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Abstract
There is no current approved therapy for the ultimately lethal neuro- and cardio-degenera-

tive disease Friedreich's ataxia (FA). Finding minimally-invasive molecular biomarkers of

disease progression and drug effect could support smaller, shorter clinical trials. Since we

and others have noted a deficient oxidative stress response in FA, we investigated the

expression of 84 genes involved in oxidative stress, signaling, and protection in control and

FA lymphoblasts ranging from 460 to 1122 GAA repeats. Several antioxidant genes

responded in a dose-dependent manner to frataxin expression at the mRNA and protein lev-

els, which is inversely correlated with disease progression and severity. We tested the

effect of experimental Friedreich’s ataxia therapies dimethyl fumarate (DMF) and type 1 his-

tone deacetylase inhibitor (HDACi) on biomarker mRNA expression. We observed that

exposure of lymphoblasts to DMF and HDACi dose-dependently unsilenced frataxin

expression and restored the potential biomarkers NCF2 and PDLIM1 expression to control

levels. We suggest that in addition to frataxin expression, blood lymphoblast levels of NCF2

and PDLIM1 could be useful biomarkers for disease progression and drug effect in future

clinical trials of Friedreich’s ataxia.

Introduction
Friedreich’s Ataxia (FA) affects 1 in 40,000 individuals and is considered the most common
autosomal recessive ataxia[1]. Patients suffer from vision and hearing loss, gait ataxia reducing
motor coordination, and weakness and atrophy of the extremities[2, 3]. The pathology of the
disease is characterized by the neurodegeneration of the cerebellar tissue and demyelination in
spinocerebellar dorsal root ganglion neurons as well as hypertrophic cardiomyopathy and dia-
betes[4–6]. Friedreich’s ataxia is most commonly caused by trinucleotide repeat expansion of
GAA within the first intron of the nuclear encoded gene frataxin, leading to reduced expression
by gene silencing[1, 7–10].

Growing evidence suggests that oxidative stress is involved in the pathogenesis of FA. It is
known that frataxin enhances the biosynthesis of iron-sulfur clusters that in turn bind to mito-
chondrial complexes and aconitase in order to promote the transfer of iron and sulfur during
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synthesis[11–14]. While the mechanism that causes elevated reactive oxygen species (ROS) in
FA remains unclear, iron-sulfur cluster deficiency is thought to reduce thiol and aconitase
dependent oxidative stress protection[15, 16]. The importance of ROS and oxidative stress sen-
sitivity in FA has been implicated since the causal mutation of FA was identified. Studies by
Emond et al. and Schulz et al. in 2000 have shown that patients had increased levels of blood
plasma dihydroxybenzoic acid, malondialdehyde, and urine 8-hydroxy-2'-deoxyguanosin, all
of which are markers of ROS[17, 18]. In 2010, Haugen et al. identified significantly increased
nuclear and mitochondrial DNA lesion formation in FA patients[19]. FA patient-derived cells
have been assessed for their sensitivity to oxidative stress in response to external stimuli. In
2001, Chantrel-Groussard et al observed reduced superoxide dismutase induction in patient
cells treated with oligomycin; this drug is associated with thiol mediated defense against ROS,
which leads to cell death[20]. Additionally, in 1999, Wong et al showed that patient cells were
more sensitive to hydrogen peroxide treatment, which was abated in the presence of iron/cal-
cium chelators and apoptosis inhibitors[21].

Furthermore, a reduction in oxidative stress responses has been indicated in the pathogene-
sis of FA[22]. In 2013 and 2014, our previous work and Sandi et al showed that two related fra-
taxin deficient transgenic mice harboring human genes had significant reduction in basal
expression of major antioxidants, notably Glrx1, Gstm1, Gpx1, Hmox1, Nqo1, Prdx3, Sod2
and Txnrd. Many of these genes are Nrf2 regulated to reestablish cellular redox homeostasis
[23, 24]. Nrf2, a major regulator of oxidative stress response, is also known to be dysregulated
in FA. Additionally, Nrf2 protein translocation is significantly reduced in both mouse models,
patient-derived cells, and frataxin knockdown cells[23, 25, 26]. This leads to the idea that,
while normal cells can react to and alleviate elevated levels of ROS, frataxin deficient cells are
unable to cope with the insult due to a dysfunctional oxidative stress response. Additionally,
Abeti et al, 2015 has shown that Nrf2 inducers can reduce cell death and lipid peroxidation
induced by ROS in transgenic mice harboring human genes[27].

FA patients currently have no treatment options, and methods to test the efficacy of possible
therapeutics are limited. Current aims for the treatment of FA include directly targeting and
restoring frataxin expression or targeting the downstream oxidative stress response pathway
effects associated with FA. As not all treatments for FA directly target frataxin expression, we
decided to investigate the expression of oxidative stress response genes as biomarkers of FA.
We hypothesized that the expression of select oxidative stress response genes is altered in FA
patients and that these changes are correlated with relative frataxin expression. The use of eval-
uating biomarker expression in conjunction with frataxin expression is potentially useful to
assess drug therapies that aim to specifically restore frataxin expression, such as the histone
deacetylase inhibitor (HDACi) RGFP109/RG2833[28] and the Nrf2 inducer dimethyl fumarate
(DMF)[29]. In addition, these newly discovered biomarkers might also indicate if compounds
such as interferon gamma-1b[30] or the antioxidant EPI-743[31] that are currently in clinical
trial for FA can reverse the downstream pathomechanism of frataxin deficiency, even if they do
not alter frataxin expression directly.

We first performed a primary qPCR array screen to identify ten candidate genes out of 84
that had altered expression in FA-derived b-lymphoblast cells compared to control cells, i.e. 84
biomarkers! 10. We then tested these ten candidate genes in a secondary qPCR screen utiliz-
ing in-house primers, and verified the expression changes of six out of ten gene candidates, i.e.
10 biomarkers! 6. In a tertiary screening, we evaluated protein expression changes in FA
patient-derived b-lymphoblasts of the six candidate genes identified in the secondary qPCR
analysis screen. The tertiary screen identified four genes that showed similarly altered protein
and mRNA expression, i.e. 6 biomarkers! 4. These four candidate biomarkers were then
tested for their mRNA response to two possible FA therapies that are able to induce frataxin
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expression: the previously identified Nrf2 inducer DMF[29], and a type 1 HDACi RGFP109/
RG2833[32, 33]. Two of the four biomarkers, NCF2 and PDLIM1, proved responsive to two
Friedreich's therapeutic molecules with demonstrated activity to unsilence frataxin, i.e. 4 bio-
markers! 2, NCF2 and PDLIM1.

Our work demonstrates that the mRNA abundance of the oxidative stress response genes
NCF2 and PDLIM1 are potential biomarkers for FA. We suggest that NCF2 and PDLIM1
report on oxidative status in Friedreich's lymphoblasts. Both NCF2 and PDLIM1 have a dose-
dependent correlation with relative frataxin expression that is ameliorated by treatment of fra-
taxin inducers. The identification of non-frataxin biomarkers of disease severity and drug effect
(NCF2 and PDLIM1) in available blood lymphocytes could support the clinical testing of
drugs that do not raise frataxin as their primary consequence, but improve oxidative status
downstream of frataxin deficiency. Additionally, because NCF2 and PDLIM1 respond dose-
dependently to frataxin level, they supplement and confirm the antioxidant effects of therapies
that raise frataxin, increasing the number of Friedreich's relevant biomarkers to three in the
lymphoblast context: frataxin, NCF2, and PDLIM1. Lastly, because PDLIM1/CLP36 has
recently been shown to be responsive to Nrf2 status/oxidative stress in cardiomyocytes, it could
become a valuable marker of drug effect in cardiomyocytes.

