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Mitochondrial ferritin limits oxidative damage
regulating mitochondrial iron availability:
hypothesis for a protective role in Friedreich ataxia
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Mitochondrial ferritin (FtMt) is a nuclear-encoded iron-sequestering protein that specifically localizes in mito-
chondria. In mice it is highly expressed in cells characterized by high-energy consumption, while is undetect-
able in iron storage tissues like liver and spleen. FtMt expression in mammalian cells was shown to cause a
shift of iron from cytosol to mitochondria, and in yeast it rescued the defects associated with frataxin
deficiency. To study the role of FtMt in oxidative damage, we analyzed the effect of its expression in HeLa
cells after incubation with H,O, and Antimycin A, and after a long-term growth in glucose-free media that
enhances mitochondrial respiratory activity. FtMt reduced the level of reactive oxygen species (ROS),
increased the level of adenosine 5’triphosphate and the activity of mitochondrial Fe-S enzymes, and had a
positive effect on cell viability. Furthermore, FtMt expression reduces the size of cytosolic and mitochondrial
labile iron pools. In cells grown in glucose-free media, FtMt level was reduced owing to faster degradation
rate, however it still protected the activity of mitochondrial Fe-S enzymes without affecting the cytosolic
iron status. In addition, FtMt expression in fibroblasts from Friedreich ataxia (FRDA) patients prevented
the formation of ROS and partially rescued the impaired activity of mitochondrial Fe-S enzymes, caused
by frataxin deficiency. These results indicate that the primary function of FtMt involves the control of ROS
formation through the regulation of mitochondrial iron availability. They are consistent with the expression
pattern of FtMt observed in mouse tissues, suggesting a FtMt protective role in cells characterized by defec-
tive iron homeostasis and respiration, such as in FRDA.

INTRODUCTION

Since living organisms developed oxidative metabolism, limit-
ation of the highly damaging by-products of respiration, the
reactive oxygen species (ROS), has become fundamental. Oxi-
dation of ferrous iron generates superoxide anions and toxic
hydroxyl radicals, thus the control of cellular iron homeostasis
represents an important mechanism for ROS limitation (1).
Ferritins are proteins dedicated for a safe cellular iron
storage; they assemble in 24-subunit shells that oxidize free
ferrous iron and sequester it inside the cavity in a non-reactive
ferric form (2). Mammalian ferritins are ubiquitous cyto-
plasmic proteins made by the combination of two different

subunits, ferritin Heavy chain (FtH) with ferroxidase activity
and ferritin Light chain (FtL) that promotes iron nucleation
(3). Recently, a ferritin encoded by a nuclear gene and with
specific mitochondrial localization has been characterized in
human, mouse, Drosophila and plants (4—7). Mitochondrial
ferritin (FtMt) is a 24-mer homopolymer (8) that has ferroxi-
dase activity (9). It is different from cytosolic ferritins; FtMt
is not ubiquitous and not found in cultured cells such as
HeLa or H1299 (10). Over-expression of FtMt influences cel-
lular iron homeostasis, driving the metal to mitochondria,
resulting in cytosolic iron starvation (11,12). This effect
explained the reduced growth in nude mice of a H1299
clone expressing FtMt (13). In humans, the protein is highly
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expressed in testis (4) and in the sideroblasts of patients
affected by sideroblastic anemia (14,15). This is a hetero-
geneous group of disorders that have in common the presence
of ringed erythroblasts with iron-loaded mitochondria (16). In
mouse, FtMt is highly expressed in testis, particularly in sper-
matocytes and Leydig cells, and was also found in other
organs, including heart, nervous system, pancreas (islet of
Langerhans) and kidney, but only in cells characterized by
high metabolic activity. FtMt was not found in liver and
spleen, which store iron and express high levels of cytosolic
ferritins (17).

Mitochondria require iron for heme and iron—sulfur cluster
(ISC) synthesis, but also generate large amounts of hydrogen
peroxide as by-products of respiratory activity (18). FtMt
might be important to reduce the harmful interaction between
Fe and H,0,, which may be particularly dangerous in cells
with sustained respiratory activity. FtMt may also be important
in pathological conditions where both mitochondrial iron
homeostasis and respiration are defective, such as in Frie-
dreich’s ataxia (FRDA) (19). FRDA is caused by decreased
expression of frataxin, a mitochondrial protein that acts as an
iron chaperone for the synthesis of heme and ISC (20,21).
Heart tissues of FRDA patients showed defective activity of
aconitase and mitochondrial respiratory complexes, and
increased iron deposits (22—24). The cultured skin fibroblasts
and lymphoblasts from FRDA patients were more sensitive to
oxidative insults than those from healthy donors (25). Also
frataxin-free pancreas and liver of conditional knock-out mice
(26,27) and tissues of FRDA mouse models with GAA repeat
expansion showed oxidative damage and mitochondrial iron
accumulation (28). However, the frataxin-free hearts of con-
ditional knock-out mice did not show signs of oxidative
damage, and mitochondrial iron overload was a late event
in disease progression (29). Various studies showed that
frataxin-deficient yeasts have respiratory deficiency, a 10-fold
increase in mitochondrial iron content, increased sensitivity
to oxidants, defective Fe-S enzymes activities and mitochon-
drial DNA damage (30—32). The expression of FtMt rescued
the respiratory deficiency, reduced the mitochondrial iron
accumulation and improved Fe-S enzyme activities; moreover,
it increased the resistance to oxidants and protected from mito-
chondrial DNA damage (33). The finding of FtMt in cardio-
myocytes and in mitochondrial fraction of fibroblasts from
two FRDA patients (22,34) suggests that its expression may
be a response to the disorder. A protective role of FtMt was
recently demonstrated in frataxin-silenced HeLa cells (35).
Thus, we considered interesting to verify if FtMt expression
could protect from oxidative damage and compensate for fra-
taxin deficiency in cells from FRDA patients.

