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Frataxin is a mitochondrial protein involved in iron metabolism.
Defective expression of frataxin causes Friedreich ataxia (FA), an
inherited degenerative syndrome characterized by ataxia, cardiomy-
opathy, and high incidence of diabetes. Here we report that frataxin-
deficient cells are more prone to undergo stress-induced mitochon-
drial damage and apoptosis, while the overexpression of frataxin
confers protection to a variety of cell types. Moreover, we reveal the
existence of an extramitochondrial pool of frataxin, which can effi-
ciently prevent mitochondrial damage and apoptosis in different
cellular systems. Remarkably, extramitochondrial frataxin can fully
replace mitochondrial frataxin in promoting survival of FA cells.

Friedreich ataxia (FA)3 is the most common inherited ataxia, with an
estimated prevalence within the caucasian population of �1:30,000 (1).
Age at onset may range from 5 to 25 years, and loss of deambulation
ensues 10–20 years from the onset. Progressive hypertrophic cardio-
myopathy is a frequent cause of premature death. FA is caused by the
defective expression of the mitochondrial protein frataxin, due to, in
most cases, homozygous GAA triplet repeat expansion within the first
intron of the FRDA gene (2).
Frataxin is required for animal development, since its complete loss

results in embryonic lethality in the mouse (3) and in developmental
arrest in the nematode Caenorhabditis elegans (4). Partial expression of
frataxin allows organismal development and survival, yet results in pro-
gressive degeneration of specific tissues. In fact, frataxin deficiency in
humans critically affects survival of large primary neurons of the dorsal
root ganglia, cardiomyocytes, and pancreatic beta cells, accounting for
FA syndromic features. Frataxin cooperates to the biogenesis of iron-
sulfur clusters (ISC) (5, 6), important cofactors for a number of proteins
involved in energy metabolism and respiration, such as aconitases and
components of themitochondrial electron transfer chain (7).Moreover,
frataxin may physically interact with mitochondrial aconitase and ETC
components (8, 9), directly affecting energy metabolism. Frataxin itself
might be involved in iron binding and storage (10), in a homopolymeric
formcapable of ferroxidase activity (11). Frataxin can also donate iron to
ferrochelatase, which catalyzes the insertion of iron into protoporphy-
rin IX, thus helping in heme synthesis (12). Cells derived from FA

patients have a partial defect in ISC-containing proteins, with conse-
quent inefficientmitochondrial respiration (13), lowerATPproduction,
and impaired iron utilization, leading to mitochondrial iron accumula-
tion (14). This may cause higher sensitivity to oxidative stress induced
by hydrogen peroxide (15, 16) or by serum withdrawal (17). Accord-
ingly, FA patients experience oxidative stress (18, 19), and animal mod-
els of frataxin deficiency show accelerated cell death caused by
enhanced oxidative stress (20, 21). In othermodels, however, iron accu-
mulation and oxidative stress may have little pathogenic role (22).
Indeed, although current therapy for patients affected by Friedreich
ataxia relies mostly upon the use of antioxidants, considerable contro-
versy exists about the role of oxidative stress in FA pathogenesis (23).
Here we show that an extramitochondrial form of mature frataxin
autonomously contributes to oxidative stress resistance and overall cell
survival.

EXPERIMENTAL PROCEDURES

Reagents andAntibodies—The following reagentswere used:C2-ceram-
ide (Biomol), GD3 ganglioside, staurosporine, and carbonyl cyanide
m-chlorophenylhydrazone (Sigma), Hoechst 33342, MitoTracker Red
CMXRos, tetramethylrhodamine ethyl ester (TMRE), and dihydro-
ethidium (HE) (Molecular Probes). The antibodies used were as follows:
anti-frataxin clone 1G2 (Immunological Sciences), anti-voltage-dependent
anion channel (VDAC) (Calbiochem), anti-Hsp60 clone LK-1 and anti-
manganese-superoxide dismutase (StressGen), anti-cytochrome c clones
6H2.B4 and 7H8.2C12 (PharMingen), anti-�-tubulin (Sigma), and anti-
p110mitochondrial protein clone 2G2 (Kamiya Biomedical).

cDNA Expression Constructs—Human frataxin cDNA containing
EcoRI site at 5�-end/BamHI at 3�-end was obtained by PCR from the
plasmid pTLX1 (ATCC) and inserted in pIRES2-EGFP (Clontech)
bicistronic expression vector. Frataxin cDNA was furthermore cloned
intoHindIII andBamHI sites of the expression vector pcDNA3 (Invitro-
gen). The extramitochondrial frataxin56–210 construct was synthesized
by PCR using the primers 5�-CTAGGAATTCATGTCGAACCA-
ACGTGGCCTCAAC-3� (EcoRI) and 5�-AGTTGGATCCGCATCA-
AGCATCTTTTCCGG-3� (BamHI), to remove the first 55 amino acids
from frataxin precursor, and inserted in pcDNA3 or pIRES2-EGFP vec-
tors. pIRES2/Bcl-2 was generously provided from P. Bonini (University
of Florence, Florence, Italy). Human 3-hydroxyisobutyrate dehydrogen-
ase cDNA MGC-40361 was obtained from ATCC and subcloned in
pIRES2-EGFP.

