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ABSTRACT : Background: Friedreich’s ataxia is an
autosomal-recessive cerebellar ataxia caused by muta-
tion of the frataxin gene, resulting in decreased frataxin
expression, mitochondrial dysfunction, and oxidative
stress. Currently, no treatment is available for Frie-
dreich’s ataxia patients. Given that levels of residual fra-
taxin critically affect disease severity, the main goal of a
specific therapy for Friedreich’s ataxia is to increase fra-
taxin levels.
Objectives: With the aim to accelerate the development
of a new therapy for Friedreich’s ataxia, we took a drug
repositioning approach to identify market-available drugs
able to increase frataxin levels.
Methods: Using a cell-based reporter assay to monitor
variation in frataxin amount, we performed a high-
throughput screening of a library containing 853 U.S.
Food and Drug Administration–approved drugs.
Results: Among the potentially interesting candidates
isolated from the screening, we focused our attention on
etravirine, an antiviral drug currently in use as an anti–

human immunodeficiency virus therapy. Here, we show
that etravirine can promote a significant increase in fra-
taxin levels in cells derived from Friedreich’s ataxia
patients, by enhancing frataxin messenger RNA transla-
tion. Importantly, frataxin accumulation in treated patient
cell lines is comparable to frataxin levels in unaffected
carrier cells, suggesting that etravirine could be thera-
peutically relevant. Indeed, etravirine treatment restores
the activity of the iron-sulphur cluster containing enzyme
aconitase and confers resistance to oxidative stress in
cells derived from Friedreich’s ataxia patients.
Conclusions: Considering its excellent safety profile
along with its ability to increase frataxin levels and cor-
rect some of the disease-related defects, etravirine repre-
sents a promising candidate as a therapeutic for
Friedreich’s ataxia. © 2019 International Parkinson and
Movement Disorder Society
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Friedreich’s ataxia (FRDA) is a progressive degenera-
tive disease that affects mainly the nervous system and
heart. It is the most common form of inherited ataxia,
with an autosomal-recessive inheritance pattern and an

estimated prevalence of 1 in 50.000 individuals in the
white population.1,2 Symptoms are unremitting and
generally appear during puberty, although age of onset
varies from childhood (2–3 years) to adulthood (after
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25 years).3 Gait instability and lack of coordination are
the main symptoms of the disease. Additional symp-
toms include dysarthria, areflexia, sensory loss, skeletal
abnormalities, and left ventricular hypertrophy, which
is the main cause of premature death.4-6

FRDA is caused by a homozygous hyperexpansion of
GAA triplets (from ≈70 to ≈1,000 triplets) within the
first intron of the gene coding for frataxin (FXN).7,8 This
type of mutation reduces transcription of the FXN gene
attributed to the formation of “sticky” DNA structures
and epigenetic modifications,9 while maintaining a mini-
mal residual amount of frataxin (≈ 10–30%), which is
essential for survival during embryonic development.10

Frataxin is synthesized in the cytoplasm as a 210 ami-
noacid precursor form and subsequently imported into
mitochondria. In eukaryotes, the frataxin maturation
process is mediated by the action of the MPP (mito-
chondrial processing peptidase), which operates a
sequential proteolysis by generating the intermediate
(residues 42–210) and mature (residues 81–210) fra-
taxin forms.11 Frataxin is involved in several mitochon-
drial activities, such as iron metabolism and regulation
of iron-sulfur clusters (ISCs) assembly, adenosine tri-
phosphate generation, and oxidative stress control.12

Despite that frataxin is expressed ubiquitously in the
organism, its deficiency primarily affects some regions
of the central and peripheral nervous systems,13,14

heart, skeleton, and endocrine pancreas, causing the
main clinical and pathological features of the dis-
ease.15,16 Currently, there is no approved treatment to
cure FRDA or halt the progression of the disease.17,18

Given that reduced amount of frataxin is the principal
cause of the disease, the main goal of a specific therapy
for FRDA is to restore physiological frataxin levels.
Several therapeutic approaches under development aim
at increasing frataxin levels, using both drug reposition-
ing19-22 or drug discovery approaches.23-27

Here, we took a systematic drug repositioning approach.
To search for drugs capable to increase frataxin levels, we
screened a U.S. Food and Drug Administration (FDA)-
approved library comprising 853 different drugs, using a
frataxin-reporter fusion construct in a cell-based assay.
From the screening, we isolated 19 compounds that pro-
mote frataxin accumulation. These drugs belong to differ-
ent pharmacological classes and have various known
molecular targets. In the following validation steps, consid-
ering the life-long nature of FRDA disease, we prioritized
candidate drugs that are known to be tolerated in a
chronic treatment regimen. In particular, we focused our
attention on etravirine, an antiretroviral drug currently used
for the life-long treatment of human immunodeficiency
(HIV)-infected patients, including children.28,29 Here, we
show that etravirine can promote a significant increase in
frataxin levels in several lymphoblastoid cell lines and in pri-
mary fibroblasts derived from FRDA patients, without
showing any toxic effect. In these cells, etravirine restores

frataxin to levels that are comparable to levels in cells from
the unaffected carrier mother, suggesting that etravirine
could be therapeutically relevant. Importantly, etravirine
treatment can rescue some phenotypic defects associated
with frataxin deficiency, such as defects in the activity of
ISC-containing enzymes and sensitivity to oxidative stress.
Considering its excellent safety profile along with

its ability to induce accumulation of frataxin protein
and improvement of mitochondrial functions, etravir-
ine represents a promising candidate as a therapeutic
for FRDA.