In this work, we expressed FtMt in HeLa cells and we
studied their properties in response to stress conditions
induced by H,0O, and Antimycin A, with changes of growth
media and after prolonged growth in galactose-supplemented
glucose-free medium, a condition that increases respiratory
activity (36). We also expressed FtMt in FRDA fibroblasts
that have defective respiratory activity caused by frataxin
deficiency. We found that, under all tested conditions, FtMt
protected the cells from oxidative damage and maintained
the balance between mitochondria iron availability and ROS
formation.
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Figure 1. HeLa-tTA-FtMt clone subjected to H,O, treatment. Effects of H,O,
treatment was analyzed on HeLa-tTA-FtMt clone, not induced (-FtMt) or
induced (+FtMt) for 7 days. (A) Reactive oxygen species (ROS) generation
was measured by Rhodamine-123 fluorescence development after incubation
of cells with 200 M H,0, for 30 min. Values are presented as relative increase.
(B) Adenosine 5’triphosphate (ATP) production was evaluated after 2 h cellular
treatment with 200 wM H,0, by ATP luciferase assay. (C) Cell viability was
assayed after 2 h of treatment with 600 um H,O,, by thiazolyl blue tetrazolium
bromide assay. ATP and cell viability are presented as percentage relative to
untreated cells. A representative of three sets of results is shown and error
bars represent standard deviations referred to six independent determinations.
Horizontal bars point at significant differences. p: result of Student’s -test.

RESULTS

Mitochondrial ferritin and oxidative stress

We studied a HeLa-tTA-FtMt clone in which FtMt expression
was modulated by the addition (control cells) or the removal
(FtMt-cells) of doxycycline to culture medium (11). After 7
days of growth in the absence of doxycycline, FtMt reached
a maximum concentration of 85 + 15 ng for milligrams of
total protein. To determine the effect of FtMt on ROS gener-
ation, the cells were incubated with the ROS-sensitive mito-
chondrial probe Dihydrorhodamine-123 (DHR-123) (37) and
then exposed to 200 uwm H,O, for 30 min. In the FtMt cells,
the relative increase of fluorescence was <50% than that of
the control cells (Fig. 1A). In other experiments, the 200 pwm
H,0, treatment was extended up to 2 h; in FtMt cells, the ade-
nosine 5’triphosphate (ATP) concentration remained >60% of
the initial, while in control cells it decreased to <40%
(Fig. 1B). A 2h treatment with 600 wm H,0, reduced the
number of viable cells to <30% in the control cells, and to
>40% in the FtMt cells (Fig. 1C). We also analyzed the
HeLa-tTA-FtMt,,, clone that expresses an FtMt variant with
an inactive ferroxidase activity (11), the cells viability after
the H,O, treatments was the same as that of the control cells
(not shown), indicating that the ferroxidase activity is essential
for increasing resistance of the cell to oxidative damages.

For a different and more localized oxidative insult, we used
Antimycin A, an uncoupler reagent that generates oxidative
stress specifically at the mitochondrial level (38). Treatment
of control cells with 5 pm Antimycin A for 18 h reduced the
activity of the succinate dehydrogenase (SDH) and mitochon-
drial aconitase (mtACO) Fe-S enzymes to 30% and 18%,
respectively, while it did not affect the activity of the
non-Fe-S enzyme malate dehydrogenase (MDH) (Fig. 2A).
The same treatment had lower effects on FtMt cells, where
the activities of the SDH and mtACO were reduced to 50%
and 30%, respectively (Fig. 2A). A high concentration of Anti-
mycin A (10 wm for 18 h) induced a 60% increase of ROS
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Figure 2. HeLa-tTA-FtMt clone subjected to Antimycin A treatment. Effects of Antimicyn A treatment was analyzed on HeLa-tTA-FtMt clone, not induced
(-FtMt) or induced (+FtMt) for 7 days. (A) Succinate dehydrogenase, aconitase and malate dehydrogenase activities were measured spectrophotometrically
in mitochondrial fractions of cells treated or not with 5 wM Antimycin A for 18 h. The experiment was repeated three times and one representative experiment
is shown. Error bars represent standard deviations referred to activity measurements. (B) Reactive oxygen species (ROS) and adenosine 5’triphosphate (ATP)
production were measured after cellular treatments with 10 wm Antimycin A for 18 h. ATP production is presented as percentage relative to untreated cells. A
representative of three sets of results is shown and error bars represent standard deviations referred to six independent determinations. Results were normalized
on protein content. Horizontal bars point at significant differences. p: result of Student’s 7-test. (C) Cells were treated or not with 100 pm Antimycin A for 6 h.
Protein extracts (30 pug) of mitochondrial (MF) and post-mitochondrial (PMF) fractions were analyzed for cytochrome ¢ content by western blot; (3-actin was
assayed to confirm equal loading of PMFs. The experiment was repeated two times.

