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Abstract

Aims: Oxidative stress is thought to be involved in Friedreich’s ataxia (FRDA), yet it has not been demonstrated
in the target neurons that are first to degenerate. Using the YG8R mouse model of FRDA, microarray and
neuritic growth experiments were carried out in the dorsal root ganglion (DRG), the primary site of neurode-
generation in this disease. Results: YG8R hemizygous mice exhibited defects in movement, and DRG neurites
had growth defects. Microarray of DRG tissue identified decreased transcripts encoding the antioxidants, in-
cluding peroxiredoxins, glutaredoxins, and glutathione S-transferase, and these were confirmed by immunoblots
and quantitative real-time PCR. Because the decreased gene transcripts are the known targets of the antioxidant
transcription factor nuclear factor-E2-related factor-2 (Nrf2), Nrf2 expression was measured; it was significantly
decreased at the transcript and protein level in both the DRG and the cerebella of the YG8R hemizygous mouse;
further, frataxin expression was significantly correlated with Nrf2 expression. Functionally, in YG8R hemizy-
gous DRG, the total glutathione levels were reduced and explanted cells were more sensitive to the thioredoxin
reductase (TxnRD) inhibitor auranofin, a thiol oxidant. In cell models of FRDA, including Schwann and the
DRG, frataxin deficiency caused a decreased expression of the Nrf2 protein level in the nucleus, but not a defect
in its translocation from the cytosol. Further, frataxin-deficient cells had decreased enzyme activity and ex-
pression of TxnRD, which is regulated by Nrf2, and were sensitive the TxnRD inhibitor auranofin. Innovation
and Conclusion: These results support a mechanistic hypothesis in which frataxin deficiency decreases Nrf2
expression in vivo, causing the sensitivity to oxidative stress in target tissues the DRG and the cerebella, which
contributes to the process of neurodegeneration. Antioxid. Redox Signal. 19, 1481–1493.

Introduction

Friedreich’s ataxia (FRDA) is the most common inherited
recessive ataxia, affecting *1 in 40,000 (16). The most

common cause of the disease is the inheritance of two copies of
expanded (GAA)n repeats in the first intron of the frataxin gene,
resulting in chromatin condensation and reduced expression of
frataxin (25, 28, 50). FRDA pathology includes neurodegen-
eration of the large sensory neurons of the dorsal root ganglion
(DRG), and neurodegeneration of the dentate nucleus of the
cerebellum, as well as hypertrophic cardiomyopathy (38, 39).

There is substantial support that FRDA is a disease of ox-
idative stress. FRDA is a virtual phenocopy of ataxia with
vitamin E deficiency (AVED), which results from deficiency of
the alpha-tocopherol (vitamin E) transporter (9). Vitamin E is
an antioxidant that prevents membrane lipid peroxidation
(75) and is used to treat patients suffering from FRDA to slow
the progression of disease (14). The cells of patients suffering
from FRDA have increased sensitivity to oxidative stress, and
there is evidence for alteration of the thiol pool (18, 36, 55, 73,
78). There is also evidence for increased markers of oxidative
stress in patient tissues (10, 26, 56, 67).
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Several model systems with frataxin deficiency exhibit
oxidative stress. Bulteau et al. observed a loss of aconitase
activity and protein oxidation in Dyfh1 cells (frataxin-de-
pleted yeast cells) (12), and the Dyfh1 cells are sensitive to
oxidants (7, 43) under aerobic conditions. Vázquez-Manrique
et al. found that frataxin siRNA-knockdown Caenorhabditis
elegans are sensitive to oxidative stress (77). Consistently, in
Drosophila, overexpression of frataxin increases resistance to
oxidative stress (64), and siRNA knockdown of frataxin in-
creases susceptibility to iron toxicity and hydrogen perox-
ide (5, 6). Mouse conditional knockouts of frataxin in the
pancreas and hepatocytes show increased reactive oxygen
species (61, 74).

Additionally, the YG8- and YG22-rescue mice (YG8R and
YG22R), which express mutant human frataxin, show evi-
dence of increase in oxidative stress of multiple tissues (4).
YG8R mice express the expanded mutant alleles of human
frataxin, in an animal lacking endogenous mouse frataxin.
The mouse was created by breeding mice containing a YAC
insert of the human genomic FXN locus bearing a GAA-repeat
expansion (3) with heterozygous frataxin knockout mice (21),
and then selecting animals with no endogenous mouse fra-
taxin, but with either one (hemizygous) or two (homozygous)
copies of the human mutant frataxin locus. YG8R hemizygous
mice exhibit mild motor impairment, increased oxidative
stress, and demyelination and vacuolization within DRGs,
thus providing a suitable model of the human disease (4).

In an effort to understand the pathophysiological mecha-
nism of FRDA in the most relevant target neural tissue, we
carried out microarray of the DRGs of the YG8R mouse,
which suggested increased oxidative stress in these animals as
a result of decreased antioxidant. Defects in the transcripts of
multiple thiol-based antioxidant genes were observed, sug-
gesting a frataxin-dependent defect on the antioxidant tran-
scription factor Nrf2, or in the thioredoxin reductase (TxnRD),
it regulates or both. We observed a defect in the Nrf2 tran-
script and protein level in the DRG and the cerebella of YG8R
hemizygous mice, providing an explanation for decreased
antioxidant gene expression and decreased glutathione level.
In multiple cell models, including DRG and Schwann cell and
fibroblast and HeLa, we observed a decrease in Nrf2 expres-
sion as a consequence of frataxin deficiency, as well as de-
crease in the thioredoxin reductase 1 (TxnRD1) protein level
and enzymatic activity. We suggest that frataxin deficiency

leads to Nrf2 deficiency decreasing Nrf2-regulated protective
genes, resulting in neurodegeneration, and stimulation of
Nrf2 may be a rational therapy in FRDA.