Cell Culture and Transfections—GM15850B lymphocytes, from a
clinically affected Friedreich ataxia patient, homozygous for the GAA
expansion in the FRDA gene with alleles containing �700 and 1050
repeats, and GM15851B lymphocytes from a clinically unaffected
brother of GM15850, with two FRDA alleles in the normal range of
GAA trinucleotide repeats, were obtained from NIGMS Human
Genetic Cell Repository, Coriell Institute for Medical Research. Cells
were maintained in RPMI 1640 medium supplemented with 15% FBS
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and transfected by electroporation. Briefly, 107 cells were incubated in
0.4 ml of RPMI 1640 for 10 min on ice with 20 �g of pcDNA3 empty
vector or pcDNA3/frataxin constructs. After electroporation at 260 V,
950microfarads, cells were left 30min on ice and resuspended in 5ml of
RPMI 1640, 15% FBS. After 4 h, live cells were recovered by Lym-
pholyte-H (Cedarlane Laboratories) density gradient centrifugation and
replated. Stable transfectants were obtained from cultures in selection
medium containing 400–600 �g/ml G418 (Invitrogen) for 15–20 days.
Human embryonic kidney HEK-293 and cervical carcinoma HeLa cells
weremaintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% FBS.HumanT-cell lymphomaHuT78, T-cell leukemia Jurkat,
and bone marrow neuroblastoma SH-SY5Y cells were maintained in
RPMI 1640 medium containing 10% FBS. HEK-293 cells were trans-
fected with the calcium phosphate precipitation method: cells were
plated on 10-cm dishes and transfected with 15 �g of total DNA of
indicated plasmids. After 16 h themediumwas replacedwith a fresh one
and cells harvested for protein extracts after 24 h from transfection.
HuT78 cells were transfected by electroporation as described above,
while for Jurkat and SH-SY5Y cells Lipofectamine 2000 (Invitrogen)was
used, following the manufacturer’s instructions.

Apoptosis, Mitochondrial Depolarization, and Reactive Oxygen Spe-
cies (ROS) Production—Apoptotic FA and healthy lymphoblasts were
detected after staining with annexin V-PE (PharMingen) following the
supplier’s instructions; mitochondrial inner membrane depolarization
was detected after incubation of treated cells with 50 nM TMRE for 20
min at 37 °C, whereas ROS production was quantitated by incubation
with 4 �M HE for 20 min at 37 °C. Apoptosis of transiently transfected
cells was determined by counting Hoechst 33342-stained fragmented
nuclei amongGFP-positive cells. Blind counting by two investigators, of
at least 300 cells, was performed for each group. ROS production in
transfected SH-SY5Y cells was determined as described above, by dual
color flow cytometry, analyzing red fluorescence among electronically
gated green fluorescent cells.

Analysis of Cytochrome c Release—Lymphoblasts from FA-affected
and healthy individuals were treated with 0.4 �M staurosporine, har-

vested after 4–6 h, and resuspended in 100 �l digitonin (50 �g/ml in
phosphate-buffered saline (PBS) with 100 mM KCl) for 5 min on ice.
Cells were fixed in 4% paraformaldehyde for 20 min at room tempera-
ture, washed three times in PBS, and incubated in blocking buffer (3%
BSA, 0,05% saponin in PBS) for 1 h. After incubation overnight at 4 °C
with anti-cytochrome c or anti-Hsp60 1:200 in blocking buffer, cells
were washed three times and incubated for 1 h at room temperature
with PE-labeled secondary anti-mouse antibody (PharMingen), diluted
1:200 in blocking buffer. Quantitative analysis was performed by flow
cytometry.

Confocal Microscopy Analysis—HeLa cells were plated onto glass
chamber slides (Lab-Tek) and grown in complete medium for an addi-
tional day after plating. Viable cultures were either first exposed for 20
min at 37 °C to 100 nM MitoTracker Red CMX diluted in control

FIGURE 1. FA cells are more sensitive to stress-induced mitochondrial damage and apoptosis. A, quantitation of frataxin expression, by immunoblot analysis of whole cell lysates,
in lymphoblastoid cells derived from a FA patient and from his healthy brother. B, lymphoblastoid cells derived from the healthy brother (gray columns) or from the FA patient (dark
columns) were left untreated or exposed to ceramide (30 �M for 16 h), GD3 ganglioside (200 �M for 24 h), staurosporine (0.3 �M for 6 h), or UVB (1200 J/m2). Apoptosis was detected
by annexin V staining and FACS analysis. Means � 1 S.D. from five different experiments are shown. C, lymphoblastoid cells derived as described for A were left untreated or exposed
to the indicated stimuli. Mitochondrial inner membrane depolarization was detected by TMRE staining after 5 h. As a positive control, cells were treated with 50 �M carbonyl cyanide
m-chlorophenylhydrazone (CCCP) for 10 min. The percentage of cells with depolarized mitochondria, as compared with untreated cells by FACS analysis, is reported. Means � 1 S.D.
from five different experiments are shown. D, lymphoblastoid cells derived as described for A were left untreated or exposed to the indicated stimuli. ROS production was quantitated
by HE staining and FACS analysis after 5 h. Means � 1 S.D. from four different experiments are shown. cer, ceramide; stau, staurosporine.