Material and Methods

Cell culture
Friedreich’s ataxia patient-derived b-lymphoblasts: GM16220, GM16216, GM16214,
GM15850, GM14518, p614, p545 and p75, and healthy control b-lymphoblasts: GM13068,
GM09869, GM03715, GM02184, GM02131, GM00607, and GM00333 (Coriell Institute, Cam-
den, NJ and kind gift from Dr. Franco Taroni, Milan, Italy) were maintained at 37°C in a
humidified atmosphere with 5% CO2. DMEM (Corning, inc., Corning, NY) supplemented
with 15% fetal bovine serum (JR-Scientific, Woodland, CA), 2mM sodium pyruvate (Sigma-
Aldrich, St. Louis, MO), 1x Penicillin-Streptomycin Solution (Corning, inc., Corning, NY), 1x
MEM non-essential amino acids (Invitrogen, Carlsbad, CA), and 50 mg/ml uridine (MP-Bio-
medicals, Solon, OH) was used to grow cells. Media was changed every two days.

Drug treatment of b-lymphoblasts
The b-lymphoblasts were initially seeded in six well plate format at 0.3x106 cells per well. The
cells were incubated with 0.1% DMSO (Sigma-Aldrich, St. Louis, MO) as vehicle control or
3–30μM of dimethyl fumarate (Sigma-Aldrich, St. Louis, MO) or HDACi (MedChem Express,
Monmouth Junction, NJ) dissolved in DMSO. Following a 48 hour incubation period, total
mRNA or protein was extracted per methods described below.

RNA extraction and quantitative RT-PCR
Total mRNA was extracted from b-lymphoblast cells using RNeasy plus mini kit (Qiagen,
Valencia, CA) following manufacturer’s instruction and mRNA quantity and quality was mea-
sured by NanoDrop 2000c Spectrophotometer (Thermo Scientific, Waltham, MA).

cDNA was synthesized from mRNA with iScript cDNA Synthesis Kit (Bio-Rad, Hercules,
California) in C1000 Touch Thermal Cycler (Bio-Rad, Hercules, California) per manufactur-
er’s instruction. SensiFAST SYBR No-ROX Kit (Bioline, Taunton, USA) was used to perform
qPCR on the synthesized cDNA in a Roche Lightcycler 480 (Roche Diagnostics, Indianapolis,
IN). The second derivative of the amplification curve was used to determine the cycle
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threshold, and the data were analyzed by delta-delta CT calculation[34]. Primer sets used in
qPCR are listed in Table 1.

Primary screening quantitative RT-PCR
Total mRNA was extracted as previously described. Genomic DNA was eliminated, and cDNA
was synthesized with RT2 First Strand Kit (catalog 330401). 5ug of total mRNA was treated
with buffer GE and incubated for 5 min at 42°C, then placed immediately on ice for at least 1
min. Following the addition of reverse-transcription mix, the mRNA was incubated at 42°C for
15 min then at 95°C for 5 min. The cDNA was diluted 1:10 and added to RT2 SYBR Green
qPCRMastermix (catalog 330502). The cDNA-Mastermix was aliquoted into RT2 Profiler
PCR Array Human Oxidative Stress & Antioxidant Defense plate (catalog PAHS-065ZF-12)
with 50ug of cDNA added to individual wells of the 96 well plate. qPCR was performed on
Roche Lightcycler 480 (Roche Diagnostics, Indianapolis, IN) with initial 10min incubation at
95°C followed by 45 cycles of 95°C for 15sec and 60°C for 1min. The second derivative of the
amplification curve was used to determine the cycle threshold, and the data were analyzed by
delta-delta CT calculation[34].

Protein extraction and western blot analysis
Human b-lymphoblast cell pellets were homogenized with a cell lysis buffer containing Prote-
ase/Phosphatase Inhibitor Cocktail (Cell Signaling, Danvers, MA) and PMSF (Sigma-Aldrich,
St. Louis, MO). Mixtures of 20ug total protein lysate and 50mM DTT were loaded into 4%–

12% Bis–Tris gels (Invitrogen, Carlsbad, CA). Electrophoresis was carried out according to the
manufacturer’s recommendations. Following electrophoresis, the proteins were transferred to
nitrocellulose membranes by the Trans-Blot Turbo Transfer System (Bio-Rad, Hercules, Cali-
fornia) per manufacturer’s instruction and blocked with an Odyssey TBST blocking buffer
(LI-COR Biosciences, Lincoln, NE) for 1 hour. Membranes were incubated overnight with the
following primary antibodies in blocking buffer: β-tubulin (DSHB-E7; DSHB, Iowa), Frataxin
(sc-25820 Santa Cruz Biotechnology), NCF2, PDLIM1, SFTPD (ab109523, ab126628, ab15696
respectively, Abcam, Cambridge, MA) and PRDX5 (LF-MA00017 Abfrontier, Seoul, Korea).
The membranes were washed three times with TBS-Tween (EDMMillipore, Billerica, MA)
then incubated with anti-rabbit IRDye 680CW and anti-mouse IRDye 800CW-coupled sec-
ondary antibodies (LI-COR Biosciences, Lincoln, NE) for 1 hour. Fluorescence was visualized

Table 1. List of qPCR primer sets for biomarker candidates in the secondary qPCR screening.

Gene Sequence (5' ! 3')

DUSP1 Forward GTACTAGCGTCCCTGACAGC

DUSP1 Reverse GGCCACCCTGATCGTAGAG

NCF2 Forward GGTGCCCCTTTCAGAAGACA

NCF2 Reverse AAAGCCTTGGTCACCCACTG

PDLIM1 Forward GAGTTGAATGAGCCCCCGAA

PDLIM1 Reverse AATCCTGAGGGCTTGTTGGG

PRDX2 Forward CGAGCATGGGGAAGTTTGTC

PRDX2 Reverse GGCACAAGCTCACTATCCGT

PRDX5 Forward TTCAAGGGCAAGAAGGGTGTG

PRDX5 Reverse GGCAGGTGTGTCTTGGAACAT

SFTPD Forward TGAAGGGGGACAAAGGCATTC

SFTPD Reverse AGAAGCAACATCTGGAAGCCC

doi:10.1371/journal.pone.0153574.t001
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with the Odyssey infrared imager and software (LI-COR) according the manufacturer’s
instruction.

Data analysis
Data analysis was carried out with GraphPad Prism 5.0 statistics software (GraphPad Software,
La Jolla, CA). The list of analyses include: Two-way ANOVA with Bonferroni post-hoc multi-
ple comparison test, One-way ANOVA with Newman–Keuls post-hoc multiple comparison
test, correlation, and linear regression.