Results

Neurite extension is reduced in YG8R DRG cells

A colony of YG8R mice was established at UC Davis. For
our testing, we used both hemizygous mice, containing one
allele of the mutant frataxin transgene (and thus the least
amount of frataxin) and homozygous mice, containing two
alleles of the transgene (and thus higher levels of frataxin),
and wild-type (WT) mice. Hemizygous mice in this colony
exhibited reduced levels of frataxin expression, movement
defects in accelerating rotarod and open-field testing, in
agreement with previously published data (Fig. 1A, B), and
were deficient in frataxin expression (Fig. 1D) (4).

We also performed neurite extension measurements on
DRG cells, the primary site of neurodegeneration in FRDA.
Bipolar cells from cultured single-cell suspensions of hemi-
zygous mouse lumbar DRGs extended shorter neurites
than from WT and homozygotes (WT = 34.02 – 1.53 vs. ho-
mo = 34.48 – 1.29 vs. hemi = 29.17 – 1.15 lm, Fig. 1E), 3 mice
per genotype, 48 neurites counted per mouse, demonstrating
a growth defect in YG8R DRGs. Thus, the YG8 mice in our
facility had behavioral and neuritic defects attributable to
frataxin deficiency, and these defects were most severe in
hemizygous mice, that is, those with the least frataxin.

YG8R hemizygous DRGs exhibit alterations
in thiol-based antioxidant, myelination, and axonal
transport transcripts

The DRGs from YG8R mice and C57Bl/6 WT controls were
dissected and analyzed by microarray analysis. Chip fluo-
rescence analysis using dChip pathway software revealed
changes in three functional categories: (i) thiol antioxidants,
(ii) myelination, and (iii) axonal transport transcripts (data
not shown). Quantitative real time-PCR, using the primers
listed in Supplementary Table S1, was used to verify the
transcriptional changes in each of these three categories. We
found significant decreases in the thiol antioxidant-related genes
peroxiredoxin 3 (Prdx3), thioredoxin 2 (Txn2), and thioredoxin-
interacting protein (Txnip), a significant decrease in the mye-
lination gene Mbp, and significant increases in the axonal
transport genes kinesin family member 1B (Kif1b) and kinesin
family member 5B (Kif5b) (Fig. 2). We followed up on the other
members of the thiol antioxidant pathway using immunoblot
analysis and identified significant decreases in glutathione
S-transferase mu 1 (Gstm1), glutaredoxin (Glrx), and Prdx3
(Fig. 3).

Nrf2 and Nrf2-controlled targets are decreased
in YG8R hemizygous DRGs

Nrf2 is a transcription factor that regulates the expression of
cytoprotective genes in response to oxidative stress (15). Nrf2-
regulated targets include thiol antioxidant genes such as TxnRD,
Gstm1, Txnip, and Glrx1 and glutathione synthesis via gluta-
mate–cysteine ligase, catalytic subunit (Gclc), and glutamate–
cysteine ligase, modifier subunit (Gclm) (2, 15, 42, 80). Thus, a
frataxin-dependent defect in Nrf2 would explain the observed
decreases in thiol antioxidants. Defects in the Nrf2 nuclear

Innovation

The primary site of neurodegeneration in Friedreich’s
ataxia (FRDA) is the dorsal root ganglion (DRG), and no
microarray study of this crucial target tissue has ever been
carried out. In this study, we have performed the first
microarray of DRG tissue in an animal model of FRDA,
and show that deficiency is a deficiency of multiple thiol
antioxidants, and Nrf2 deficiency, and glutathione defi-
ciency in the target tissue. This has potential clinical sig-
nificance, because drugs that induce Nrf2 are known, and
could be protective in FRDA. It also suggests a potential
mechanistic basis for the phenotypic overlap between
FRDA and ataxia with vitamin E deficiency, since both
frataxin (this study) and tocopherols (27) have been sug-
gested to induce Nrf2.
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translocation (55), and defects in the Nrf2-regulated genes (32),
have been reported in Friedreich’s fibroblasts, but to this point,
no such defects have been demonstrated in neural tissues that
degenerate in humans or animal models.

We examined the transcript and protein levels of Nrf2 and
several Nrf2-regulated genes and found deficiencies in YG8R
hemizygous DRGs. First, the Nrf2 transcript levels were sig-
nificantly correlated with frataxin expression, and thus mice
with decreased frataxin had decreased Nrf2 transcript,
p < 0.01 (Fig. 4A). Additionally, the transcript levels of the
Nrf2-regulated genes heme oxygenase (Hmox), TxnRD1,
Gclm, Cat, Cu/Zn superoxide dismutase (Sod1), and Mn su-
peroxide dismutase (Sod2) were also significantly correlated
with frataxin expression, p < 0.05, while Gclc showed a trend,
p = 0.061 (Fig. 4B–H). Further, Nrf2 expression was signifi-
cantly correlated with frataxin expression in the other major
neural target tissue, the cerebellum, at the transcript and
protein level (Supplementary Fig. S1C).

At the protein expression level, immunoblot analysis
demonstrated decreased levels of Nrf2, Hmox, NAD(P)H
dehydrogenase, quinone 1 (Nqo1), and Sod2 in the hemi-
zygous DRG (Fig. 5). Nrf2 was also significantly decreased

at the transcript and protein level in the cerebella of YG8
hemizygous mice (Supplementary Fig. S1A, B), confirming
a decrease in two neural target tissues in the animal model
(DRG and cerebella). The main chaperone/regulator of
Nrf2 expression is Keap1, whose level was not statistically
significantly decreased in hemizygotes (Supplementary
Fig. S1D, E).