FIGURE 2. FA cells are more susceptible to stress-induced cytochrome c release from
mitochondria. Lymphoblastoid cells derived from the healthy brother or from the FA
patient were left untreated (open areas) or exposed to 0.4 �M staurosporine (dark areas)
and cytochrome c release quantitated by FACS analysis after 4 h. Cells were stained with
isotype-matched control anti-HSP60 mAb (upper panels) or with anti-cytochrome c mAb
(lower panels). The fraction of cells in which cytochrome c is released is indicated by the
horizontal bar. One representative experiment, out of three performed with similar
results, is shown. In this experiment, cells that released cytochrome c were 15%
(untreated) versus 42% (after staurosporine) for the healthy donor, and 12% (untreated)
versus 69% (after staurosporine) for the FA patient. In the corresponding area of the
histogtams, cells stained with control mAb were less than 7% in all conditions.
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medium or directly fixed for 15 min with 4% paraformaldehyde in PBS.
Coverslips were rinsed once with PBS and permeabilized for 30 min at
37 °C with 60 �M digitonin, followed by a blocking step, with PBS con-
taining 10% FBS, overnight at 4 °C. Samples were then incubated for 1 h
at 37 °C with 1:100 dilution of anti-frataxin mAb, anti-p110 mitochon-
drial proteinmAb or anti-Hsp60mAb, followed by secondary BODIPY-
conjugated goat anti-mouse antibody (Molecular Probes), washed, and
mounted on glass slides with Prolong Antifade (Molecular Probes).
Confocal images were acquired by using a PCM-2000 confocal micro-
scope (Nikon) and were then processed by using EZ C1 software
(Nikon).

Subcellular Fractionations—To isolate mitochondrial and cytosolic
fractions, cells were harvested, washed twice with ice-cold PBS, and
resuspendend into an ice-cold isotonic buffer (210mMmannitol, 70mM

sucrose, 10 mM HEPES, pH 7.4, 1 mM EDTA, and 1 mM dithiothreitol)
supplementedwith protease inhibitors (1mMphenylmethylsulfonyl flu-
oride, 1 �g/ml leupeptin, 1 �g/ml pepstatin A, 1 �g/ml aprotinin).
Human peripheral blood mononuclear cells from different healthy
donors were isolated by lymphoprep density gradient centrifugation at
800� g and treated as above. Cells were then passed through a 30-gauge
syringe needle several times. The cell suspension was centrifuged at
700 � g for 10 min at 4 °C to eliminate nuclei and unbroken cells. The
supernatant was further centrifuged twice at 10,000 � g for 30 min at
4 °C and collected as a cytosolic fraction. The heavy membrane pellet,
which contained mitochondria, was washed in the isotonic buffer and
resuspended in a hypotonic buffer (PBS containing 1% Triton X-100)
supplemented with protease inhibitors. To partition the cytosolic frac-
tions into P100 and S100 fractions, further centrifugations were per-
formed at 100,000 � g for 1 h at 4 °C. For total protein extracts, cells
were lysed in ice-cold lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM

NaCl, 1% Triton X-100, 1% Nonidet P-40, 5 mM EDTA, 5 mM EGTA)
supplemented with protease inhibitors. Total, mitochondrial, and cyto-
solic fractions were then analyzed by Western blotting and revealed by
ECL (Amersham Biosciences).

RESULTS

To investigate the role of frataxin in promoting cell survival, we took
advantage of lymphoblastoid cells derived from a FA patient, which
express very low levels of frataxin, and control lymphoblastoid cells
derived from a healthy brother of the patient (Fig. 1A). Lymphoblasts
were exposed to death-inducing doses of ceramide, as a general and
conserved mediator of cellular stress responses (24, 25), to ganglioside
GD3, which specifically targets mitochondria and promotes apoptosis
(26, 27), to the kinase inhibitor staurosporine and toUVB. Fig. 1B shows
that FA lymphoblasts were more sensitive to ceramide, to GD3, and to
staurosporine, as measured by apoptosis induction, than their related
controls. However, frataxin deficiency did not affect their sensitivity to
UVB (over awide range of doses; data not shown). A similar spectrumof
sensitivity was observed whenmitochondrial inner membrane depolar-
ization (Fig. 1C) and production of ROS (Fig. 1D) were measured.
Importantly, FA lymphoblasts released cytochrome c from mitochon-
dria more readily that their healthy controls, when exposed to stauro-
sporine (Fig. 2). Collectively, these results indicate that frataxin-defi-
cient cells are more sensitive to several, yet not all, major inducers of
cellular stress.
We then directly addressed the ability of frataxin to suppress apopto-