above the basal level in control cells (Fig. 2B, left panel), but a
non-significant increase in FtMt cells, which also showed a
lower basal level (Fig. 2B, left panel). This treatment caused
a reduction of ATP to approximately 20% of the initial level
in the control cells, and to 50% in FtMt cells (Fig. 2B, right
panel). Moreover, it induced the partial release of cytochrome
¢ from the mitochondria of the control cells (not shown). For
more evident effects we used harsh conditions by treating cells
with 100 uwm Antimycin A for 5 h, and then we analyzed the
mitochondrial (MF) and the post-mitochondrial fractions
(PMF) by western blotting. The release of cytochrome ¢ was
detected in the PMF fraction of control cells, as expected,
while it was barely visible in the PMF of FtMt cells (Fig. 2C).

Mitochondrial ferritin and replacement of glucose with
galactose in culture medium

In the experiments shown above HeLa-tTA-FtMt clone was
grown in a medium containing 25 mm glucose, condition in
which cells are thought to produce most ATP from glucose
through glycolysis and from L-glutamine through tricarboxylic
acid cycle. To force oxidative phosphorylation we grew
the cells in glucose-free medium supplemented with 5 mm
galactose (39). After 7 days of FtMt induction in glucose
medium, cells were transferred to a galactose medium for
another 72 h and ROS level was analyzed. It increased about
two-fold in control cells, while it remained unchanged in
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Figure 3. HeLa-tTA-FtMt clone grown 3 days in glucose-free medium supplemented with galactose. Reactive oxygen species (ROS), mitochondrial (mtLIP) and
cytosolic (cytLIP) labile iron pools were measured in HeLa-tTA-FtMt clone, not induced (—FtMt) or induced (+FtMt) for 7 days in glucose medium and then
transferred to galactose medium for 3 days. (A) Left panel: representative pictures of Rhodamine-123 fluorescence showing differences in the two growth con-
ditions. Right panel: ROS quantification. A representative of three sets of results is shown and error bars represent standard deviations referred to six independent
determinations. (B) Estimation of mtLIP and cytLIP. Error bars indicate standard deviations referred to three independent experiments. Data are presented as
percentage relative to the value obtained in cells without FtMt and grown in glucose medium. Results were normalized on protein content. Horizontal bars point

at significant differences. p: result of Student’s #-test.

FtMt cells (Fig. 3A). Interestingly, ROS level was only mar-
ginally influenced by FtMt expression in the cells grown in
glucose (Figs 3A and 2B, left panel). To understand the link
between FtMt and ROS level, we analyzed the labile iron
pool (40) in the mitochondrial (mtLIP) and cytosolic
(cytLIP) compartments. We used the iron-sensitive fluorescent
probes Rhodamine B 4-[(1,10-Phenanthrolin-5-yl) Aminocar-
bonyl] benzyl ester (RPA) for mitochondria (41) and
Calcein-AM for cytosol (42). In control cells, the switch to
galactose caused a two-fold increase of mtLIP level and a
decrease of the cytLIP level (Fig. 3B). In the FtMt cells, the
effect was similar, but the mtLIP and the cytLIP levels were
25-30% lower. The finding suggested that the change from
glucose to galactose causes an oxidative stress to the cells,
and that FtMt protects in this condition also.

Mitochondrial ferritin during extended growth
in glucose and galactose media

HeLa-tTA-FtMt cells, whether or not induced for FtMt
expression, were plated in glucose or in galactose media and
maintained in exponential growth rate for 21 days. In
glucose medium, FtMt concentration, monitored by enzyme-
linked immunosorbent assay (ELISA), reached the plateau