YG8R mice exhibit functional alterations
in the glutathione status

Microarray, qRT-PCR, and immunoblotting demon-
strated decreased expression of Nrf2 and Nrf2-regulated
genes. Since Nrf2 regulates the genes are involved in glu-
tathione synthesis, an Nrf2 defect would suggest a defect in
glutathione synthesis. We measured glutathione levels in
the DRGs. The total glutathione (reduced glutathione
[GSH] + oxidized GSH [GSSG]) and reduced GSH levels
were significantly reduced in hemizygotes, p < 0.05, and
there was no significant change between GSSG and the
GSH/GSSG ratio (Fig. 6). Overall, the GSH levels were

FIG. 2. Quantitative real
time-PCR verification of se-
lect microarray hits. One
nanogram of total RNA was
used for amplification, and
the values were normalized to
GAPDH or Lmnb1 expres-
sion. n = 3 mice per genotype.
Error bars = SEM. *p < 0.05
versus WT; **p < 0.01 versus
WT; #p < 0.05 versus homo;
##p < 0.01 versus homo using a
1-tailed Student’s t-test.

FIG. 1. Functional and neuritic defects in UC Davis YG8R mice. (A) Accelerating rotarod performance (4 mice/group); (B)
horizontal activity in open-field performance test (4 mice/genotype); (C) frataxin expression in DRG tissue; each lane
represents a different mouse. No expression is observed in WT samples, as the antibody is human-specific; (D, E) DRGs from
YG8R mice exhibit decreased neurite extension, WT = 34.02 – 1.53 versus homo = 34.48 – 1.29 versus hemi = 29.17 – 1.15 lm,
n = 3 mice per genotype, 48 neurites counted per mouse. Error bars = SEM. *p < 0.05, **p < 0.005, ***p < 0.0005. Using a 1-tailed
Student’s t-test. DRG, dorsal root ganglion; WT, wild type.

DEFECTS IN ANTIOXIDANTS IN FRIEDREICH’S ATAXIA MOUSE MODEL NEURAL TISSUE 1483



similar to previously published data from rat DRGs (19, 76).
Thus, there is less GSH to combat oxidative stress in target
DRGs in YG8R hemizygous mice.

Using an anti-glutathione antibody, we investigated pro-
tein glutathionylation in the mouse cerebella of mutants and

controls, and observed multiple changes as indicated by the
arrows (Supplementary Fig. S2). Thus, in target tissues of the
cerebella and DRG, there are both decreased glutathione
(paragraph above) and altered protein glutathionylation the
mouse model of FRDA.

FIG. 3. Hemizygous YG8R DRGs exhibit reduced levels of thiol antioxidant proteins. (A) Representative immunoblots of
Gstm1, Glrx1, and Prx3; (B) densitometry of immunoblots shown in (A). Each lane contains 30 lg protein from a different
mouse. Error bars = SEM. *p < 0.05 versus WT; **p < 0.01 versus WT; using a 1-tailed paired Student’s t-test [the bottom blot of
(A) is the same blot used in Fig. 1C]. Glrx1, glutaredoxin 1; Gstm1, glutathione S-transferase mu 1.

FIG. 4. Transcripts encod-
ing Nrf2 and downstream
targets are decreased in
YG8R DRGs and correlated
with frataxin levels. (A–H)
Correlation analysis of the
frataxin transcript levels with
Nrf2 (A), Cat (B) Gclc (C),
Gclm (D), Hmox (E), Sod1
(F), Sod2 (G), and TxnRD1
(H). n = 12 mice. Statistics
were generated using
GraphPad Prism software
v4.02 for Windows (Graph-
Pad Software). Cat, catalase;
Gclc, glutamate–cysteine li-
gase, catalytic subunit; Gclm,
glutamate–cysteine ligase,
modifier subunit; Hmox, heme
oxygenase; Nrf2, nuclear fac-
tor-E2-related factor-2; Sod1,
Cu/Zn superoxide dismutase;
Sod2, Mn superoxide dis-
mutase; TxnRD1, thioredoxin
reductase 1.
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Nrf2 is reduced in frataxin-deficient cells

Because DRG tissue is limiting for biochemical studies, and
to test the generality of the effect of frataxin deficiency on Nrf2
and TxnRD, we carried out siRNA-mediated knockdown
experiments in multiple cell models, including cell models of
DRG neurons and the Schwann cells that surround them. We
ordered 3 frataxin siRNA oligonucleotides A02, A09, and A11
(Supplementary Table S2). These 3 oligos efficiently knocked
down frataxin expression in HeLa cells, and Nrf2 protein
decreased from 50% to 32% of the controls (Fig. 7A). Oligo
A02 was too toxic to cell proliferation to use in further studies.
We transfected frataxin siRNA A09 and A11 into T265
Schwann cells and found that Nrf2 decreased to 46% and 36%
of control in the frataxin depleted T265 cells (Fig. 7A).