sis by overexpressing frataxin in different cell lines. Frataxin is normally
synthesized as a 210-amino acid precursor. Subsequently, N-terminal
mitochondrial localization sequences allow the import of the precursor
into the mitochondria, where a mitochondrial processing peptidase
(MPP) sequentially cleaves the precursor after Gly41 and Ala55 releasing
an intermediate product, and eventually the 155-amino acid mature,
functional mitochondrial frataxin (28, 29) (Fig. 3A). To verify whether
the mitochondrial localization is obligatory for its function, we gener-
ated a frataxin deletionmutant, extramitochondrial frataxin56–210, lack-
ing the first 55 residues, including theN-terminalmitochondrial import
sequences. This mutant therefore corresponds to the mature frataxin
and cannot be recruited into the mitochondria. Although this mutant
was produced according to the reported MPP cleavage site (RA55:S)
yielding the mature product (28), when transiently expressed in several

FIGURE 3. Processing and localization of frataxin.
A, schematic representation of the 1–210 frataxin
precursor, its intermediate (42–210) processing
product, and the mature (56–210) mitochondrial
frataxin. MIS, mitochondrial import sequences. B,
HEK-293 cells, HeLa cells, and SH-SY5Y cells were
transiently transfected with empty vector (ev), the
wild type frataxin (F), or the extramitochondrial
frataxin56–210 (EF). The different products were visu-
alized by SDS-PAGE and immunoblot analysis with
anti-frataxin antibodies. The asterisk indicates a
frataxin degradation product. C, HEK-293 cells were
transiently transfected with wild type frataxin (F) or
extramitochondrial frataxin56–210 (EF). Total cell
lysates (T), cytosolic (C), and mitochondrial (M) frac-
tions were analyzed by SDS-PAGE and immuno-
blotted with anti-tubulin, anti-VDAC, anti-cyto-
chrome c, and anti-frataxin antibodies.
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cell lines it migrated slightly slower than mature frataxin proteolytically
generated from thewild type construct (Fig. 3B). The latter corresponds
to the genuine mature product, since it co-migrated with the endoge-
nous frataxin present in each cell line. To verify the compartmentaliza-
tion of the frataxin products, the wild type and the extramitochondrial
frataxin56–210were transiently expressed inHEK-293 cells, and cell frac-
tionations were performed. SDS-PAGE and Western analysis of the
fractionated cell lysates confirmed that the cytosolic protein tubulin
partitioned within the cytosolic fractions and that the mitochondrial
VDAC and cytochrome c associated with the mitochondrial fractions.
As expected, the extramitochondrial frataxin56–210 generated a product
that did not associate with the mitochondria (Fig. 3C). Unexpectedly,
however, themature product fromwild type frataxinwas not only found

associated with the mitochondria but was also found in the cytosolic
fraction (Fig. 3C).
The T-cell lymphoma HuT78 cells undergo massive apoptosis

when exposed to ceramide. We found that the transient expression
of frataxin protects HuT78 cells toward ceramide-induced apopto-
sis, to the extent achieved by the transient expression of the anti-
apoptotic protein Bcl-2 (Fig. 4A). The overexpression of a different
mitochondrial protein, 3-hydroxyisobutyrate dehydrogenase, was
ineffective. HuT78 cells also undergo apoptosis in response to
endogenous GD3 accumulation, as induced by the transient expres-
sion of GD3 synthase (ST8). The simultaneous co-expression of
frataxin prevented ST8-induced apoptosis, similarly to the protec-
tion conferred by Bcl-2 co-expression (Fig. 4B). These findings were

FIGURE 4. Frataxin suppresses apoptosis. A,
HuT78 cells were transiently transfected with pIRES2
empty vector (ev), pIRES2/3-hydroxyisobutyrate
dehydrogenase (HBD), pIRES2/wild type frataxin
(F), pIRES2/Bcl-2 (B), or pIRES2/extramitochondrial
frataxin56–210 (EF) and exposed to 50 �M C2-ceram-
ide. At the indicated time points apoptosis was
quantitated by Hoechst staining. B, HuT78 cells were
transiently transfected with pIRES2 empty vector
only (open column) or transiently transfected with
pcDNA3/GD3 synthase (ST8) (dark columns) and
simultaneously co-transfected with pIRES2 empty
vector (ev), pIRES2/wild type frataxin (F), pIRES2/
Bcl-2 (B), or pIRES2/extramitochondrial fra-
taxin56–210 (EF). Apoptosis induction was quanti-
tated after 24 h by Hoechst staining. C, Jurkat cells
and SH-SY5Y cells were transiently transfected with
pIRES2 empty vector and left untreated (open col-
umns) or transiently transfected pIRES2 empty vec-
tor (ev), pIRES2/wild type frataxin (F), or pIRES2/ex-
tramitochondrial frataxin56–210 (EF) and exposed to
50 �M C2-ceramide (dark columns) or to 1200 J/m2