after 7 days of induction, while in galactose FtMt kept increas-
ing for 21 days and reached a much lower level (Fig. 4A, left
panel). It was unlikely that glucose or galactose affected FtMt
expression by acting on cytomegalovirus promoter, while
probably they modified FtMt degradation. To verify this,
FtMt cells were metabolically labeled for 18 h, and FtMt
immunoprecipitated with the a-FtMt antibody at 0-, 16- and
24 h after labeling. The specificity of the assay was demon-
strated by the absence of immunoprecipitates from cells not
expressing FtMt (Fig. 4A, central panel). During growth in
glucose medium, 75% and 70% of the labeled FtMt were
recovered after 16- and 24 h, respectively; while in galactose
it was only 47% and 40%, suggesting an increased protein
degradation (Fig. 4A, right panel). After 21 days in glucose
medium, the cytLIP and mtLIP in FtMt cells were reduced
by 25-30% with respect to those measured in control cells
(Fig. 4B, left and central panels). The 21 days of growth in
galactose caused a reduction of mtLIP in control cells,
which was even further reduced in FtMt cells, reaching 20%
(Fig. 4B, central panel). No reduction occurred to the cytLIP
in the FtMt-cells grown in galactose medium (Fig. 4B, left
panel) and the variation of cytosolic aconitase (cytACO)
activities measured in the two conditions paralleled that of
the cytLIP values, 25% reduction in glucose and no reduction
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Figure 4. HeLa-tTA-FtMt clone during long-term-induced mitochondrial ferritin expression in glucose and galactose media. Data were collected in
HeLa-tTA-FtMt clone, not induced (—FtMt) or induced (+FtMt) for 21 days, grown in glucose or galactose media. (A) Left panel: mitochondrial ferritin
content, measured by enxyle-linked immunosorbent assay, during a representative induction. The experiment was repeated twice. Central and right panels: auto-
radiography after sodium dodecyl sulfate—polyacrylamide gel electrophoresis of samples collected at indicated times after **S-met and **S-cys labeling and
immunoprecipitated by a-FtMt antibody. Central panel: assay for a-FtMt antibody specificity. Right panel: FtMt pulse-chase experiments were repeated
three times and one representative is shown. Arrows indicated FtMt. (B) Left and central panels: cytosolic (cytLIP) and mitochondrial (mtLIP) labile iron
pools determined in three independent experiments. Data are presented as percentage relative to the values obtained in cells without FtMt and grown in
glucose medium. Right panel: reactive oxygen species quantification. A representative of three sets of results is shown and error bars represent standard devi-
ations referred to six independent determinations. (C) Enzymatic activities were measured in mitochondrial fractions and determined in four independent experi-
ments. Data are presented as percentage relative to the values obtained in cells without FtMt and grown in glucose medium. Results were normalized to protein
content. Error bars represent standard deviations. Horizontal bars indicate significant differences. p: result of Student’s #-test.

in galactose (not shown). The expression of FtMt reduced
ROS levels by approximately 20% in glucose medium and
prevented the ROS increase in galactose medium (Fig. 4B,
right panel). In glucose medium, the continuous expression
of FtMt also affected SDH activity which was reduced by
30% (Fig. 4C), differently from what was observed during
the first 7 days of induction where it was unchanged
(Fig. 2A). The activities of mtACO and MDH were unaffected
(Fig. 4C). In FtMt-cells grown in galactose, the SDH, mtACO

and MDH activities were significantly increased with respect
to those measured in FtMt-cells grown in glucose (Fig. 4C).
In contrast, in control cells, we observed only a slight increase
in enzyme activities, which was not statistically significant
(Fig. 4C). In particular, the deficit of SDH activity, observed
in the FtMt-cells grown in glucose medium, was rescued in
galactose medium and mtACO activity was approximately
20% higher with respect to that of control cells (Fig. 4C).
To establish whether the variation of Fe-S enzyme activities
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Figure 5. Mitochondrial ferritin expression in Friedreich ataxia (FRDA) fibroblasts. (A) Left panel: representative picture showing localization of mitochondrial
ferritin (FtMt) in transfected FRDA fibroblasts assayed by immunocytochemistry using a-FtMt antibody. Central panel: cells viability was revealed by trypan
blue assay on FRDA-mock and FRDA —FtMt fibroblasts subjected to increasing amounts of H,O, for 3 h. Data were collected on four independent transfections
for each of the two FRDA patients. Significant differences are pointed by P-values. Right panel: representative experiment in which transfected cells were pre-
treated with 100 M iron chelator DFO prior to incubation with 800 um H,O,. (B) Reactive oxygen species (ROS) were measured following the fluorescence of
Rhodamine-123 in controls and FRDA fibroblasts. Left panel: representative pictures of fluorescence intensity. Central panel: ROS quantification on eight inde-
pendent determinations. Right panel: ROS quantification on eight independent transfections with FtMt encoding or empty plasmids. Results were normalized on
protein content. Error bars indicate standard deviations. Horizontal bars point significant differences. DFO: desferoxamine. p: result of Student’s z-test.

were related to altered protein levels, we performed SDH and
mtACO immunoblotting analysis. The results indicated that
both the enzyme levels were not changed by FtMt expression
in both growth conditions (not shown). Finally, population
doubling time (PDT) measured in glucose medium was
23.2 4+ 2.3 h for FtMt-cells and 19.8 4+ 2.1 h for control cells
(P < 0,025), while in galactose medium FtMt- and control
cells did not show differences in PDT (31.3 + 2.1 h).