Nrf2 nuclear translocation defects were reported in patient’s
fibroblast cells and Frataxin-depleted SKNAS cells by Paupe
et al. (55). Here we knocked down the frataxin gene in the HeLa
and fibroblast cells with frataxin siRNA A11 and ND7/23 DRG
neuron cells with the rat frataxin siRNA smart pool (Dharma-

con), and frataxin expression was clearly inhibited in these cells
(Supplementary Fig. S3). We also used FRDA lymphoblasts
and controls. These frataxin-deficient cells were incubated with
DMSO or 10 nM tert-butylhydroquinone (tBHQ) overnight and
fractionated into the cytosol and nuclear extracts, and im-
munopurified H300 Nrf2 antibody (Santa Cruz), and mono-
clonal Nrf2 antibody (Epitomics) were used to probe the blots
of the extracts. The ND7/23 extracts were also probed with
immunopurified Nrf2 (47). Tubulin was used as a cytosol
marker, and lamin B was used as a nuclear marker.

We observed a strong Nrf2 signal in the nucleus in all cells,
and this signal was induced from 50% to 150% in all cells by
tBHQ, a widely used Nrf2 inducer (Fig. 7B). We observed no
support for the hypothesis that there is decreased transport of
Nrf2 to the nucleus in the frataxin-deficient state in our condi-
tions; this would be observed as increased cytosolic Nrf2 under
the tBHQ-induced conditions. Thus, our results in these cell
models are consistent with our results in the mouse target tissues
the DRG and the cerebella, that is, that frataxin-deficiency causes
Nrf2 deficiency at the transcript and protein level.

FIG. 5. Nrf2 and downstream target proteins are decreased in YG8R DRGs. (A) Representative immunoblots of Nrf2,
Hmox, Nqo1, and Sod2 in the YG8R DRGs. Each lane represents an individual mouse. (B) Densitometry of blots shown in A,
normalized to tubulin. Each lane contains 30 lg protein from a different mouse. Error bars = SEM. *p < 0.05 versus WT; #p < 0.05
versus homo using a 1-tailed Student’s t-test. Nqo1, NAD(P)H dehydrogenase, quinone 1.

FIG. 6. Glutathione levels
are altered in YG8R DRGs.
Total glutathione, GSH, and
GSSG were measured in a
pool of 16 DRGs from more
than 7 mice per genotype. (A)
Total glutathione (GSH +
GSSG); (B) GSH; (C) GSSG;
(D) GSH/GSSG. Error bars =
SEM. *p < 0.05 using a one-
tailed Student’s t-test. GSH,
reduced glutathione; GSSG,
oxidized glutathione.
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TxnRD activity and protein are reduced
in frataxin-deficient cells

To further characterize Nrf2-dependent defects in frataxin-
deficient cells, we examined expression and activity of
TxnRD1, an Nrf2-regulated gene (41). TxnRD plays a key role
in the thiol antioxidant response, reducing glutathione, per-
oxiredoxins, and Glrxs in the mitochondria and cytosol (37,
46). We found a significant decrease in the total TxnRD ac-
tivity (Fig. 8A,) in lysates of frataxin-depleted HeLa cells or
lymphoblast cells of patients suffering from FRDA. Im-
munoblot analysis demonstrated reduced TxnRD1 protein
levels in these cells, demonstrating that that some of de-
creased activity is the result of reduced protein expression
(Fig. 8B).

Multiple thiol antioxidant proteins exist in reduced and ox-
idized forms, which depend on the cellular redox status. Per-
oxiredoxins are cysteine-based antioxidants that are reduced
by TxnRDs in the cytosol and mitochondria (46). A frataxin-
dependent deficiency of TxnRD should have a functional
effect on the cellular redox status, and thus frataxin-deficient
cells should be less able to reduce oxidized peroxiredoxins.
We examined the redox status of Prdx2 in frataxin-depleted

HeLa cells and found that increasing concentrations of the
TxnRD inhibitor auranofin (30) treatment shifted the protein
toward its oxidized isoform. As expected, frataxin deficiency
increased this shift (Fig. 8C), especially at higher concentrations
of auranofin, indicating that frataxin deficiency further oxidizes
this antioxidant molecule in the context of increasing inhibition
of TxnRD.

Frataxin-deficient cells are more sensitive
to TxnRD inhibitors

We tested functional alterations in the thiol antioxidants by
examining cell sensitivity to compounds affecting the cellular
redox poise. Both ND7/23 and HeLa frataxin knockdown
cells were significantly more sensitive to the TxnRD inhibitor
auranofin (Fig. 9A), as were the DRG cells from the hemizy-
gous mouse model (Fig. 9B). The dose of auranofin required to
cause 50% death of DRG cells was *40 nM, far lower from the
frataxin-depleted cell models (2.5 or 4 lM), suggesting that
the DRG environment is inherently sensitive to TxnRD
deficiency, which could point to why these cells are selec-
tively vulnerable in the context of whole-organism frataxin
deficiency.

FIG. 7. Nrf2 is decreased in
frataxin-deficientcells. (A) Nrf2
protein decreased in HeLa
and T265 frataxin-depleted
cells. (B) No Nrf2 nuclear
translocation defect in fratax-
in-deficient cells. Nuclear ex-
traction and immunopurified
anti-Nrf2 antibody demon-
strate a substantial nuclear
localization of Nrf2 protein,
which is inducible by tBHQ,
and deficient induction of
Nrf2 in the nucleus, but no
defect in cytosolic transport
to nucleus is evident. Im-
munoblots contain 30 lg
proteins per lane. tBHQ, tert-
butylhydroquinone.
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Discussion

FRDA is an autosomal recessive disease that causes
progressive damage to the nervous system that initiates
in the DRG neurons, resulting in a dying back of projections

to the cerebellum (29, 31). FRDA is the result of muta-
tions in frataxin, a nuclear-encoded protein expressed
predominantly in the mitochondria. In patients suffering
from FRDA, the expansion of a GAA trinucleotide repeat
located in the first intron of the frataxin gene inhibits its