Results

Primary qPCR array screening of altered oxidative stress response
biomarkers
Using the human oxidative stress and antioxidant defense qPCR array, mRNA expression was
analyzed by qPCR for eight Friedreich’s ataxia patient and seven healthy control b-lymphoblast
cells. Of the 84 genes available on the qPCR array, ten genes; PDLIM1 (p<0.039, n = 7), EPX
(p<0.034, n = 7), GPX2 (p<0.011, n = 7), PREX1 (p<0.014, n = 7), PRDX5 (p<0.042, n = 7),
RNF7 (p<0.049, n = 7), DUSP1 (p<0.014, n = 7), PRDX2 (p<0.020, n = 7), NCF2 (p<0.036,
n = 7), and SFTPD (p<0.0050, n = 7) showed significantly altered expression as compared to
healthy control (Fig 1). Of the ten potential biomarkers, four were significantly overexpressed
while six were significantly underexpressed, ranging from 2.00 to 0.068 fold change relative to
healthy control b-lymphoblasts.

Secondary qPCR analysis screening to identify oxidative stress
response biomarkers
As a secondary screening of biomarker candidates, we utilized qPCR to measure the mRNA
expression of the ten genes that were significantly altered in the primary Qiagen screening
array of FA patient-derived cells compared to control b-lymphoblasts. On average, frataxin
mRNA expression in the patient b-lymphoblast cell lines was 0.25 fold of the healthy control
cells (p<0.00043). Of the ten primary hits, six were significantly altered in the secondary qPCR
screen: PDLIM1 (1.34 fold, p<0.0045, n = 4), SFTPD (0.77 fold, p<0.0055, n = 4), PRDX5
(0.57 fold, p<0.0090, n = 4), PRDX2 (0.51 fold, p<0.035, n = 4), NCF2 (0.36 fold, p<0.032,
n = 4), and DUSP1 (0.39 fold, p<0.014, n = 4) (Fig 2). Of the genes tested, EPX, GPX2 and
PREX1 were not reproducible from the primary screening.

Correlative analysis between relative mRNA expression of candidate biomarkers and fra-
taxin was also evaluated in order to understand the dependency of biomarker expression on
frataxin levels. Of the biomarkers that were significantly correlated with relative frataxin
expression, six showed a strong to somewhat strong positive correlation coefficient ranging
from 0.79 to 0.91, while one biomarker had a strong negative correlation coefficient of -0.806
(p<0.020, n = 8) (Fig 3). Healthy control data was removed from the correlative analysis to
prevent bimodal frataxin expression driving the correlation. Taken together, the results support
the identification of six frataxin-dependent oxidative stress response pathway biomarkers:
PDLIM1, SFTPD, PRDX5, PRDX2, NCF2, and DUSP1.

Tertiary western blot analysis to identify candidate oxidative stress
response biomarkers
In addition to analyzing candidate biomarker expression at the mRNA level, the expression of
biomarker candidates in FA and healthy control b-lymphoblasts was also confirmed on the

Lymphoblast Biomarkers of Friedreich's Ataxia

PLOS ONE | DOI:10.1371/journal.pone.0153574 April 14, 2016 5 / 18



protein level by western blot analysis. The average protein level in FA cells was 0.15 fold of the
healthy control b-lymphoblast cell line (p<0.018). Protein expression of those genes identified
in the secondary qPCR screening was assessed, and four genes: PDLIM1 (1.35 fold, p<0.023,
n = 4), NCF2 (0.36 fold, p<0.032, n = 4), PRDX5 (0.44 fold, p<0.039, n = 4) and SFTPD (0.47
fold, p<0.015, n = 4) were significantly altered in the patient-derived cells compared to healthy
controls (Fig 4). The biomarker candidates: PRDX2 and DUSP1 were not reproducible in the
tertiary protein level screen as compared to the secondary qPCR screen.

Of the four significantly altered protein level biomarkers, three showed significant correla-
tion with frataxin protein expression. Two biomarkers: PRDX5 and NCF2 had a strong positive
correlation coefficient ranging from 0.83 to 0.81 and one candidate: PDLIM1 had a somewhat
strong negative correlation coefficient of -0.73 (p<0.040, n = 8) (Fig 5). Again, healthy control
data was removed from the correlative analysis to prevent bimodal frataxin expression driving

Fig 1. Primary screening of potential Friedreich’s ataxia mRNA biomarkers by Qiagen’s human oxidative stress and antioxidant defense qPCR
array. Relative expression was normalized to the average of β-actin, GAPDH, HPRT1 and RPLP0 using ΔΔCT calculation. The mRNA expression of 84
genes involved in oxidative stress response was compared between FA and healthy control b-lymphoblast cells. Of the 84 candidate genes, ten were
significantly altered: PDLIM1(1.77 fold), EPX (1.67 fold), GPX2 (1.73 fold), PREX1 (1.47 fold), PRDX5 (0.82 fold), RNF7 (0.70 fold), DUSP1 (0.65 fold),
PRDX2 (0.53 fold), NCF2 (0.45 fold) and SFTPD (0.044 fold). Bars represent averages±standard deviations (n = 7, p<0.05*, p<0.01**, p<0.001***). Data in
S1 File.

doi:10.1371/journal.pone.0153574.g001
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the correlation. Taken together, at the protein level, three oxidative stress response biomarker
candidates: NCF2, PDLIM1 and PRDX5 are strongly to somewhat strongly dependent on fra-
taxin expression.

Of the ten biomarker candidates identified in the primary qPCR screen, four biomarkers:
PDLIM1, PRDX5, NCF2 and SFTPD were confirmed in the secondary qPCR and tertiary pro-
tein screen. The three screens were in agreement showing similar trend in the expression when
comparing FA to healthy control b-lymphoblasts (Figs 2 and 4). Ultimately, frataxin level was
more tightly correlated with the biomarker mRNA levels compared to protein levels, this result
is likely due to the higher precision and accuracy of qPCR quantification compared to western
blot procedures.

Reversal of oxidative stress response markers in response to
experimental Friedreich’s Ataxia therapies

Nrf2 stimulator (dimethyl fumarate). To better assess the applicability of the identified
biomarker candidates, we measured the dose-dependent change of the candidate biomarkers’
mRNA expression in response to two experimental Friedreich’s ataxia therapies: the Nrf2 stim-
ulator DMF, and the type 1 HDACi RGFP109/RG2833.

Fig 2. Secondary qPCR screening of potential Friedreich’s ataxia mRNA biomarkers by qPCR using in-house primers. Relative mRNA expression of
frataxin as well as the ten potential biomarkers identified in the primary screen were normalized to β-actin using the ΔΔCT calculation. Relative frataxin
expression in the FA cells was 0.25 fold of healthy control b-lymphoblasts. In the same samples, six of the ten potential biomarkers were consistent with the
primary screening results: PDLIM1 (1.34 fold), SFTPD (0.78 fold), PRDX5 (0.58 fold), PRDX2 (0.52 fold), NCF2 (0.37 fold), and DUSP1 (0.39 fold). Bars
represent averages±standard deviations (n = 4, p<0.05*, p<0.01**, p<0.001***). Data in S2 File.

doi:10.1371/journal.pone.0153574.g002
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When FA b-lymphoblasts were treated with DMF for 48 hours in vitro, frataxin expression
was increased 2.56 fold at the highest dose (p<0.00092, n = 6) and showed dose-dependent
stimulation of frataxin expression at 3μM, 10μM and 30μMDMF (Fig 6A). At the mRNA level,
two biomarker candidate genes: NCF2 and PDLIM1 showed altered expression in response to
the DMF exposure, with a high correlation coefficient to relative frataxin mRNA expression.