UVB (gray columns). Apoptosis induction was quan-
titated after 16 h by Hoechst staining. D, SH-SY5Y
cells were transiently transfected with either pIRES2
empty vector (ev), pIRES2/wild type frataxin (F),
or pIRES2/extramitochondrial frataxin56–210 (EF),
labeled with HE, and left untreated or exposed to 50
�M C2-ceramide. After 16 h, cells were analyzed by
FACS, and transfected cells were selected by elec-
tronic gating (see “Experimental Procedures”). Fluo-
rescence intensity displayed on the x axis is a meas-
ure of ROS content of transfected cells. Broken lines,
untreated cells; solid lines, ceramide-treated cells.
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extended to additional cellular systems, such as the lymphoid cell
line Jurkat and the neuroblastoma cell line SH-SY5Y. In both cases
the transient expression of frataxin significantly suppressed ceram-
ide-induced apoptosis (Fig. 4C). Both in Jurkat and in SH-SY5Y cells,
however, frataxin could not block UVB-induced apoptosis.
Quite unexpectedly, in all instances the expression of the extramito-

chondrial frataxin56–210 was at least as effective in apoptosis protection
as the expression of wild type frataxin (Fig. 4, A–C). Moreover, as
detected by hydroethidine staining and FACS analysis, extramitochon-
drial frataxin56–210 transiently expressed in SH-SY5Y neuroblastoma
cells suppressed ceramide-induced ROS production as efficiently as
wild type frataxin (Fig. 4D).

Together these results suggest that mature frataxin may not be only
confined to the mitochondria and that an extramitochondrial pool of
frataxin can control ROS production and apoptosis. To exclude that the
presence ofmature frataxin outside themitochondria observed inHEK-
293 cells (Fig. 3C) was due to forced expression, we investigated the
distribution of endogenous frataxin by immunostaining and confocal
microscopic analysis in HeLa cells. Fig. 5 shows that a substantial
amount of frataxin does not co-localize with the mitochondria, as
revealed by simultaneous MitoTracker staining, while complete co-lo-
calization can be detected between mitochondria and the p110 mito-
chondrial protein or the mitochondrial matrix protein HSP60.
To verify that the non-mitochondrial endogenous frataxin corre-

sponded to the endogenous �17-kDa mature product, different cell
lines were subjected to cell fractionation followed by SDS-PAGE and
immunoblot analysis. Fig. 6A shows that in HeLa cells, tubulin was
recovered in the cytosolic fraction, while VDAC, the mitochondrial
matrix chaperone HSP60, the mitochondrial matrix manganese-
dependent superoxide dismutase, or cytochrome c were recovered in
the mitochondrial fraction. Frataxin, however, was recovered both in

the mitochondrial and in the cytosolic fractions. Further fractionation
of the cytosolic fractions at 100,000 � g revealed that extramitochon-
drial frataxin is mostly distributed into the S100-soluble cytosol (data
not shown). Frataxin was similarly found in the cytosolic fraction in two
additional cell lines, SH-SY5Y and Jurkat, as well as in resting peripheral
blood mononuclear cells from normal donors (Fig. 6B). In all instances,
the cytosolic fractions contained frataxin, and its molecular size corre-
sponded to the mature mitochondrial frataxin.
To further analyze the functional capability of extramitochondrial

frataxin, both wild type and extramitochondrial frataxin56–210 were sta-
bly expressed into the frataxin-deficient FA lymphoblasts (Fig. 7A). Sta-
ble transfectants were then exposed to ceramide and staurosporine. As
shown in Fig. 7, the expression of the extramitochondrial frataxin56–210

was at least as effective as the expression of the wild type frataxin in
granting protection to ceramide, measured by triggering of apoptosis
(Fig. 7B), induction of mitochondrial inner membrane depolarization
(Fig. 7C), and production of ROS (Fig. 7D). Similarly, protection was
conferred by extramitochondrial frataxin56–210 to FA cells in response
to staurosporine (Fig. 7, B–D). Therefore, extramitochondrial frataxin
can functionally substitute for mitochondrial frataxin in promoting cell
survival.

DISCUSSION

Herewe show that a significant pool ofmature frataxin not associated
with the mitochondria exists in different cell types. Extramitochondrial
frataxin is functional, as its expression can prevent stress-induced ROS
accumulation and apoptosis in transformed cells. Moreover, it can fully
replace mitochondrial frataxin in restraining stress-induced mitochon-
drial damage and apoptosis induction in FA cells.
We found that frataxin deficiency sensitizes cells to stress-induced

apoptosis and that, perhapsmore importantly, the enhanced expression
of frataxin suppresses stress-induced apoptosis in different cellular sys-
tems. In particular, frataxin appears to efficiently suppress mitochon-
dria-mediated apoptosis induced by staurosporine and by ceramide or
GD3 ganglioside. These two structurally related lipid mediators of cel-
lular stress, upon intracellular accumulation, cause mitochondrial
membrane damage associated with ROS production and release of

FIGURE 5. Detection of extramitochondrial frataxin. HeLa cells were immunostained
for frataxin, for the p110 mitochondrial protein or for HSP60 (green), while mitochondria
were simultaneously revealed by MitoTracker staining (red). Co-localization is rendered
in the merge panels (yellow). Subcellular distribution of frataxin and mitochondria was
analyzed by microscopic confocal analysis.

