
patients suffering from FA appears to be anecdotal (4-6), the
occurrence of malignant transformations in FA might be
significantly higher. Firstly, people with FA have a severely
reduced life expectancy (1). Secondly, development of clinic-
ally observed cancer is thought to usually occur several
decades after its molecular initiation (31). We therefore
hypothesized that the increased antioxidant defense observed
in cells overexpressing frataxin might protect from ROS-induced
malignant transformation (32), at least in vitro. Indeed,
tumour-forming growth characteristics subsequent to exposure
to menadione were not observed in cells protected by frataxin.
These observations are consistent with data suggesting protection
from cancer development by supplementation with exogenous
antioxidants (33,34). While our findings concerning the protective
effect of frataxin should be considered very preliminary, they
might inversely suggest that regulation of frataxin expression
could be of relevance in the induction of malignancies not only
in FA patients, but also in the general population (35). Further
studies, specifically in a haplo-deficient animal model of FA (36),
will be required to support the in vitro observations presented here.

In summary, frataxin exerts its antioxidant properties by
induction of a classic antioxidant enzyme, thereby protecting
cells from induction of malignant transformation in vitro.
Consequences for the induction of cancer in humans are
possible, but remain to be evaluated.



MATERIALS AND METHODS

Cell lines

The cell lines evaluated were engineered as described by
Ristow et al. (12), briefly by retrovirus-mediated transfection
of hemagglutinin-tagged human frataxin into murine 3T3L1
cells (ATCC, Manassas, VA). In addition to our previously
published data where transfection of frataxin was demon-
strated at the RNA level by northern blotting (12), transgenic
expression of the protein was confirmed by immunoblotting
(see Results).

Immunoblotting

Western blotting was performed on protein extracts after poly-
acrylamide gel electrophoresis (16%) using a primary mono-
clonal anti-hemagglutinin antibody (clone 12CAS5, Roche,
Mannheim, Germany) followed by the standard peroxidase
method (37) on whole cell lysates protected by the protease
inhibitor Complete (Roche).

Cell survival assay

Subconfluent cells were maintained in standard media
supplemented for 16 h with the appropriate amounts of tert-
butyl-hydrogen peroxide (Sigma, Munich, Germany). Super-
natant media including non-adherent cells were removed and
stored aside. Adhesive cells were trypsinized and added to
previously removed media. Cells were pelleted and resus-
pended in phosphate buffered saline, then stained in trypan
blue solution (final concentration: 0.1%) (Sigma). Numbers of
surviving (unstained) cells were determined by employing a
modified Neubauer chamber, and calculated relative to the
total number of cells (stained plus unstained).

Confocal laser scanning microscopy

Intracellular ROS production was measured by 2’,7’-dichloro-
fluorescein (DCF) fluorescence (38) using confocal laser scan-
ning microscopy techniques. Dishes of sub-confluent cells
were washed in assay buffer (containing NaCl 135 mmol/l,
KCl 5.4 mmol/l, CaCl, 1.8 mmol/l, MgCl, 1 mmol/l, glucose
10 mmol/l pH 7.5) and incubated in the dark for 30 min in the
same buffer containing 10 mmol/l 2’,7"-dichloro-dihydro-fluor-
escein-diacetate (H,DCF-DA, Molecular Probes, Eugene,
OR). H,DCF-DA is a non-polar compound that readily
diffuses into cells, where it is hydrolyzed to the non-fluorescent
polar derivative H,DCF and thereby trapped within the cell. In
the presence of a proper oxidant, H,DCF is oxidized to the
highly fluorescent DCF. Culture dishes were transferred to a
Zeiss Axiovert 135 inverted microscope (Carl Zeiss, Jena,
Germany), equipped with a 25X, numerical aperture 0.8, oil-
immersion objective (Plan-Neofluar, Carl Zeiss) and Zeiss
LSM 410 confocal attachment, and ROS generation was
detected as a result of the oxidation of H,DCF (excitation,
488 nm; emission longpass LP515 nm filter set). 512 x 512 pixel
images were collected by single rapid scans, using identical
parameters, such as contrast and brightness, for all samples. In
three separate experiments, five groups of 25 cells each were
randomly selected from the image, and fluorescence intensity
was measured. The relative fluorescence intensities are
average values of all experiments, and each value reflects
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measurements from samples consisting of not less than 100
cells.