In vehicle-treated FA lymphoblasts, NCF2 and PDLIM1 were 0.42 fold (p<0.0000021,
n = 6) and 1.88 fold (p<0.000051, n = 6) relative to vehicle-treated healthy control, respectively
(Fig 6A). By contrast, 30μMDMF dosing increased NCF2 2.41 fold (p<0.000093, n = 6) and
decreased PDLIM1 0.50 fold (p<0.000030, n = 6) relative to vehicle-treated FA cells. At this
dose, NCF2 and PDLIM1 were 1.02 fold (p<0.85, n = 6) and 0.94 fold (p<0.067, n = 6) respec-
tively as compared to healthy control expression when normalizing the expression of these two
biomarkers within control levels. However, the biomarker PRDX2 mRNA expression did not
change treated with DMF (Fig 6A).

Correlation analysis was performed to elucidate the dependence of these biomarkers to fra-
taxin abundance. In concurrence with the second qPCR screening of biomarker candidates,
NCF2 showed strong positive correlation with a coefficient of 0.82 (p<0.0001, n = 20), and
PDLIM1 showed moderate negative correlation to frataxin expression with correlation coeffi-
cient of -0.57 (p<0.0033, n = 20) (Fig 6B and 6C). In agreement with its response to DMF
treatment, PRDX2 showed no correlation to frataxin expression (Fig 6D). To prevent bimodal
frataxin expression driving the correlation, healthy control data was removed from the correla-
tive analysis. Taken together, of the four biomarker candidates that had passed the primary
qPCR array, secondary in-house qPCR analysis, and tertiary protein screen, only two biomark-
ers, NCF2 and PDLIM1, showed a consistent frataxin-dependent response at the mRNA level.
Furthermore, the mRNA expression of the candidate biomarkers NCF2 and PDLIM1 was sig-
nificantly altered in FA cells, and at the highest dose of DMF was observed to revert back to
healthy control levels with no significant difference in expression level.

Type 1 Histone deacetylase inhibitor (RGFP109/RG2833). Another experimental Frie-
dreich’s ataxia therapy, RGFP109/RG2833, was used to treat FA b-lymphoblasts for 48 hours
in vitro. HDACi induced a dose-dependent unsilencing of frataxin expression at 3μM, 10μM
and 30μMHDACi, and frataxin mRNA expression was increased 2.88 fold at the highest dose
(p<0.00044, n = 4) relative to vehicle-treated FA cells (Fig 7A).

Initially, NCF2 and PDLIM1 were expressed 0.42 fold (p<0.00010, n = 4) and 2.069 fold
(p<0.00019) in vehicle-treated FA cells relative to vehicle-treated healthy controls, respectively
(Fig 7A). However, HDACi dose-dependently reversed the biomarker expressions of NCF2
and PDLIM1. At the highest dose of HDACi (30μM), expression of NCF2 was elevated 2.13
fold and PDLIM1 was decreased 0.63 fold to that of vehicle-treated FA cells (Fig 7A). Further-
more, the biomarker expressions were not significantly different from healthy control values.

Next, frataxin-dependency of the biomarker was tested by correlating biomarker expression
with frataxin mRNA expression in HDACi treated cells. In agreement with the secondary
qPCR screen and DMF dosing results, the biomarker NCF2 showed strong positive correlation
to frataxin expression with a correlation coefficient of 0.829 (p<0.0001, n = 16), and PDLIM1
showed strong negative correlation to frataxin expression with a correlation coefficient of -0.86
(p<0.0001, n = 16). Similarly to the DMF dosing results, PRDX2 showed no correlation to fra-
taxin expression in response to the HDACi treatment (Fig 7B–7D). Taken together, from the

Fig 3. Correlative analysis of relative frataxin mRNA expression to biomarkers candidate expression in b-lymphoblasts.mRNA expression of
candidate biomarkers is represented on the y-axis while frataxin expression is represented on the x-axis. Correlation was identified as strong if the coefficient
is ±0.8 and somewhat strong at ±0.7 (n = 8). Data in S2 File.

doi:10.1371/journal.pone.0153574.g003
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refined list of biomarker candidates and in concurrence with DMF dosing results, two bio-
markers, NCF2 and PDLIM1, showed the highest correlation to frataxin expression and
reverted to healthy levels in response to frataxin induction by HDACi in FA cells.

Discussion
There is no current approved therapy for FA. One of the difficult issues in clinical drug devel-
opment for FA is that all of the biomarkers are neurologic, including hole peg test, timed 25
foot walk, etc., and the uniformity of raters and scorers is important. The development of easily

Fig 4. Tertiary screening of potential Friedreich’s ataxia protein level biomarkers by western blot. The target western blot fluorescence signals were
normalized to β-Tubulin. The frataxin expression in the FA cell was 0.15 fold of the healthy control b-lymphoblasts. On the protein level, four of the six
biomarkers were consistent with the secondary qPCR screening: PDLIM1 (1.35 fold), NCF2 (0.36 fold), PRDX5 (0.44 fold) and SFTPD (0.47 fold). Bars
represent averages±standard deviations (n = 4, p<0.05*, p<0.01**, p<0.001***). Data in S3 File.

doi:10.1371/journal.pone.0153574.g004

Fig 5. Correlative analysis of relative frataxin protein expression to biomarkers candidate expression in b-lymphoblasts. Biomarker expression is
represented on the y-axis while the frataxin expression is represented on the x-axis. Correlation was identified as strong if the coefficient is ±0.8 and
somewhat strong at ±0.7 (n = 8). Data in S3 File.

doi:10.1371/journal.pone.0153574.g005
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accessible, minimally invasive, rapidly quantifiable and scalar biomarkers of disease severity
and/or drug effect would be a major support and accessory to clinical trials of drug effective-
ness in FA. The benefit of the biomarkers NCF2 and PDLIM1 are that they correlate with fra-
taxin expression and show changes in downstream effects of frataxin perturbation. We report
here the identification of two biomarkers, NCF2 and PDLIM1 that have consistently different
expression in FA and control comparisons, are correlated with frataxin expression, and are res-
cued back to normal control values by experimental FA therapies. The biomarkers in conjunc-
tion with frataxin expression aim to capture the drugs that restore frataxin expression, such as
the HDACi RGFP109/RG2833 and the Nrf2 inducer DMF[29], or reverse the downstream
pathomechanism of frataxin deficiency such as interferon gamma-1b[30] and the antioxidant
EPI-743[31]. Many of these drugs are currently in clinical trials.