Mitochondrial ferritin in Friedreich ataxia cells

Reduced mitochondrial activity, susceptibility to oxidative stress
and defective mitochondrial iron utilization occur in FRDA cells
(43). We investigated the effect of FtMt expression in skin fibro-
blasts from two FRDA patients [cell lines 1037 (25) and 117] and
from two healthy controls. They were transiently transfected
with the pcDNA3-huFtMt plasmid-encoding FtMt (11), reaching
an average transfection efficiency of approximately 25%.
Immunocytochemical analysis confirmed that FtMt was cor-
rectly localized (Fig. 5A, left panel), and electrophoretic data
showed that it assembled into a ferritin shell (not shown).
First, we evaluated the sensitivity to H,O, insults of

FtMt-transfected FRDA fibroblasts (FRDA—FtMt) and of
FRDA fibroblasts transfected with an empty plasmid (FRDA-
mock). After 3 h treatments with 200 pm and 300 pm H,O,
cell viability was 20% higher in FRDA-FtMt cells than in
FRDA-mock cells (Fig. 5A, central panel). However, if the
cells were first treated with 100 wm Desferrioxamine for 15 h,
the incubation with 800 wm H,O, for 3 h did not reduce cell via-
bility (Fig. SA, right panel). It is thought that increased sensi-
tivity to H,O, depends on iron misregulation that occurs in
FRDA at mitochondrial level (25). ROS level were three times
higher in FRDA than in control fibroblasts, even in the
absence of any oxidizing insult (Fig. 5B, left and central
panels). FtMt transfection caused a small, but significant,
decrease of ROS formation (Fig. 5B, right panel), even with a
low transfection efficiency of these primary cells. Co-staining
showed that cells expressing FtMt had low ROS level (not
shown). Finally, we evaluated if increased ROS contributed to
affect mitochondrial Fe-S enzyme activities in FRDA cells. In
1037 and 117 cells, the activities of mtACO and SDH were
reduced by 20% and approximately 50%, respectively, com-
pared with controls, while the one that of MDH was unaffected
(Fig. 6A). After FtMt transfection, the mtACO activity was
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Figure 6. Mitochondrial ferritin expression in Friedreich ataxia (FRDA) fibro-
blasts, iron—sulfur cluster enzymatic activities. Mitochondrial enzymatic
activities were measured in mitochondrial fractions of controls and FRDA
fibroblasts. (A) Basal enzymatic activities determined in two independent
experiments. Results are presented as percentage relative to control fibroblasts.
(B) Activities measured after three independent transfections with mitochon-
drial ferritin (FtMt) encoding or empty plasmids on FRDA cells. Values are
presented as percentage relative to activities measured in mock cells. Error
bars represent standard deviations. Horizontal bars point at significant differ-
ences. p: result of Student’s #-test. (C) Representative pictures illustrating
co-determination of succinate dehydrogenase (SDH) activity and
FtMt-expressing cells in transfected FRDA fibroblasts. Bright field: simple
arrows point cells with high SDH activity. Empty arrows indicate low or nega-
tive fibroblasts. Immunofluorence: simple arrows indicate FtMt-positive cells.
Empty arrows indicate FtMt-negative cells.

increased by 15% in FRDA fibroblasts, while MDH activity was
unaffected (Fig. 6B). A direct evaluation of enzymatic function-
ality on live cells showed that FtMt expressing fibroblasts had
higher SDH activity than the non-expressing ones (Fig. 6C).

DISCUSSION

Mitochondrial ferritin protects HeLa cells
from oxidative damage

H-ferritin has an antioxidant activity, not only because it
oxidizes the potentially toxic ferrous iron, but also because
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it consumes ROS, such as H,0, (44,45). This partially
explains why the expression of cytosolic H-ferritin protected
HeLa cells from H,O, toxicity, while its silencing yield the
opposite effect (46,47). FtMt is thought to have a similar
role, although in vitro data suggested that it has lower capacity
to inhibit free radical formation than cytosolic H-ferritin (9).
This work shows that FtMt expression protected HeLa cells
from oxidative damage that caused a decrease of cell viability,
of ATP production and the inhibition of mitochondrial Fe-S
enzymes, and that the protection was linked to FtMt ferroxi-
dase activity. In fact, expression of the FtMt,,, variant with
inactivated ferroxidase activity (11) did not show any protec-
tion. Protective role of FtMt was observed in the
HeLa-tTA-FtMt clone subjected to various types of oxidative
insults, including H,O,, Antimicyn A, that acts more specifi-
cally on the mitochondria, and the switch from glucose to
galactose media, a pro-oxidant condition that caused an
evident increase in ROS production. Also FRDA fibroblasts
are characterized by chronic oxidative stress secondary to fra-
taxin deficiency (19), and also in these cells FtMt showed a
protective effect.

We previously demonstrated that FtMt positively competes
with cytosolic ferritin for iron incorporation (11). Here, we
add that FtMt expression reduces LIP level both in the cyto-
solic and in the mitochondrial compartments of cells grown
in normal glucose medium. Interestingly, we observed
that, under all conditions, the wvariation of the mtLIP
size was accompanied by a parallel variation of cellular
ROS, suggesting a causal relationship. This was particularly
evident in control cells grown in galactose medium, where
both mtLIP and ROS levels increased in the initial growth
phase and significantly decreased under long-term growth con-
dition. The reduction of mtLIP promoted by FtMt might also
affect superoxide dismutase 2 (SOD2) activity. This enzyme
has Mn®" as cofactor, and this can be competed out by iron
resulting in enzyme inactivation (48). This has been described
in yeast with alteration of mitochondrial iron metabolism and
in the condition of low manganese concentration (49). Thus, it
is conceivable that FtMt may contribute to cellular antioxidant
systems by preventing the inactivation of SOD2 even under
conditions of major mitochondrial iron requirement, as
recently shown in frataxin-silenced HeLa cells (35).