Generation of recombinant human frataxin

Expression of frataxin was performed as described previously
(10), briefly by cloning a fragment corresponding to mature
human frataxin (amino acids 88-210) into pET28a (Novagen,
Madison, WI), subsequent expression in Escherichia coli
(BL21DE3), and purification in cobalt affinity medium. After
employing bovine thrombin to remove the His-tag, protein was
further purified by an anion-exchange chromatography
(Mono-Q FPLC). Protein used to obtain crystals (10) was from
the same batch as used in the present study. Two-dimensional
gel electrophoresis of the protein followed by silver staining
revealed highly purified protein (S.Lehr, M.Schiller, J.Kotzka,
D.Miiller-Wieland, unpublished data).

Superoxide dismutase activity

SOD was quantified using the nitroblue tetrazolium assay as
described previously (39) and modified (40), using crude cell
homogenates after sonication in potassium phosphate buffer
(0.05 M, pH 7.8), and spectroscopic quantification of nitroblue
tetrazolium, which is an indicator of the superoxide anion (0,)
generated by a xanthine—xanthine oxidase system in competition
to the relative amount of superoxide dismutase present.

Catalase activity

CAT was quantified by direct photometric visualization of
hydrogen peroxide decomposition at 240 nm as described
previously (41) and modified (40), using crude cell homo-
genates (potassium phosphate 0.05 M pH 7.0, EDTA 1 mM).

Glutathione peroxidase activity

GPX was quantified by an indirect method as described previ-
ously (42) and modified (40), using crude cell homogenates
(potassium phosphate 0.05 M pH 7.0, EDTA 1 mM) photo-
metrically measuring a decrease in NADPH due to recycling of
oxidized glutathione (GSSG) in the presence of excess
glutathione reductase.

Thiol content

Thiol content was determined by photometric quantification of
the conversion of 35,5’-dithiobis-2-nitrobenzoic acid into
5-thio-2-nitrobenzoic acid at 512 nm as described previously
(43) and modified (40), using crude cell homogenates (potassium
phosphate 0.05 M pH 7.5, EDTA 1 mM).

Normalization for protein content

Protein content of crude cell homogenates was determined
using the Bradford method (44), and enzyme activities and
glutathione content were normalized per milligram of protein.

Two-dimensional colony formation assay

Master plates were trypsinized, and cells were counted as
described above. 20 000 cells were plated into each dish, and
cells were grown in standard media to confluence. Cells were
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fixed in phosphate-buffered formalin (10%, Sigma), and
stained with water-based crystal violet (Sigma) solution (0.5%).

Three-dimensional colony formation assay (‘soft agar’)

Master plates were trypsinized and cells were counted as
described above. Noble Agar (Sigma) was dissolved in a 3%
stock solution and diluted with DMEM media (including
standard antibiotics and 10% fetal bovine serum) to a final
concentration of 0.3% and sterile filtered. 20 000 cells were
added per ml of media, and suspension was plated and stored in an
incubator (5% CO,) for 10 days before counting of colonies (45).

Nude mice tumour formation assay

Nude mice (female Crl:CD1-nu, 6 weeks of age) were obtained
from Charles River Laboratories (Kisslegg, Germany). 100 000
cells were resuspended in 200 pl of phosphate-buffered saline
and injected into the right hind using an insulin syringe
(Becton-Dickinson, Heidelberg, Germany). Tumour sizes,
where applicable, were evaluated weekly, and mice were killed
after 6 weeks. Tumours were removed and fixed in phosphate-
buffered formalin (10%), then subjected to standard hemoto-
xylin and eosin staining and light microscopy followed by
microscopic photography (Nikon, Tokyo, Japan).
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