Fig 6. Friedreich’s ataxia biomarkers in response to 48 hours DMF treatment of patient b-lymphoblast as compared to healthy control. A) Relative
mRNA expression was normalized to β-actin using ΔΔCT calculation. The average expression of frataxin at vehicle, 3μM, 10μM and 30μMDMF is 0.13, 0.15,
0.20 and 0.34 respectively in relative to healthy control b-lymphoblasts. In the same order, PDLIM expression is 1.89, 1.94, 1.43 and 0.94 on average, NCF2
expression is 0.42, 0.49, 0.60 and 1.02 on average, and PRDX2 is 0.39, 0.39, 0.43 and 0.42 on average relative to healthy control b-lymphoblasts. B-D)
Biomarker mRNA expression is represented on the y-axis while the frataxin mRNA expression is represented on the x-axis. Correlation was identified as
strong if the coefficient is ±0.8, somewhat strong at ±0.7 and moderate at ±0.5 (n = 20, p<0.05*, p<0.01**, p<0.001***). Data in S4 File.

doi:10.1371/journal.pone.0153574.g006
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The mechanism by which frataxin deficiency leads to elevated ROS and dysregulation of
oxidative stress responses are not clearly understood but have been observed in FA patients,
patient-derived cell lines and various FA animal models[17, 18, 35, 36]. Furthermore, the
reduction of antioxidative capacity in FA cells is believed to contribute to the pathogenesis of
this disease state, where the pathway is comprised of superoxide dismutase, Nrf2 regulated
genes (NQO1 and HO1), and those mediated by a thiol group such as glutathione, thioredoxin
and peroxiredoxin[23–26]. Aside from measuring frataxin expression, there are no robust, sca-
lar, molecular biomarkers known to be related to Friedreich’s ataxia disease severity and pro-
gression. We suggest that lymphoblast mRNA levels of NCF2 and PDLIM1 could potentially
be used as supplementary biomarkers of FA in addition to frataxin expression (Fig 8). These
biomarkers are beneficial because they not only associate with frataxin expression but can

Fig 7. Friedreich’s ataxia biomarkers in response to 48 hours type 1 HDACi treatment of patient b-lymphoblast as compared to healthy control. A)
Relative mRNA expression was normalized to β-actin using ΔΔCT calculation. The average expression of frataxin at vehicle, 3μM, 10μM, and 30μMHDACi is
0.11, 0.14, 0.22 and 0.32 relative to healthy control b-lymphoblasts, respectively. In the same order, PDLIM expression is 2.07, 2.04, 1.65 and 1.31 on
average, NCF2 expression is 0.42, 0.49, 0.62 and 0.90 on average, and PRDX2 is 0.47, 0.38, 0.35 and 0.41 on average relative to healthy control b-
lymphoblasts. B-D) Biomarker expression is represented on the y-axis while the frataxin expression is represented on the x-axis. Correlation was identified
as strong if the coefficient is ±0.8 and somewhat strong at ±0.7 (n = 20, p<0.05*, p<0.01**, p<0.001***). Data in S5 File.

doi:10.1371/journal.pone.0153574.g007
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identify if a drug rescues the downstream oxidative stress response associated with FA. Fur-
thermore, we suggest the use of qPCR-based mRNA quantification compared to protein as a
measurement of biomarker expression, as these data show a more robust correlative relation-
ship between the biomarkers and frataxin expression in b-lymphoblasts compared to measur-
ing protein abundance by western blot (Figs 3 and 5). This result is likely due to the higher
precision and accuracy of qPCR transcript quantification compared to protein quantification
by western blot procedure.

The primary and secondary screening of biomarker mRNA expression combined with the
tertiary screening of biomarker protein level identified four candidate biomarkers out of the 84
original genes. When tested for their response to DMF and HDACi treatments, two final bio-
markers became the most likely candidates for future therapeutic purposes. These two bio-
markers, NCF2 and PDLIM1, were consistently altered in FA patient-derived cells as
compared to healthy control b-lymphoblasts (Figs 1, 2 and 4). NCF2 is a subunit of the
NADPH oxidase complex responsible for the synthesis of superoxide in neutrophils[37]. Possi-
bly because of NCF2's pro-oxidant nature, NCF2 is suppressed in FA lymphoblasts[38].

PDLIM1 is also known as CLP36. Little is known about the role of PDLIM1/CLP36 in oxi-
dant stress, however it was recently demonstrated to be a biomarker of the Nrf2 inducer sulfo-
raphane in cardiomyocytes[39]. The major cause of death in Friedreich's is a cardiomyopathy
that has some features of an inflammatory cardiomyopathy. Because PDLIM1/CLP36 is regu-
lated by Nrf2/antioxidant status in cardiomyocytes[39] and it lymphoblasts (Fig 6), the
PDLIM1/CLP36 status in peripheral blood lymphocytes could be considered a biomarker of

Fig 8. Ideogram for use of blood biomarkers to assess the Friedreich’s ataxia biomarker based on altered oxidative stress response gene
expression.Whole blood or peripheral blood monocytes can be isolated from patients, and biomarker mRNA expression can be tested by qPCR techniques
to biochemically assess disease severity and/or response to therapies.

doi:10.1371/journal.pone.0153574.g008
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cardiac antioxidant status. PDLIM1/CLP36 has also been shown to interact directly with acti-
nin in the dorsal root ganglion, modulating the regenerative process of peripheral motor neu-
rons[40]. PRDX5 is a gene in the peroxiredoxin family not regulated by Nrf2 that has
previously been shown to be down regulated in FA patients[23].

Noteworthy biomarker candidates that passed the primary qPCR array and secondary
qPCR screening but were unresponsive to DMF and HDACi treatments are PRDX5 and
SFTPD. PRDX5 is a mitochondrial antioxidant responsible for scavenging excess peroxides in
the mitochondrial matrix that is protective from the formation of DNA lesion and apoptosis
[41, 42]. Lastly, SFTPD is an oxidative stress response gene that has been shown to be upregu-
lated when exposed to hydrogen peroxide and is capable of inducing the Nrf2 antioxidative
pathway[43, 44].

The biomarker candidates NCF2 and PDLIM1 showed strong and somewhat strong corre-
lation to relative frataxin expression in FA b-lymphoblasts (Figs 3 and 5). Interestingly, the cor-
relation coefficients of the biomarkers were both positive and negative, allowing for the
detection of false biomarkers signal during the analysis of their response to FA therapies DMF
and HDACi.

We treated FA b-lymphoblasts with DMF and HDACi to understand whether the candidate
biomarkers are applicable for monitoring the efficacy of FA therapeutics in vitro. We show
here a DMF-dependent induction of frataxin expression in FA patient lymphoblasts, and we
had previously shown that DMF increases Nrf2 transcription factor binding to the frataxin
gene promoter, which leads to an increase in frataxin expression[29].

The type 1 HDACi RGFP109/RG2833 is thought to be targeting HDAC1 and HDAC3, the
likes of which were previously shown to increase the expression of the frataxin gene in FA
patient peripheral blood mononuclear cells[32]. A mechanism of HDACi-induced frataxin
unsilencing could be preventing the deacetylation of H3K9, H4K5, H4K8, and H4K16[28].

Because NCF2 is down regulated and PDLIM1 is up regulated dose-dependently in response
to frataxin expression in FA b-lymphoblasts and is rescued by HDACi and DMF exposure, this
increases our confidence and extends the list of potential molecular, scalar, minimally invasive
biomarkers beyond frataxin.