Mitochondrial ferritin and oxidative phosphorylation

The analysis of the FtMt clone induced for about 3 weeks
showed some interesting relationships between FtMt and oxi-
dative phosphorylation. When in glucose, the FtMt level
reached a plateau after one week and then it leveled-off. In
contrast, SDH activity strongly decreased on day 21 but not
on day 7, a finding that, together with the reduction of the
cytosolic and mitochondrial LIP, suggested that during the
two weeks of high expression, FtMt reduced iron availability
even for mitochondrial Fe-S enzymes. Moreover, the levels
of SDH and mtACO enzymes did not change, confirming
that in glucose growth condition, FtMt may interfere with
ISC synthesis by iron sequestration. Surprisingly, the cells
grown in galactose showed a much lower level of FtMt,
which we found to be caused by a faster protein degradation
rate. This effect, probably related to the increased respiratory
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activity, seems to be specific for FtMt, with a mechanism that
remains to be clarified. Possibly, the Lon mitochondrial pro-
tease was activated in response to oxidative stress; as it
occurs for the yeast homologue Piml, in frataxin-deficient
yeast strains (50). The increased degradation of ferritin
would release iron, thus explaining why in the cells grown
in galactose the cytLIP, cytACO and SDH activity did not
decrease, and mtACO actually increased. Nevertheless, the
residual FtMt was sufficient to reduce mtLIP, and, more
importantly, also ROS level.

Taken together, these data suggest an interesting interplay
between respiratory activity and FtMt. FtMt regulates mtLIP
and ROS production to protect against oxidative damage. On
the other side, rate of respiratory activity regulates FtMt degra-
dation and consequently iron availability for the synthesis of
Fe-S enzymes and possibly for heme. This mechanism
implies that mainly cells with high respiratory activity may
take advantages from FtMt expression. This situation was
exemplified by the HeLa cells grown in galactose for 3
weeks, in which FtMt expression showed protective activity
while preserving the functionality of mitochondrial enzymes.
This model is in accordance with the FtMt expression profile
in mouse; it was identified in cells with high respiratory
activity like neurons, cardiomyocytes, muscle cells, ciliated
epithelial cells, Leydig cells and spermatozoa (17), where it
may play an important protective role. On the other hand,
endogenous FtMt was not observed in cells with low respirat-
ory activity, as the tumor cell lines HeLa or H1299. This
would partially explain the slow in vivo growth of the tumor
cells H1299 expressing FtMt (13); they may behave similar
to the HeLa cells grown in glucose that have reduced prolifer-
ation (PDT: FtMt cells 23.2 h and control cells 19.8 h) prob-
ably due to inhibition of Fe-S enzymes.

Mitochondrial ferritin and Friedreich ataxia

In FRDA cells the pathological condition causes a chronic oxi-
dative stress, and they represent an example in which the
expression of FtMt is advantageous. A protective role of
FtMt in artificial frataxin-deficient cells has been already
demonstrated (35). To verify if it acts also on more physiologi-
cal cellular models, we expressed FtMt in FRDA fibroblasts
and confirmed that it reduced ROS formation and protected
Fe-S enzyme activities. The low transfection efficiency of
these primary cells (25%) explains why the overall protection
was less evident than that observed in the HeLa cells. In fact,
immunocytochemical examination of single cells showed that
the fibroblasts expressing FtMt were characterized by: (i) pre-
ferential survival after H,O, treatments; (ii) accumulation of
lower levels of ROS (not shown) and (iii) increased SDH
activity (Fig. 4C).

We confirm that the expression of FtMt partially compen-
sates for frataxin deficiency, as previously shown in yeast
(33) and HeLa cells (35), suggesting that FtMt and frataxin
share some similar properties. Frataxin has been defined as a
mitochondrial iron protein with iron detoxification and chaper-
one functions directly involved in ISC synthesis (21). In
accordance with what demonstrated on HeLa cells, we
assume that FtMt reduces ROS level by limiting the mtLIP
through iron sequestration also in FRDA. This could be

sufficient to improve the FRDA phenotype, although we
cannot exclude that the protein might have the property to
make iron available for mitochondria functions. FtMt binds
and eventually releases iron, thus it may act as an iron
donor, particularly in cells with high respiratory activity
where it is rapidly degraded. This mechanism of iron regu-
lation may be done directly or mediated by its interaction
with other mitochondrial iron chaperons. To support this
hypothesis, recently, it was reported that ferritin A (FtnA), a
major iron-storage protein in Escherichia coli, was able to
sequester the iron released from the disrupted iron—sulfur
clusters under oxidative stress; this iron stored in FtnA can
be made available to the iron chaperon IscA and utilized for
the re-assembly of the iron—sulfur cluster (51). Unfortunately,
the available data on FtMt expression in tissues of FRDA
patients are limited. The presence of FtMt was documented
in the heart of one FRDA patient (22) and it was found to
be upregulated in two FRDA fribroblast cell lines (34)
suggesting that cells could respond to frataxin deficiency pro-
moting FtMt expression. Further in vitro and in vivo exper-
iments will be needed to verify if FtMt is able to fully
complement frataxin functionality and if this role depends
on high FtMt concentration, a situation typical of transiently
transfected cells such as FRDA —FtMt fibroblasts.