FIG. 8. TxnRD activity and protein are decreased in frataxin-deficient cells. (A) TxnRD activity analysis in HeLa or
lymphoblast cells. HeLa cells were transfected with control or frataxin A11 siRNA; after 72 h, cells were used to TxnRd
activity assay. For lymphoblasts, healthy (GM15851) and patient (GM15850) cells were used in this assay. (B) TxnRd
immunoblot in HeLa cells and lymphoblasts. The densitometries were normalized with tubulin. (C) Frataxin deficiency shifts
the redox state of Prdx2 toward the oxidized isoform. HeLa cells were treated with increasing concentrations of auranofin for
1 h, then treated with an N-ethylmaleimide-containing buffer for 15 min before harvest. A, DMSO (vehicle); B, 10 lM; C,
20 lM; D, 40 lM; E, 80 lM. Immunoblots contain 30 lg protein per lane. Error bars = SEM. *p < 0.05 using Student’s t-test.
Ctrl = control siRNA. siFxn = siRNA oligonucleotide directed against frataxin A11. Prdx2, peroxiredoxin 2.

FIG. 9. Frataxin-deficient
cells exhibit increased sen-
sitivity to the TxnRD inhib-
itor auranofin. (A) Left panel:
Frataxin-knockdown HeLa
cells treated with 4 lM aur-
anofin. Data indicate means
of 6 replicates; ***p < 0.001.
Right panel: Frataxin-knock-
down ND7/23 cells treated
with 2.5 lM auranofin. Data
indicate means of three rep-
licates; **p < 0.01. (B) Aur-
anofin-treated YG8R DRG
cells. Data indicate means of
three replicates per dosage
over five experiments, each
experiment using one mouse
per genotype. Error bars =
SEM. **p < 0.01 versus WT;
#p < 0.05 versus homo using a
1-tailed Student’s t-test.

DEFECTS IN ANTIOXIDANTS IN FRIEDREICH’S ATAXIA MOUSE MODEL NEURAL TISSUE 1487



transcription and decreases the level of frataxin protein
(17).

Biochemistry studies show that frataxin interacts with
IscU/Nfs/Isd11, the core complex for the iron–sulfur cluster
(ISC) biogenesis (66, 68), and frataxin deficiency decreases the
expression of IscU/Nfs1/Isd11 and aconitase/SDH activities
(72, 73). Recent biochemical work suggested that the function
of frataxin protein is to activate cysteine desulfurase to pro-
vide activated sulfide for the biogenesis of ISCs (11). How the
deficiency of frataxin (or ISCs) causes neurodegeneration has
been controversial. Major hypotheses have included iron
overload (60), bioenergetic failure (59, 63), and oxidative
stress (18, 78, 79). Some mutations of ISC components that
occur in human patients, that is, Grx5 (81) and ABCB7 (58),
cause defects in erythroid differentiation, but not neurode-
generation. These results indicate that ISC deficiency can
cause other problems than neurodegeneration. Further, mu-
tations in the ISCU gene were recently found in pedigrees of
patients with myopathy syndrome (40, 49), and deficiencies of
succinate dehydrogenase and aconitase and iron overload
were observed in the patient’s skeletal muscle. Although
some parts of the phenotype of these diseases initiated by ISC
defects overlap with the FRDA phenotype, including tissue
iron deposits, and defects in complex II and aconitase, no
reports of neurodegeneration were reported in patients with
myopathy syndrome. These findings support the view that
ISC deficiency does not necessarily cause neurodegeneration.

The idea that oxidative injury occurs in Friedreich’s has
arisen from multiple sources: patient tissues and cells, animal
models, and cell models of the disease. However, how a de-
ficiency in the proven function of frataxin to support ISC
biogenesis causes this oxidative injury is not clear. Very re-
cently, Li and Outten have demonstrated that 2Fe-2S ISCs
serve as sensors of oxidative stress, and regulate iron in yeast,
and this is a possible explanation of the connection between
2Fe-2S clusters and oxidative stress, in which a decreased
synthesis of 2Fe-2S clusters may desensitize this signaling
pathway (23, 44).

Although many studies of the mechanism have been car-
ried out in cellular, fly, and worm models, we sought to
identify molecular changes in what seems to be the most
relevant target tissue, that is, the DRG.

In this study, we verified that our colony of YG8R mice
recapitulated the behavioral deficits reported by Al-Mahdawi
et al. (4), and further demonstrated a functional defect in
neuritic growth in the YG8R hemizygous mice. Explanted
YG8R hemizygous DRG cells were more sensitive to aur-
anofin (Fig. 9) and diamide (data not shown)—two thiol ox-
idants. These results indicated an increase in oxidative stress
in the YG8R hemizygous DRG cells.

Oxidative stress can be considered an imbalance between
the generation of reactive oxygen species and a biological
system’s ability to detoxify the reactive intermediates or to
repair the resulting damage. Oxidative stress is suspected to
be important in neurodegenerative diseases, including Lou
Gehrig’s disease (ALS), Parkinson’s disease, Alzheimer’s
disease, and Huntington’s disease (54). In the human body,
cells are protected from oxidative stress by multiple enzyme
systems.