FIGURE 6. Endogenous extramitochondrial frataxin corresponds to the mature
form of the protein. A, total cell lysates (T), cytosolic (C), and mitochondrial (M) fractions
from HeLa cells were analyzed by SDS-PAGE and immunoblotted using anti-tubulin,
anti-VDAC, anti-HSP60, anti-manganese-superoxide dismutase, anti-cytochrome c, and
anti-frataxin antibodies. B, total cell lysates (T), cytosolic (C), and mitochondrial (M) frac-
tions from SH-SY5Y cells, Jurkat cells, and peripheral blood mononuclear cells (PBMC)
from a representative normal donor were analyzed by SDS-PAGE and immunoblotted
using anti-tubulin, anti-VDAC, anti-HSP60, anti-cytochrome c, and anti-frataxin
antibodies.
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apoptogenic factors such as cytochrome c and apoptosis-inducing fac-
tor and activated caspase 9 (26, 27). Surprisingly, mitochondrial damage
and apoptosis appear efficiently protected also by an extramitochon-
drial pool of mature frataxin.
Proteolytic processing by MPP is required for the production of a

mature and functional frataxin (28). Although not directly addressed by
the present work, it seems likely that extramitochondrial frataxin is
exported from the mitochondria in its mature form, after processing by
the MPP. Frataxin may therefore behave similarly to other nuclear-
encoded proteins, which enter themitochondria formaturation and are
later exported (30), although themechanisms of export and targeting to
extramitochondrial location are still largely obscure.
An extramitochondrial re-localization of frataxin has been very

recently described during the enterocyte-like differentiation of the
human colon adenocarcinoma cell line Caco-2 (31). In this system,
extramitocondrial frataxin was found to associate with IscU1, a compo-
nent of the ISC assembly machinery. Frataxin is in fact involved in the
biosynthesis of ISC, inorganic prosthetic groups contained in a variety
of proteins (7). In mammalian cells, frataxin deficiency affects both
mitochondrial and cytosolic ISC-containing proteins (6, 8, 32). ISC bio-

genesis in eukaryotes occurs mainly within the mitochondria and pro-
vides metalloclusters to many of the components of the mitochondrial
respiratory chain and to both mitochondrial and cytosolic aconitases
(33). The assembly of cytosolic ISC-containing proteins requires export
of ISCs frommitochondria. Whether frataxin is exported together with
ISCs via this pathway and whether extramitochondrial frataxin partici-
pates to ISC biogenesis remains to be further investigated.
Frataxin is required for cell survival and organismal development.

Homozygous inactivation of the frda gene in the developing mouse
results in embryonic lethality, with tissues showing both apoptotic and
necrotic features (3). Myocardium and several areas of the central nerv-
ous system from conditional knock-out mice also show signs of degen-
eration caused by massive cell death (34), including autophagy (35).
Interestingly, we recently reported that in the nematode C. elegans, the
frataxin (frh-1) knock-out strain is developmentally arrested at the
L2-L3 stage, and RNA interference-mediated suppression of frh-1
expression results in higher sensitivity to superoxide-induced stress
(4, 36). Accordingly, cellular antioxidant defenses are modulated by
frataxin expression levels (37, 38). Cells derived from FA patients are
indeed more susceptible to oxidative stress and can be protected by
reconstitution of frataxin (16). FA patients indeed show biochemical
signs of ongoing oxidative stress (18, 19). Impaired mitochondrial res-
piration, due to loss of ISC-containing proteins, is considered responsi-
ble for increased ROS production and increased sensitivity to stress,
leading to accelerated cell death (39). This scenario, however, has been
recently challenged by the finding that, in the cardiac conditional
knock-out mouse model, ISC biogenesis is reduced in the absence of
oxidative stress, and antioxidant interventions have no effect on tissue
degeneration (22). The molecular mechanism used by extramitochon-
drial frataxin to suppress apoptosis is currently under investigation.We
observed that extramitochondrial frataxin efficiently prevents stress-
induced ROS accumulation. The finding that extramitochondrial
frataxin can efficiently substitute for mitochondrial frataxin in prevent-
ing oxidative damage and suppressing apoptosis may provide an oppor-
tunity to identify and pharmacologically modulate cytosolic targets rel-
evant to the disease.

Acknowledgment—We thank Dario Serio for technical assistance.