Altogether, these results show that FtMt has a role in con-
trolling ROS production via the regulation of mitochondrial
iron availability, and that this function may be more important
than its iron storage property. FtMt expression affects many
indices of total cellular iron, supporting the hypothesis that
mitochondria are central to iron homeostasis. The mechanism
of the regulation of FtMt expression remains unclear: our evi-
dence shows that it may also act at a post-transcriptional level
involving protein degradation. The data on the FRDA fibro-
blasts stimulates further studies to evaluate if FtMt expression
corrects the defects of FRDA and to asses the efficacy of thera-
pies aimed at moderating cell-labile iron levels.

MATERIALS AND METHODS

Cell culture

HeLa-tTA-FtMt and HeLa-tTA-FtMt,,, clones were generated
as previously described (11) and grown in high glucose Dul-
becco’s modified Eagle’s medium (DMEM, Invitrogen) or in
glucose-free DMEM (GIBCO) complemented with 25 mm
glucose (glucose medium) or 5 mm galactose (galactose
medium). All media were further supplemented with 10%
fetal bovine serum (FBS), 100 units/ml penicillin, 100 mg/ml
streptomycin, 2 mm L-glutamine, 100 mg/ml G418 (Geneticin,
Sigma), 150 mg/ml hygromycin B (Clontech). In the presence
of doxycycline (2ng/ml, Sigma), FtMt synthesis was
repressed, whereas in its absence, the synthesis was induced.
PDT studies were carried out during log-phase by plating
1 x 10° cells/well, on six-well plates containing glucose or
galactose media. Three wells were plated for each condition.
After 24 h (time 0) and then at daily intervals, one well for
each condition was harvested by trypsinization and cells
counted. The experiment was repeated three times.

We analyzed primary skin fibroblasts from two unaffected
subjects (Control 1570 and Control 1270) and two FRDA
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patients (1037SS and 117DC). The size of the GAA repeat
expansion was analyzed by polymerase chain reaction on
genomic DNA, and the following allele sizes were deter-
mined: 1037SS: 930/930 and 117DC: 540/930. Fibroblasts
were grown in high glucose DMEM supplemented with 10%
FBS, 4 mm L-glutamine, 100 U/ml penicillin, 100 mg/ml
streptomycin. Fibroblasts were transiently transfected with
Lipofectamine 2000 (Invitrogen). Briefly, 4 x 10° or 5 x 10°
cells were, respectively, plated on 60 mm dishes or on
96-well plates and transfected with 20 wg or 0.75 wg of
pcDNA3 or pcDNA3-huFtMt vectors (11). Experiments
were performed 24 h after transfection and transfection effi-
ciency was calculated by FtMt immunodetection on fixed
cells.

Preparation of cell extracts

Cells were harvested, collected by centrifugation at 500g for
Smin and washed with Dulbecco’s phosphate-buffered
saline (PBS). Soluble cellular extracts, for ELISA, immuno-
blotting and immunoprecipitation assays, were obtained by
cell lysis in 20 mm Tris—HCI pH 7.4, 0.5% Triton X-100
followed by centrifugation at 16 000g for 10 min. Immuno-
blotting analysis were performed in sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE) using
specific antibodies for SDH (a-SDHA, Santa Cruz) and
mtACO (a-ACO2, Sigma). For MF and PMF preparation,
cells were suspended in 20 mm Tris—HCl pH 7.4, 250 mm
sucrose, 0.007% digitonin. After lysis, samples were centri-
fuged at 1000g for 5 min to remove nuclei and unbroken
cells. Then soluble fractions were centrifuged at 4000g for
10 min to obtain mitochondria-enriched pellets (MF). The
resulting soluble fractions were further centrifuged at
16 000g for 10 min to obtain cytosolic soluble cellular extracts
(PMF) that were used for cytochrome ¢ and cytACO activity
analysis. Cytochrome c analysis and SDH activity quantifi-
cations were performed on MF suspended in 20 mm Tris—
HCI pH 7.4, 250 mm sucrose. mtACO and MDH activities
were measured in MF suspended in 20 mm Tris—HCI pH
7.4, 0.5% Triton X-100 and centrifuged at 16 000g for
10 min to obtain mitochondrial soluble cellular extracts.
During sample preparations, the mitochondria containing frac-
tions were determined following SDH activity. The total
protein contents were measured using BCA™ protein assay
(Pierce) calibrated on bovine serum albumin (BSA).