Glutathione is a major antioxidant, present at millimolar
concentrations. In the human body, glutamate and cysteine
are synthesized into c-glutamylcysteine by glutamate cysteine

ligase, and this enzyme is a heterodimer composed by two
subunits, Gclc and Gclm (52). Glutathione prevents the
damage caused by reactive oxygen species such as free radi-
cals and peroxides (57). Microarray data on DRG from the
YG8R hemizygous mouse showed that Gclc and Gclm de-
creased, and further, RT-PCR results showed that the ex-
pression of Gclm is correlated with the frataxin transcript
levels. Therefore, frataxin decrease causes glutathione syn-
thesis defect in the mouse DRG. We observed a decrease in
total GSH (GSH + GSSG) in the YG8R hemizygous DRG,
similar to an yeast model (7) that is consistent with the de-
crease in Gclm. We also found a decrease in reduced GSH, an
important peptide in combating oxidative stress in the DRG of
hemizygous YG8R mice. Decreased total glutathione and
GSH/GSSG ratios were observed in the yeast model and
patient lymphoblasts (7, 13, 73), and increased protein glu-
tathionylation was observed in patient motor neurons (71)
and patients’ lymphoblasts (13). We observed increased pro-
tein glutathionylation in the YG8R cerebella (Supplementary
Fig. S2), so the glutathione redox status changed in YG8R
mouse neural tissues.

The main antioxidant enzymes in human cells are super-
oxide dismutase (SOD) and catalase (Cat). SOD1 mutation is
known to cause neurodegenerative disease ALS (62); SOD
functions by converting the superoxide anion into oxygen and
hydrogen peroxide (8); and Cat is known to convert hydrogen
peroxide to water and oxygen (20). We found the frataxin
transcript level to be positively correlated with Sod1, Sod2, and
Cat gene transcripts.

In addition to glutathione, Sod, and Cat, there is still a
redox system that can protect cells from oxidative stress. The
redox system includes thioredoxins and the glutathione sys-
tem (24). We observed decreases in Glrx1 and GstM1 in YG8R
hemizygous DRG, and these two proteins are the components
of the glutathione system. We also observed reduction in gene
expression of the thioredoxin system, including Txn2,
TxnRD1, Txnip, and Prx3. These data indicate that antioxidant
protection is disrupted in the YG8R hemizygous DRG, further
decreasing the DRG cells’ ability to fight oxidative stress.

Several genes whose expression is reduced in YG8R
hemizygous DRG (Gclm, Glrx1, GstM1, TxnRD1, Sod, and Cat)
are regulated by Nrf2, and we see decreased Nrf2 in the
mouse and cellular neural and glial models of frataxin defi-
ciency. The Nrf2 transcript is correlated with the frataxin le-
vel, and Nrf2 protein is decreased in the YG8R hemizygous
DRG and cerebellum. To further confirm the Nrf2 defect
phenotype in YG8R DRG, we checked the expression of Nqo1
and Hmox, two well-known downstream target genes of the
Nrf2 transcription factor. As expected, both genes were
downregulated in the YG8R hemizygous DRGs.

Because the DRG material is limiting for biochemistry, we
studied frataxin-deficient cell lines relevant to neurodegen-
eration, including the DRG cell line (ND7/23), the Schwann
cell line (T265), and the HeLa cell model, and observed a
frataxin-dependent decrease in Nrf2. We also studied the
nuclear translocation of Nrf2 in several frataxin-deficient cell
lines. Our results are consistent with those of Nguyen et al.,
who showed that Nrf2 is primarily a nuclear protein, and that
steady-state levels are controlled by transient shuttling of
Keap1 into the nucleus to promote Nrf2 ubiquitinylation (51).
Our results are consistent with those of Haugen, Prospero
et al. 2011 (32), who observed a defect in the Nrf2-driven genes

1488 SHAN ET AL.



in fibroblasts of patients suffering from FRDA, but our results
are not consistent with those of Paupe et al., who observed a
decrease in the cytosolic-to-nuclear transport of Nrf2 (55). We
clearly see a tBHQ-dependent induction of Nrf2 in both the
cytosol and nucleus of 50%–150%, and frataxin knockdown
decreases the levels of Nrf2. If frataxin deficiency caused a
decrease in nuclear translocation, we should be observe an
increase in cytosolic Nrf2 in frataxin knockdown cells in the
condition of induction, and we did not observe any nuclear
translocation defects under our conditions in any experi-
ments. We do note that all commercially available prepara-
tions of Nrf2 antibodies are of poor quality (except the
Epitomics Nrf2 antibody), and so our results were confirmed
with immunopurified Nrf2 antibodies, which we purified
ourselves, and also received as kind gifts from Professors
McMahon and Schmidt. Thus, our results are consistent with
those of Nguyen, that is, that Nrf2 is a nuclear protein, and
we do not observe any support for the idea of a frataxin-
dependent defect in the cytosolic-to-nuclear translocation in
frataxin-deficient cells. We do observe a frataxin-dependent
defect in Nrf2 expression in the DRG and cerebella of the
mouse model, and in five frataxin-deficient cell models, in-
cluding DRG/ND7/23, Schwann/T265, HeLa, fibroblasts,
and patient-derived lymphoblasts.

Cytoskeletal defects have been observed in previous stud-
ies of Friedreich’s patient fibroblasts. Increased glu-
tathionlyation of actin fibers and impaired microfilament
organization have been demonstrated in patient fibroblasts
(53, 55). In patient spinal cord samples, increased levels of the
dynamic (tyrosinated) form of tubulin and increased levels of
phosphorylated neurofilament were observed (71). We ob-
served decreased neurite extension in cultured YG8R DRG
cells, whereas microarray and qRT-PCR demonstrated in-
creases in Kif1b and Kif5b, the genes involved in axonal
transport of the mitochondria (33). Defects in axonal transport
of mitochondria have been observed in a Drosophila model of
FRDA (69). One possible explanation is that as a result of
decreased Nrf2 and consequent decreases in the mitochon-
drial oxidative status, that delivery of healthy mitochondria to
the growth tip is inhibited, decreasing neuritic growth. Con-
sistent with this idea, we observe increased axonal transport
genes Kifs in mutant mice, possibly a response to more oxi-
datively damaged mitochondria, which may necessitate an
increase in axonal transport of fresh, healthier mitochondria.