REFERENCES
1. Puccio, H., and Koenig, M. (2002) Curr. Opin. Genet. Dev. 12, 272–277
2. Patel, P. I., and Isaya, G. (2001) Am. J. Hum. Genet. 69, 15–24
3. Cossee, M., Puccio, H., Gansmuller, A., Koutnikova, H., Dierich, A., LeMeur, M.,

Fischbeck, K., Dolle, P., and Koenig, M. (2000) Hum. Mol. Genet. 9, 1219–1226
4. Ventura, N., Rea, S., Henderson, S. T., Condo’, I., Johnson, T. E., and Testi, R. (2005)

Aging Cell 4, 109–112
5. Muhlenhoff, U., Richhardt, N., Ristow, M., Kispal, G., and Lill, R. (2002) Hum. Mol.

Genet. 11, 2025–2036
6. Yoon, T., and Cowan, J. A. (2003) J. Am. Chem. Soc. 125, 6078–6084
7. Rouault, T. A., and Tong, W. H. (2005) Nat. Rev. Mol. Cell. Biol. 6, 345–351
8. Bulteau, A. L., O’Neill, H. A., Kennedy, M. C., Ikeda-Saito, M., Isaya, G., and Szweda,

L. I. (2004) Science 305, 242–245
9. Gonzalez-Cabo, P., Vazquez-Manrique, R. P., Garcia-Gimeno, M. A., Sanz, P., and

Palau, F. (2005) Hum. Mol. Genet. 14, 2091–2098
10. Cavadini, P., O’Neill, H. A., Benada, O., and Isaya, G. (2002) Hum. Mol. Genet. 11,

217–227
11. O’Neill, H. A., Gakh, O., and Isaya, G. (2005) J. Mol. Biol. 345, 433–439
12. Yoon, T., and Cowan, J. A. (2004) J. Biol. Chem. 279, 25943–25946
13. Ristow, M., Pfister, M. F., Yee, A. J., Schubert, M., Michael, L., Zhang, C. Y., Ueki, K.,

Michael, M. D., II, Lowell, B. B., and Kahn, C. R. (2000) Proc. Natl. Acad. Sci. U. S. A.
97, 12239–12243

14. Lodi, R., Cooper, J. M., Bradley, J. L., Manners, D., Styles, P., Taylor, D. J., and
Schapira, A. H. (1999) Proc. Natl. Acad. Sci. U. S. A. 96, 11492–11495

15. Wong, A., Yang, J., Cavadini, P., Gellera, C., Lonnerdal, B., Taroni, F., and Cortopassi,
G. (1999) Hum. Mol. Genet. 8, 425–430

FIGURE 7. Extramitochondrial frataxin can protect frataxin-deficient cells from apo-
ptosis. A, quantitation of frataxin expression, by immunoblot analysis of whole cell lysates, in
lymphoblastoid cells derived from the FA patient stably transfected with pcDNA3/empty
vector (ev), pcDNA3/wild type frataxin (F), or the pcDNA3/extramitochondrial frataxin56–210

(EF). B, lymphoblastoid cells derived from the FA patient, stably transfected with empty vec-
tor (ev), wild type frataxin (F), or the extramitochondrial frataxin56–210 (EF), were either left
untreated (gray columns) or exposed to 30 �M ceramide (cer; dark columns) and to 0.2 �M

staurosporine (stau; dark columns). Apoptosis was detected by annexin V staining and FACS
analysis after 18 h (cer) or after 5 h (stau). Means � 1 S.D. from five different experiments are
shown. C, lymphoblastoid cells were derived and treated as described for B. Mitochondrial
inner membrane depolarization was quantitated by TMRE staining and FACS analysis after
16 h (cer) or after 5 h (stau). Means � 1 S.D. from four different experiments are shown. D,
lymphoblastoid cells were derived and treated as described for B. ROS were quantitated by
HE staining and FACS analysis after 16 h (cer) or after 5 h (stau). Means � 1 S.D. from three
different experiments are shown.

A Pool of Extramitochondrial Frataxin That Promotes Cell Survival

JUNE 16, 2006 • VOLUME 281 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 16755

 by guest on July 24, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


16. Tan, G., Chen, L. S., Lonnerdal, B., Gellera, C., Taroni, F. A., and Cortopassi, G. A.
(2001) Hum. Mol. Genet. 10, 2099–2107

17. Pianese, L., Tammaro, A., Turano, M., De Biase, I., Monticelli, A., and Cocozza, S.
(2002) Neurosci. Lett. 320, 137–140

18. Schulz, J. B., Dehmer, T., Schols, L., Mende, H., Hardt, C., Vorgerd, M., Burk, K.,
Matson, W., Dichgans, J., Beal, M. F., and Bogdanov, M. B. (2000) Neurology 55,
1719–1721

19. Emond, M., Lepage, G., Vanasse, M., and Pandolfo, M. (2000) Neurology 55,
1752–1753

20. Ristow, M., Mulder, H., Pomplun, D., Schulz, T. J., Muller-Schmehl, K., Krause, A.,
Fex, M., Puccio, H., Muller, J., Isken, F., Spranger, J., Muller-Wieland, D., Magnuson,
M. A., Mohlig, M., Koenig, M., and Pfeiffer, A. F. (2003) J. Clin. Invest. 112, 527–534