Summary and Prospects. From the 84 original biomarker candidates screened, six were con-
firmed at the mRNA level, and four of these genes showed similar trends at the protein level
(Figs 1, 2 and 4), wherein they showed a strong to somewhat strong correlation with frataxin
expression in FA cells (Figs 3 and 5). Among those four, the expression of two biomarkers,
NCF2 and PDLIM1, was dose-dependently normalized by exposure to DMF and HDACi.
DMF and HDACi are experimental therapeutics that unsilence frataxin expression. Thus
NCF2 and PDLIM1 are the most robust biomarkers of the 84 because of 1) their strong to
somewhat strong correlation to relative frataxin expression, 2) their bidirectional change in
expression in response to frataxin induction that can be used to reduce false positive signals,
and 3) their lack of co-regulation, providing two independent indications of frataxin reconsti-
tution or disease amelioration. 4) Furthermore, because PDLIM1/CLP36 has been shown by
others to be a biomarker of oxidant/Nrf2 status in cardiomyocytes, and because cardiomyopa-
thy is the cause of death in 80% of Friedreich's cases, a marker of its status could be important
for clinical drug development. In the future, the lymphoblast mRNA biomarkers might be
paired with the Friedreich’s ataxia rating scale (FARS) to provide objective, quantitative, scalar
and minimally invasive assessment of disease severity in FA patients.

The use of biomarkers can potentially increase the speed of discovery and development of
FA therapeutics while providing a quantitative measurement of FA patient health. Further
studies are necessary to understand if the biomarkers behave similarly in patients being treated
with currently developing therapeutics and if the biomarkers correlate with FARS.

Lymphoblast Biomarkers of Friedreich's Ataxia

PLOS ONE | DOI:10.1371/journal.pone.0153574 April 14, 2016 15 / 18



Supporting Information
S1 File. Primary screen qPCR. Alteration of mRNA level oxidative stress response genes.
(XLSX)

S2 File. Secondary screen qPCR. In-house mRNA level confirmation of primary screen.
(XLSX)

S3 File. Tertiary screen Western. Protein level confirmation of secondary screen.
(XLSX)

S4 File. 48hr DMF response qPCR. NRF2 mediated frataxin amelioration leads to NCF2 and
PDLIM1 response.
(XLSX)

S5 File. 48hr RG2833 response qPCR.HDAC inhibitor mediated frataxin amelioration leads
to NCF2 and PDLIM1 response.
(XLSX)

Author Contributions
Conceived and designed the experiments: GH GC. Performed the experiments: GH. Analyzed
the data: GH GC. Contributed reagents/materials/analysis tools: GC. Wrote the paper: GH GC.

References
1. Campuzano V, Montermini L, Lutz Y, Cova L, Hindelang C, Jiralerspong S, et al. Frataxin is reduced in

Friechdreich ataxia patients and is associated with mitochondrial membranes. HumMol Genet. 1997; 6
(11):10.

2. Durr A, Cossee M, Agid Y, Campuzano V, Mignard C, Penet C, et al. Clinical and genetic abnormalities
in patients with Friedreich's ataxia. The New England journal of medicine. 1996; 335(16):7.

3. Koeppen AH. Friedreich's ataxia: pathology, pathogenesis, and molecular genetics. J Neurol Sci. 2011;
303(1–2):1–12. doi: 10.1016/j.jns.2011.01.010 PMID: 21315377; PubMed Central PMCID:
PMC3062632.

4. Small JR, Thomas PK, Schapira AH. Dorsal root ganglion proteins in Friedreich's ataxia. Neuroscience
Letters. 1993; 163(2):3.

5. Ristow M, Mulder H, Pomplun D, Schulz TJ, Müller-Schmehl K, Krause A, et al. Frataxin deficiency in
pancreatic islets causes diabetes due to loss of β cell mass. Journal of Clinical Investigation. 2003; 112
(4):527–34. doi: 10.1172/jci200318107 PMID: 12925693

6. Durr A, Brice A. Clinical and genetic aspects of spinocerebellar degeneration. Current opinion in Neu-
rology. 2000; 13(4):7.

7. Campuzano V, Montermini L, Molto D, Pianese L, Cossee M, Francesca Cavalcanti T, et al. Friedrei-
ch's Ataxia: Autosomal Recessive Disease Caused by an Intronic GAA Triplet Repeat Expansion. Sci-
ence. 1996; 271(5254):6.

8. Cossee M, Schmitt M, Campuzano V, Reutenauer L, Moutou J, Koenig M. Evolution of the Friedreich's
ataxia trinucleotide repeat expansion: Founder effect and premutations. Proc Natl Acad Sci U S A.
1997; 94(14):6.

9. Al-Mahdawi S, Pinto RM, Ismail O, Varshney D, Lymperi S, Sandi C, et al. The Friedreich ataxia GAA
repeat expansion mutation induces comparable epigenetic changes in human and transgenic mouse
brain and heart tissues. HumMol Genet. 2008; 17(5):735–46. doi: 10.1093/hmg/ddm346 PMID:
18045775.

10. Kim E, Napierala M, Dent SY. Hyperexpansion of GAA repeats affects post-initiation steps of FXN tran-
scription in Friedreich's ataxia. Nucleic Acids Res. 2011; 39(19):8366–77. doi: 10.1093/nar/gkr542
PMID: 21745819; PubMed Central PMCID: PMC3201871.

11. Tsai CL, Barondeau DP. Human frataxin is an allosteric switch that activates the Fe-S cluster biosyn-
thetic complex. Biochemistry. 2010; 49(43):9132–9. Epub 2010/09/30. doi: 10.1021/bi1013062 PMID:
20873749.

Lymphoblast Biomarkers of Friedreich's Ataxia

PLOS ONE | DOI:10.1371/journal.pone.0153574 April 14, 2016 16 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153574.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153574.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153574.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153574.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153574.s005
http://dx.doi.org/10.1016/j.jns.2011.01.010
http://www.ncbi.nlm.nih.gov/pubmed/21315377
http://dx.doi.org/10.1172/jci200318107
http://www.ncbi.nlm.nih.gov/pubmed/12925693
http://dx.doi.org/10.1093/hmg/ddm346
http://www.ncbi.nlm.nih.gov/pubmed/18045775
http://dx.doi.org/10.1093/nar/gkr542
http://www.ncbi.nlm.nih.gov/pubmed/21745819
http://dx.doi.org/10.1021/bi1013062
http://www.ncbi.nlm.nih.gov/pubmed/20873749


12. Bridwell-Rabb J, Fox NG, Tsai CL, Winn AM, Barondeau DP. Human frataxin activates Fe-S cluster
biosynthesis by facilitating sulfur transfer chemistry. Biochemistry. 2014; 53(30):4904–13. Epub 2014/
06/28. doi: 10.1021/bi500532e PMID: 24971490; PubMed Central PMCID: PMCPMC4215901.

13. Rötig A, de Lonlay P, Chretien D, Foury F, Koenig M, Sidi D, et al. Aconitase and mitochondrial iron-sul-
phur protein deficiency in Friedreich ataxia. Nature Genetics. 1997; 17(2):3.