Taken together, these data suggest that frataxin deficien-
cy/Nrf2 deficiency/defect in antioxidant protection/ox-
idative stress (Fig. 10). The closest clinical phenotype to FRDA
is that of AVED (9), an inherited deficiency of the transporter
of the antioxidant vitamin E, which has recently been shown
to stimulate Nrf2 (27). Nrf2 deficiency is known to cause in-
flammation and cell death (35).

Most neurodegenerative processes are the result of contri-
butions of multiple cell types (34), and in the nervous system,
glial Nrf2 expression is primarily responsible for Nrf2-
mediated protection of neurons from oxidative stress (70).
Schwann cell demyelination of DRGs occurs in YG8R mice (4),
and we observe decreased transcription of the myelin basic
protein in DRG tissue. The most precise analytical neuro-
pathological studies available of human FRDA patient au-
topsies have shown that satellite/Schwann cells become
reactive and invade the DRG neurons in the Friedreich’s
pathophysiological process (39), opening the possibility that

an inflammatory reaction between the DRG neurons and
Schwann cells may be a part of the disease process; however,
this is speculation at this point. We demonstrated previously
that frataxin knockdown of Schwann cell lines in particular
evoked the induction of inflammatory transcripts and
cytokines, which were reduced by pre-exposure to anti-in-
flammatory drugs (45).

In summary, based on the microarray of target DRGs and
functional follow-up, our data support the hypothesis that
frataxin deficiency leads to Nrf2 deficiency in DRG tissue,
which leads to a defect in the antioxidant status that precedes
neurodegeneration. We speculate that this defect may lead to
neuroinflammatory changes and death of DRG neurons and
those pharmacological inducers of Nrf2 could be of benefit in
FRDA.

Materials and Methods

Biochemical reagents were purchased from Sigma, In-
vitrogen, or Bio-Rad. Microarray chips were purchased from
Affymetrix. All animal procedures were approved by the In-
stitutional Animal Care and Use Committee at UC Davis. The
median age of mice used for all studies was 6 months. Beha-
vior testing was performed at the UC Davis Mouse Behavioral
Analysis Laboratory.

Cell culture

The human Schwann cell lines (T265), human epithelial
carcinoma cell line (HeLa), the DRG cell line (ND7/23, rat
DRG/mouse neuroblastoma hybrid), and human fibroblast
cell line (GM02153) were maintained in DMEM, supple-
mented with 10% FBS and 2 mM glutamine. Lymphoblasts
(GM15850 and GM15851) were grown in the RPMI-1640
medium (Life Technologies) supplemented with 15% fetal
bovine serum, 2 mM sodium pyruvate, 2 mM glutamine, and
50 mg/ml uridine. All cells were maintained at 37�C in a
humidified atmosphere containing 5% CO2.

DRGs were dissected and placed in ice-cold HBSS during
dissection. Single-cell suspensions were made by treating
DRGs sequentially with papain and collagenase (Worthing-
ton Biochemicals) for 20 min at 37�C. Cells were resuspended
and cultured in a C2 medium.

For neurite extension assays, single-cell DRG suspensions
(L1–L4) were plated on poly-d-lysine-coated dishes and

FIG. 10. A model for frataxin deficiency with neurode-
generation in the DRG cells.
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incubated for 3 days. Bipolar cells were photographed at 40 ·
magnification using a Zeiss Axiovert 200 microscope, and the
neurite length measured using NIH ImageJ software with
NeuronJ plugin (1, 48).

For cell viability assays, cells were plated at 250 cells per
well, allowed to settle overnight, and then treated with the
drug or vehicle for 24 h. The cell viability was measured using
CellTiter-Glo (Promega).

GSH/GSSG measurements

DRGs (T10-L4) were isolated and snap-frozen in liquid
nitrogen. the GSH/GSSG levels were measured using the
Bioxytech GSH/GSSG-412 kit (Oxis International). Briefly, 16
DRGs were homogenized in 250 ll of 5% metaphosphoric
acid. Of this, 80 ll was mixed with 8 ll M2VP and used for
GSSG measurements and the remainder for GSH measure-
ments according to the manufacturer’s recommendations.

Microarray and qRT-PCR

Total RNA was extracted from DRG tissue using an
RNeasy Micro kit (Qiagen) and quantified by a NanoDrop
2000c Spectrophotometer (Thermo Scientific). Two hundred
fifty nanograms RNA was labeled for hybridization to
MOE430 2.0 microarray chips (Affymetrix) using Messa-
geAmp III (Ambion). Data were analyzed using dChip (65).
Samples were normalized to the median intensity chip and
fluorescence values generated using the perfect match/mis-
match difference model. Probe sets with a pCall > 0%, fluo-
rescence > 25 in at least one condition, and p < 0.05 were
considered significantly altered.

Quantitative PCR was performed using the Superscript III
One Step kit (Invitrogen) in a Roche Lightcycler 480 (Roche
Diagnostics) or using the Sensimix Capillary One-Step kit
(Bioline) in a Roche Lightcycler 1.2. Standard curves were
generated for each primer set, and samples fitted to the linear
portion of the curve. Primer sequences are listed in Supple-
mentary Table S1.

siRNA and immunoblotting

HeLa, T265, and human fibroblasts were transfected with
control siRNA (Allstar-negative siRNA; Qiagen) or frataxin
siRNA (Invitrogen; sequence in Supplementary Table S2).
ND7/23 cells were transfected with control siRNA smartpool
or rat frataxin siRNA smartpool (Dharmacon). In these
transfections, 10 nM siRNA was transfected into cells by Li-
pofectamine RNAiMax (Invitrogen) according to the manu-
facturer’s directions.