21. Thierbach, R., Schulz, T. J., Isken, F., Voigt, A., Mietzner, B., Drewes, G., von Kleist-
Retzow, J. C.,Wiesner, R. J., Magnuson,M. A., Puccio, H., Pfeiffer, A. F., Steinberg, P.,
and Ristow, M. (2005) Hum. Mol. Genet. 14, 3857–3864

22. Seznec,H., Simon,D., Bouton, C., Reutenauer, L., Hertzog, A., Golik, P., Procaccio, V.,
Patel, M., Drapier, J. C., Koenig, M., and Puccio, H. (2005) Hum. Mol. Genet. 14,
463–474

23. Schulz, T. J., Thierbach, R., Voigt, A., Drewes, G., Mietzner, B. H., Steinberg, P.,
Pfeiffer, A. F., and Ristow, M. (2005) J. Biol. Chem. 281, 977–981

24. Hannun, Y. A., and Obeid, L. M. (2002) J. Biol. Chem. 277, 25847–25850
25. Reynolds, C. P., Maurer, B. J., and Kolesnick, R. N. (2004) Cancer Lett. 206, 169–180
26. De Maria, R., Lenti, M. L., Malisan, F., d’Agostino, F., Tomassini, B., Zeuner, A.,

Rippo, M. R., and Testi, R. (1997) Science 277, 1652–1655

27. Malisan, F., and Testi, R. (2002) Biochim. Biophys. Acta 1585, 179–187
28. Cavadini, P., Adamec, J., Taroni, F., Gakh, O., and Isaya, G. (2000) J. Biol. Chem. 275,

41469–41475
29. Koutnikova, H., Campuzano, V., Foury, F., Dolle, P., Cazzalini, O., and Koenig, M.

(1997) Nat. Genet. 16, 345–351
30. Soltys, B. J., and Gupta, R. S. (1999) Trends Biochem. Sci. 24, 174–177
31. Acquaviva, F., De Biase, I., Nezi, L., Ruggiero, G., Tatangelo, F., Pisano, C., Monticelli,

A., Garbi, C., Acquaviva, A. M., and Cocozza, S. (2005) J. Cell Sci. 118, 3917–3924
32. Stehling, O., Elsasser, H. P., Bruckel, B., Muhlenhoff, U., and Lill, R. (2004)Hum.Mol.

Genet. 13, 3007–3015
33. Frazzon, J., Fick, J. R., and Dean, D. R. (2002) Biochem. Soc. Trans. 30, 680–685
34. Puccio, H., Simon, D., Cossee, M., Criqui-Filipe, P., Tiziano, F., Melki, J., Hindelang,

C., Matyas, R., Rustin, P., and Koenig, M. (2001) Nat. Genet. 27, 181–186
35. Simon, D., Seznec, H., Gansmuller, A., Carelle, N., Weber, P., Metzger, D., Rustin, P.,

Koenig, M., and Puccio, H. (2004) J. Neurosci. 24, 1987–1995
36. Vazquez-Manrique, R. P., Gonzalez-Cabo, P., Ros, S., Aziz, H., Baylis, H. A., and

Palau, F. (2006) FASEB J. 20, 172–174
37. Chantrel-Groussard, K., Geromel, V., Puccio, H., Koenig, M., Munnich, A., Rotig, A.,

and Rustin, P. (2001) Hum. Mol. Genet. 10, 2061–2067
38. Shoichet, S. A., Baumer, A. T., Stamenkovic, D., Sauer, H., Pfeiffer, A. F., Kahn, C. R.,

Muller-Wieland, D., Richter, C., and Ristow, M. (2002) Hum. Mol. Genet. 11,
815–821

39. Tan, G., Napoli, E., Taroni, F., and Cortopassi, G. (2003) Hum. Mol. Genet. 12,
1699–1711

A Pool of Extramitochondrial Frataxin That Promotes Cell Survival

16756 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 281 • NUMBER 24 • JUNE 16, 2006

 by guest on July 24, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Testi
Ivano Condò, Natascia Ventura, Florence Malisan, Barbara Tomassini and Roberto

A Pool of Extramitochondrial Frataxin That Promotes Cell Survival

doi: 10.1074/jbc.M511960200 originally published online April 11, 2006
2006, 281:16750-16756.J. Biol. Chem. 

  
 10.1074/jbc.M511960200Access the most updated version of this article at doi: 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/281/24/16750.full.html#ref-list-1

This article cites 38 references, 11 of which can be accessed free at

 by guest on July 24, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/lookup/doi/10.1074/jbc.M511960200
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;281/24/16750&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/281/24/16750
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=281/24/16750&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/281/24/16750
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/281/24/16750.full.html#ref-list-1
http://www.jbc.org/