14. Parent A, Elduque X, Cornu D, Belot L, Le Caer JP, Grandas A, et al. Mammalian frataxin directly
enhances sulfur transfer of NFS1 persulfide to both ISCU and free thiols. Nat Commun. 2015; 6:5686.
Epub 2015/01/20. doi: 10.1038/ncomms6686 PMID: 25597503.

15. Bradley J, Blake J, Chamberlain S, Thomas P, Cooper JM, Schapira AH. Clinical, biochemical andmo-
lecular genetic correlations in Friedreich’s ataxia. Human Molecular Genetics. 1999; 9(2):8.

16. Piemonte F, Pastore A, Tozzi G, Tagliacozzi D, Santorelli F, Carrozzo R, et al. Glutathione in blood of
patients with Friedreich's ataxia. European Journal of Clinical Investigation. 2001; 31(11):5.

17. Emond M, Lepage G, Vanasse M, Pandolfo M. Increased levels of plasmamalondialdehyde in Frie-
dreich ataxia. Increased levels of plasmamalondialdehyde in Friedreich ataxia. 2000; 55(11):2.

18. Schulz J, Dehmer T, Schols L, Mende H, Vorgerd M, Burk K, et al. Oxidative stress in patients with Frie-
dreich ataxia. Neurology. 2000; 55(11):3.

19. Haugen AC, Di Prospero NA, Parker JS, Fannin RD, Chou J, Meyer JN, et al. Altered gene expression
and DNA damage in peripheral blood cells from Friedreich's ataxia patients: cellular model of pathol-
ogy. PLoS Genet. 2010; 6(1):e1000812. Epub 2010/01/22. doi: 10.1371/journal.pgen.1000812 PMID:
20090835; PubMed Central PMCID: PMCPMC2799513.

20. Chantrel-Groussard K, Geromel V, Puccio H, Koenig M, Munnich A, Rötig A, et al. Disabled early
recruitment of antioxidant defense in Friedreich's ataxia. HumMol Genet. 2001; 10(19):8.

21. Wong A, Yang J, Cavadini P, Gellera C, Lonnerdal B, Taroni F, et al. The Friedreich’s ataxia mutation
confers cellular sensitivity to oxidant stress which is rescued by chelators of iron and calcium and inhibi-
tors of apoptosis. HumanMolecular Genetics. 1999; 8(3):6.

22. Calabrese V, Lodi R, Tonon C, D'Agata V, Sapienza M, Scapagnini G, et al. Oxidative stress, mitochon-
drial dysfunction and cellular stress response in Friedreich's ataxia. J Neurol Sci. 2005; 233(1–2):145–
62. doi: 10.1016/j.jns.2005.03.012 PMID: 15896810.

23. Shan Y, Schoenfeld RA, Hayashi G, Napoli E, Akiyama T, Iodi Carstens M, et al. Frataxin Deficiency
Leads to Defects in Expression of Antioxidants and Nrf2 Expression in Dorsal Root Ganglia of the Frie-
dreich's Ataxia YG8RMouse Model. Antioxid Redox Signal. 2013. doi: 10.1089/ars.2012.4537 PMID:
23350650.

24. Sandi C, Sandi M, Jassal H, Ezzatizadeh V, Anjomani-Virmouni S, Al-Mahdawi S, et al. Generation and
characterisation of Friedreich ataxia YG8Rmouse fibroblast and neural stem cell models. PLoS One.
2014; 9(2):e89488. Epub 2014/03/04. doi: 10.1371/journal.pone.0089488 PMID: 24586819; PubMed
Central PMCID: PMCPmc3931792.

25. Paupe V, Dassa E, Goncalves S, Auchere F, LonnM, Holmgren A, et al. Impaired Nuclear Nrf2 Translo-
cation Undermines the Oxidative Stress Response in Friedreich Ataxia. PLoS One. 2009; 4(1):11. doi:
10.1371/journal.pone.0004253

26. D'Oria V, Petrini S, Travaglini L, Priori C, Piermarini E, Petrillo S, et al. Frataxin Deficiency Leads to
Reduced Expression and Impaired Translocation of NF-E2-Related Factor (Nrf2) in Cultured Motor
Neurons. Int J Mol Sci. 2013; 14(4):7853–65. doi: 10.3390/ijms14047853 PMID: 23574943; PubMed
Central PMCID: PMC3645720.

27. Abeti R, Uzun E, Renganathan I, Honda T, Pook MA, Giunti P. Targeting lipid peroxidation and mito-
chondrial imbalance in Friedreich's ataxia. Pharmacol Res. 2015; 99:344–50. Epub 2015/07/05. doi:
10.1016/j.phrs.2015.05.015 PMID: 26141703.

28. Soragni E, MiaoW, Iudicello M, Jacoby D, De Mercanti S, Clerico M, et al. Epigenetic therapy for Frie-
dreich ataxia. Ann Neurol. 2014; 76(4):489–508. Epub 2014/08/28. doi: 10.1002/ana.24260 PMID:
25159818; PubMed Central PMCID: PMCPmc4361037.

29. Sahdeo S, Scott BD, McMackin MZ, Jasoliya M, Brown B, Wulff H, et al. Dyclonine rescues frataxin
deficiency in animal models and buccal cells of patients with Friedreich's ataxia. HumMol Genet. 2014;
23(25):6848–62. Epub 2014/08/13. doi: 10.1093/hmg/ddu408 PMID: 25113747; PubMed Central
PMCID: PMCPmc4245046.

30. Seyer L, Greeley N, Foerster D, Strawser C, Gelbard S, Dong Y, et al. Open-label pilot study of inter-
feron gamma-1b in Friedreich ataxia. Acta Neurol Scand. 2015; 132(1):7–15. Epub 2014/10/23. doi:
10.1111/ane.12337 PMID: 25335475.

31. Strawser CJ, Schadt KA, Lynch DR. Therapeutic approaches for the treatment of Friedreich's ataxia.
Expert Rev Neurother. 2014; 14(8):949–57. Epub 2014/07/19. doi: 10.1586/14737175.2014.939173
PMID: 25034024.