Mouse tissues and cell pellets were homogenized with a
cell lysis buffer (Cell Signaling) with complete protease in-
hibitors (Roche) and PSMF. Thirty micrograms of lysates
were analyzed on 4%–12% Bis–Tris gels (Invitrogen). Elec-
trophoresis was carried out according to the manufacturer’s
recommendations. After electrophoresis, the proteins were
transferred to nitrocellulose membranes by the iBlot device
(Invitrogen), blocked with an Odyssey blocking buffer
(LI-COR Biotechnology) for 1 h, and incubated overnight with
the following primary antibodies in a blocking buffer: fra-
taxin, Nrf2 (C-20 for mouse and H-300 for human; Santa Cruz
Biotech, Santa Cruz, CA); Nrf2 (Epitomics); Nrf2 for ND7/23
cells [a kind gift from Dr. McMahon (47)]; tubulin (Sigma);

Gstm1, Mbp, TxnRD, and S100a8 (Abcam); Grlx1 (R&D Sys-
tems); Prx3 (AbFrontier); Nqo1 (Epitomics), Hmox and Sod2
(Stressgen/Enzo), and Lamin B1 (Proteintech). Afterward, the
membranes were incubated with a corresponding pair of IR-
Dye 680CW and IRDye 800CW-coupled secondary antibodies
(LI-COR). Proteins were visualized with the Odyssey infrared
imager and software (LI-COR).

Nrf2 antibody immunopurification
and nuclear extraction

Recombinant His-Nrf2 protein was expressed from the
pET20-Nrf2 plasmid [a kind gift from Prof. Edward E.
Schmidt in the BL21 Star cells (Invitrogen) and purified using
a B-Per 6xHis protein purification kit (Pierce/Thermo Scien-
tific]. Anti-Nrf2 (H-300; Santa Cruz) was immunopurified
using this recombinant fusion protein. Briefly, the purified
fusion protein was run on a 4%–12% NuPAGE Bis–Tris gel
(Invitrogen) and then electroblotted onto a nitrocellulose
membrane using the iBlot. The blot was stained with Ponceau
S red, and the His-Nrf2 band was cut out and washed with
TBST until the Ponceau S gone. The blot was blocked by the
Odyssey blocking buffer for 2 h and washed with TBST twice.
Anti-Nrf2 was added on the blot and incubated overnight at
4�C. The blot was washed three times with TBST and eluted
with 1 ml 100 mM glycine buffer, pH 2–2.5 (Santa Cruz Bio-
tech), and then 100 lL 1 M Tris, pH 8.0, was added to the elute
to adjust the final pH to 7.0. Transfected cells were fraction-
ated with a nuclear extraction kit (Active Motif). Forty mi-
crograms of lysates was analyzed with the immunopurified
Nrf2 antibody (H300) or rabbit monoclonal Nrf2 antibody
(Epitomics). ND7/23 cells were probed with the purified Nrf2
antibody from Dr. Mcmahon (47). Tubulin was used as the
cytosolic marker and lamin B as the nuclear marker.

TxnRD activity

TxnRD activity was measured using the Thioredoxin Re-
ductase Assay Kit (Cayman Chemicals) according to the
manufacturer’s directions.

Redox isoform method

The redox isoforms of Prdx2 were assayed as previously
described (22). Briefly, HeLa cells were treated with auranofin
for 1 h, and then trypsinized, washed, and resuspended in a
freshly made buffer (100 mM NEM, 40 mM HEPES, pH 7.4,
50 mM NaCl, 1 mM EDTA, 1 mM EGTA, plus protease in-
hibitors) for 15 min, and CHAPS was added to a final con-
centration of 1% for 20 min on ice. Thirty micrograms of
lysates was combined with an LDS sample buffer (Invitrogen)
in the absence of a reducing agent and resolved on a 4%–12%
NuPAGE Bis–Tris gel and analyzed by immunoblotting.
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Abbreviations Used

AVED¼ ataxia with vitamin E deficiency
Cat¼ catalase

DRG¼dorsal root ganglion
FRDA¼ Friedreich’s ataxia

Fxn¼ frataxin
Gclc¼ glutamate–cysteine ligase, catalytic

subunit
Gclm¼ glutamate–cysteine ligase, modifier

subunit
Glrx1¼ glutaredoxin 1
GSH¼ reduced glutathione

GSSG¼ oxidized glutathione
Gstm1¼ glutathione S-transferase-mu 1
Hmox¼heme oxygenase

ISC¼ iron–sulfur cluster
Kif1b¼ kinesin family member 1B
Kif5b¼ kinesin family member 5B
Mbp¼myelin basic protein

Nqo1¼NAD(P)H dehydrogenase, quinone 1
Nrf2¼nuclear factor-E2-related factor-2

Prdx2¼peroxiredoxin 2
Prdx3¼peroxiredoxin 3
siFxn¼ siRNA oligonucleotide directed against

frataxin
SOD¼ superoxide dismutase
Sod1¼Cu/Zn superoxide dismutase
Sod2¼Mn superoxide dismutase

tBHQ¼ tert-butylhydroquinone
Txn2¼ thioredoxin 2

Txnip¼ thioredoxin-interacting protein
TxnRD1¼ thioredoxin reductase 1

WT¼wild type
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