Analysis of mitochondrial ferritin content

In HeLa-tTA-FtMt clone, FtMt was determined by ELISA in
soluble cellular extracts using the mouse a-huFtMt antiserum
(33) calibrated on the recombinant human FtMt. Mitochon-
drial ferritin degradation was evaluated on 21 days induced
cells, grown in glucose or galactose media. They were
labeled for 18h with 300 mCi/ml [*’S]methionine,
[*>S]cysteine (PROMIX, Amersham), then washed twice
with PBS and grown in the respective media for chase experi-
ments. At the indicated times soluble cellular extracts were
prepared and equal protein amounts immunoprecipitated
using 1 pl of mouse a-huFtMt antiserum. Finally, precipitates
were collected and suspended in SDS sample buffer, boiled for
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10 min and 20 pl loaded on 12% SDS—-PAGE, following
common protocols. The gels were soaked with autoradiog-
raphy enhancer (Amplify, Amersham), dried and exposed.
For FtMt immunodetection, transfected fibroblasts were
fixed with 4% paraformaldehyde and permeated with 0.5%
Triton X-100. Cells were then incubated with mouse
a-huFtMt antiserum (diluted 1:400) followed by rhodamine-
conjugated rabbit anti-mouse secondary antibody.

Reactive oxygen species determination

ROS were determined by incubating cells with the redox-
sensitive probe DHR 123, which could be converted, by oxi-
dation, to the fluorescent Rhodamine 123 (37). Briefly, 6 x
10* HeLa-tTA-FtMt cells or 5 x 10° fibroblasts were plated
in 48- or in 96-well plates. Cells were incubated with Hanks
balanced saline solution (HBSS), 10 mm glucose and 30 pm
DHR 123 for 15 min at 37°C. After two cycle washes, cells
were maintained in HBSS supplemented with 10 mm
glucose. Fluorescence was revealed using the Victor3 Multila-
bel Counter (Wallac, Perkin Elmer) at 485 nm and 535 nm for
excitation and emission, respectively. Finally, results were
normalized on protein content. To measure ROS generation
induced by H,0, treatments, after basal fluorescence determi-
nation, cells were incubated in HBSS, 10 mm glucose sup-
plemented with 200 wm H,O, at 37°C for 30 min, followed
by a second fluorescence determination.

Cell viability and ATP assays

Cell viability was determined after H,O, or Antimycin A
insults following common protocols. For HeLa-tTA-FtMt
cells, we used thiazolyl blue tetrazolium bromide (Sigma)
assay or CellTiter-Glo™ luminescent ATP assay (Promega).
Fibroblasts viability, after transfection, was determined by
trypan blue assay.

Labile iron pool determination

Labile Iron Pools were measured using the iron-sensitive
probes Calcein-AM (42) (Molecular Probes) and RPA
(Squarix), for cytosolic and mitochondrial compartments,
respectively. Rhodamine B 4-[(Phenanthren-9-yl)Aminocar-
bonyl]benzyl ester (RPAC) (Squarix), a fluorescent probe
unaffected by iron, was used to normalize mitochondrial rho-
damine incorporation (41). Briefly, 6 x 10* HeLa-tTA-FtMt
cells were plated in 48-well plates and incubated with
oMEM, 1 mg/ml BSA supplemented with 3 wm RPA or
3 uwm RPAC or 0.25 pm Calcein-AM at 37°C for 15 min.
After two cycle washes with HBSS, cells were maintained
in HBSS supplemented with 10 mm glucose. Basal fluor-
escence was revealed using the Victor3 Multilabel Counter
(Wallac, Perkin Elmer) at 530 nm (excitation) and 590 nm
(emission) for RPA and RPAC and at 485 nm (excitation)
and 535 nm (emission) for calcein. Then cells were incubated
with HBSS, 10 mm glucose supplemented with 2 mm (1 h) or
0.2 mm (5 min) pyridoxal isonicotinoyl hydrazone (PIH) for
RPA and calcein-loaded cells, respectively. Fluorescence
was re-measured and the increases were considered as LIP
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values. Finally, all the results were normalized on protein
content.

Enzymatic activities

ACO, SDH and MDH activities were measured spectrophoto-
metrically following standard protocols (52—-54). ACO
was assayed by measuring the disappearance of cis-aconitate
at 240 nm, SDH by following the reduction of para-iodonitro-
tetrazolium violet (INT) to INT-formazan at 500 nm, and
MDH by monitoring disappearance of NADH at 340 nm. To
determine SDH activity directly on cells, transfected fibro-
blasts were initially treated with 20 mm 4-Morpholinepropane-
sulfonic acid (MOPS) pH 7.4, 250 mm sucrose and 0.005%
digitonin for 2 min. Then, cells were washed with 20 mm
MOPS pH 7.4, 250 mm sucrose and 20 mMm ethylene diamine
tetraacetic acid (EDTA) and finally incubated with 20 mm
MOPS pH 7.4, 250 mm sucrose, 1 mm EDTA, 0.2 mm phena-
zine methosulfate, 2 mm nitroblue-tetrazolium and 20 mm suc-
cinate. Activity was measured following violet crystals
formation. Finally, cells were fixed and presence of FtMt
was revealed by immunodetection as described above.
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