Lymphoblast Biomarkers of Friedreich's Ataxia

PLOS ONE | DOI:10.1371/journal.pone.0153574 April 14, 2016 17 / 18

http://dx.doi.org/10.1021/bi500532e
http://www.ncbi.nlm.nih.gov/pubmed/24971490
http://dx.doi.org/10.1038/ncomms6686
http://www.ncbi.nlm.nih.gov/pubmed/25597503
http://dx.doi.org/10.1371/journal.pgen.1000812
http://www.ncbi.nlm.nih.gov/pubmed/20090835
http://dx.doi.org/10.1016/j.jns.2005.03.012
http://www.ncbi.nlm.nih.gov/pubmed/15896810
http://dx.doi.org/10.1089/ars.2012.4537
http://www.ncbi.nlm.nih.gov/pubmed/23350650
http://dx.doi.org/10.1371/journal.pone.0089488
http://www.ncbi.nlm.nih.gov/pubmed/24586819
http://dx.doi.org/10.1371/journal.pone.0004253
http://dx.doi.org/10.3390/ijms14047853
http://www.ncbi.nlm.nih.gov/pubmed/23574943
http://dx.doi.org/10.1016/j.phrs.2015.05.015
http://www.ncbi.nlm.nih.gov/pubmed/26141703
http://dx.doi.org/10.1002/ana.24260
http://www.ncbi.nlm.nih.gov/pubmed/25159818
http://dx.doi.org/10.1093/hmg/ddu408
http://www.ncbi.nlm.nih.gov/pubmed/25113747
http://dx.doi.org/10.1111/ane.12337
http://www.ncbi.nlm.nih.gov/pubmed/25335475
http://dx.doi.org/10.1586/14737175.2014.939173
http://www.ncbi.nlm.nih.gov/pubmed/25034024


32. Rai M, Soragni E, Chou CJ, Barnes G, Jones S, Rusche JR, et al. Two new pimelic diphenylamide
HDAC inhibitors induce sustained frataxin upregulation in cells from Friedreich's ataxia patients and in
a mouse model. PLoS One. 2010; 5(1):e8825. Epub 2010/01/26. doi: 10.1371/journal.pone.0008825
PMID: 20098685; PubMed Central PMCID: PMCPmc2809102.

33. Sandi C, Pinto RM, Al-Mahdawi S, Ezzatizadeh V, Barnes G, Jones S, et al. Prolonged treatment with
pimelic o-aminobenzamide HDAC inhibitors ameliorates the disease phenotype of a Friedreich ataxia
mouse model. Neurobiol Dis. 2011; 42(3):496–505. Epub 2011/03/15. doi: 10.1016/j.nbd.2011.02.016
PMID: 21397024; PubMed Central PMCID: PMCPmc3107941.

34. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402–8. doi: 10.1006/meth.2001.1262
PMID: 11846609.

35. Al-Mahdawi S, Pinto RM, Varshney D, Lawrence L, Lowrie MB, Hughes S, et al. GAA repeat expansion
mutation mouse models of Friedreich ataxia exhibit oxidative stress leading to progressive neuronal
and cardiac pathology. Genomics. 2006; 88(5):580–90. doi: 10.1016/j.ygeno.2006.06.015 PMID:
16919418; PubMed Central PMCID: PMC2842930.

36. Thierbach R, Schulz TJ, Isken F, Voigt A, Mietzner B, Drewes G, et al. Targeted disruption of hepatic
frataxin expression causes impaired mitochondrial function, decreased life span and tumor growth in
mice. HumMol Genet. 2005; 14(24):3857–64. doi: 10.1093/hmg/ddi410 PMID: 16278235.

37. Yuzawa S, Miyano K, Honbou K, Inagaki F, Sumimoto H. The domain organization of p67 phox, a pro-
tein required for activation of the superoxide-producing NADPH oxidase in phagocytes. J Innate
Immun. 2009; 1(6):543–55. Epub 2009/01/01. doi: 10.1159/000235656 PMID: 20375610.

38. Tammariello SP, Quinn MT, Estus S. NADPH oxidase contributes directly to oxidative stress and apo-
ptosis in nerve growth factor-deprived sympathetic neurons. J Neurosci. 2000; 20(1):Rc53. Epub 2000/
01/11. PMID: 10627630.

39. Angeloni C, Turroni S, Bianchi L, Fabbri D, Motori E, Malaguti M, et al. Novel targets of sulforaphane in
primary cardiomyocytes identified by proteomic analysis. PLoS One. 2013; 8(12):e83283. Epub 2013/
12/19. doi: 10.1371/journal.pone.0083283 PMID: 24349480; PubMed Central PMCID:
PMCPmc3859650.

40. Hasegawa T, Ohno K, Funahashi S, Miyazaki K, Nagano A, Sato K. CLP36 interacts with palladin in
dorsal root ganglion neurons. Neurosci Lett. 2010; 476(2):53–7. Epub 2010/04/13. doi: 10.1016/j.
neulet.2010.03.081 PMID: 20381583.

41. Cox AG, Winterbourn CC, Hampton MB. Mitochondrial peroxiredoxin involvement in antioxidant
defence and redox signalling. Biochem J. 2010; 425(2):313–25. Epub 2009/12/23. doi: 10.1042/
bj20091541 PMID: 20025614.

42. Kropotov A, Serikov V, Suh J, Smirnova A, Bashkirov V, Zhivotovsky B, et al. Constitutive expression of
the human peroxiredoxin V gene contributes to protection of the genome from oxidative DNA lesions
and to suppression of transcription of noncoding DNA. Febs j. 2006; 273(12):2607–17. Epub 2006/07/
05. doi: 10.1111/j.1742-4658.2006.05265.x PMID: 16817890.

43. Jain D, Atochina-Vasserman EN, Tomer Y, Kadire H, Beers MF. Surfactant protein D protects against
acute hyperoxic lung injury. Am J Respir Crit Care Med. 2008; 178(8):805–13. Epub 2008/07/19. doi:
10.1164/rccm.200804-582OC PMID: 18635887; PubMed Central PMCID: PMCPmc2566792.

44. Mine Y, Young D, Yang C. Antioxidative stress effect of phosphoserine dimers is mediated via activa-
tion of the Nrf2 signaling pathway. Mol Nutr Food Res. 2015; 59(2):303–14. Epub 2014/10/30. doi: 10.
1002/mnfr.201400381 PMID: 25351664.

Lymphoblast Biomarkers of Friedreich's Ataxia

PLOS ONE | DOI:10.1371/journal.pone.0153574 April 14, 2016 18 / 18

http://dx.doi.org/10.1371/journal.pone.0008825
http://www.ncbi.nlm.nih.gov/pubmed/20098685
http://dx.doi.org/10.1016/j.nbd.2011.02.016
http://www.ncbi.nlm.nih.gov/pubmed/21397024
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1016/j.ygeno.2006.06.015
http://www.ncbi.nlm.nih.gov/pubmed/16919418
http://dx.doi.org/10.1093/hmg/ddi410
http://www.ncbi.nlm.nih.gov/pubmed/16278235
http://dx.doi.org/10.1159/000235656
http://www.ncbi.nlm.nih.gov/pubmed/20375610
http://www.ncbi.nlm.nih.gov/pubmed/10627630
http://dx.doi.org/10.1371/journal.pone.0083283
http://www.ncbi.nlm.nih.gov/pubmed/24349480
http://dx.doi.org/10.1016/j.neulet.2010.03.081
http://dx.doi.org/10.1016/j.neulet.2010.03.081
http://www.ncbi.nlm.nih.gov/pubmed/20381583
http://dx.doi.org/10.1042/bj20091541
http://dx.doi.org/10.1042/bj20091541
http://www.ncbi.nlm.nih.gov/pubmed/20025614
http://dx.doi.org/10.1111/j.1742-4658.2006.05265.x
http://www.ncbi.nlm.nih.gov/pubmed/16817890
http://dx.doi.org/10.1164/rccm.200804-582OC
http://www.ncbi.nlm.nih.gov/pubmed/18635887
http://dx.doi.org/10.1002/mnfr.201400381
http://dx.doi.org/10.1002/mnfr.201400381
http://www.ncbi.nlm.nih.gov/pubmed/25351664