Materials and Methods
Screening

The FDA-approved drug library (Selleckchem screen-
ing libraries) that was used in the screening was com-
posed of 853 drugs. The library was provided in a total
of ten 96-well plates, with the drugs at a stock concen-
tration of 10 mM in dimethyl sulfoxide (DMSO). For
the screening, HEK-293 cells were transiently trans-
fected with pCMV-fxn-ProLabel. Twenty-four hours
after transfection, cells were plated in a 96-well plate at
a concentration of 5 × 104 cells per well. Twenty-four
hours after replating, cells were treated with an individ-
ual drug per well, at a final concentration of 10 μM.
DMSO treatment was used as negative control, whereas
MG132-treated cells were included in each plate and
considered as internal positive control. After 24 hours
the ProLabel enzyme fragment complementation assay
was performed, using the PathHunter ProLabel Detec-
tion Kit (DiscoverX, Fremont, CA), according to the
manufacturer’s instructions. Six technical replicates
were performed for each plate.
See also the Supporting Methods.

Results
FDA-Approved Drug Library
High-Throughput Screening

In order to identify drugs that increase frataxin
levels, we performed a high-throughput screening of a
library containing 853 FDA-approved drugs. To eval-
uate the effect of drugs on frataxin abundance, we
generated a fusion construct between frataxin and Pro-
Label that was used as a reporter in an in-cell assay.
The system is based on β-galactosidase enzyme frag-
ment complementation.32 The 6-kDa ProLabel tag
encodes the inactive α fragment of the β-galactosidase
enzyme. When the Ω subunit of the enzyme is added,
together with the substrate, the two subunits combine
to form an active enzyme that generates a chemilumi-
nescent signal, whose intensity correlates to the
amount of frataxin-ProLabel fusion present in the
cells. This system allows to evaluate subtle variations
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in frataxin levels in a sensitive and accurate manner.33

To validate this system, cells transfected with frataxin-
ProLabel were treated with the proteasome inhibitor,
MG132. By blocking proteasome-dependent degrada-
tion of ubiquitinated target proteins, MG132 allows
accumulation of frataxin.34 Indeed, treatment of trans-
fected cells with MG132 promotes frataxin accumula-
tion, which results in a 5-fold increase in the intensity
of the luminescence signal generated by the frataxin-
ProLabel fusion protein (not shown). To perform the
screening, HEK293 cells transiently transfected with
frataxin-ProLabel were plated in 96-well plates. The
day after, cells were treated with 10 μM of each indi-
vidual drug for 24 hours. After addition of the com-
plementary β-galactosidase subunit and the substrate,
chemiluminescence emission from each individual well
was measured by luminometer reading (Supporting
Information Fig. S1A,B). Six replicates were performed

for each drug. From the screening, we isolated 19 can-
didate drugs, potentially involved in the regulation of
frataxin levels, which were selected for further
analysis.
The identified candidate drugs were individually vali-

dated for their ability to promote frataxin accumula-
tion. We initially tested the selected compounds on
HEK293 Flp-In cells stably transfected with frataxin
(HEK293-fxn) at 10 μM, which is the concentration
used in the screening. This cell line contains a single
copy of frataxin complementary DNA (cDNA) inte-
grated into the genome and therefore, with relatively
low levels of overexpression, enables the detection of
all frataxin forms. As shown in Figure 1A,B, 13 of the
19 selected drugs were indeed able to promote at least
a 2-fold increase in frataxin precursor levels. Frataxin
precursor appears as a doublet in western blot analysis;
however, the exact nature of these two forms has never

FIG. 1. Candidate drug validation. (A) HEK 293-fxn cells were treated with 10 μM of each candidate drug for 24 hours. Cell extracts were resolved on
sodium dodecyl sulfate polyacrylamide gel electrophoresis and analyzed by western blot analysis with antifrataxin (lower panels) or antitubulin antibody
(upper panels). Tub, tubulin; pre, frataxin precursor; int, intermediate frataxin; mat, mature frataxin. (B) The table indicates the name of the candidate
drugs and the relative frataxin precursor levels, as measured by the western blot in (A), quantified as the densitometric ratio between frataxin precursor
and tubulin for each lane. Data represent the mean from three different independent experiments. S.E.M, standard error of the mean.
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been thoroughly investigated. We observed that most of
the selected drugs are able to upregulate one of the two
bands or both. Some drugs also increase the amount of
intermediate form, whereas no effect on the mature
form can be appreciated in this experimental setting
(see also below). Notably, three of the selected candi-
dates (FDA1, FDA11, and FDA5) promote a striking
upregulation of frataxin precursor. Among these three
drugs, we selected etravirine (FDA11), a non-nucleoside
reverse transcriptase inhibitor (NNRT), currently used
as a therapeutic for HIV-1 infection. This drug was
chosen for further investigation, taking into account its
minimal impact on cell viability and its potential to be
used in a chronic therapy without important side
effects.28

Etravirine Promotes Accumulation
of Frataxin Precursor

To further explore the effect of etravirine on fra-
taxin levels, we performed a time-course analysis in
different cell lines and measured frataxin precursor
levels by western blot. Etravirine is able to consis-
tently promote a significant increase in frataxin levels
in all the tested cell lines. As shown in Figure 2A, at
the dose of 10 μM, etravirine promotes a rapid and
robust increase in the amount of frataxin precursor in
HEK293-fxn, already detectable after 4 hours of
treatment and even higher after 12 hours. Moreover,
frataxin precursor accumulation can be detected as
well in nontransfected HEK293, expressing only
endogenous frataxin (Fig. 2B). Most important, etra-
virine induces accumulation of the frataxin precursor
also in the lymphoblastoid cell line, GM16203,
derived from a FRDA patient (Fig. 2C). We also
observed a concomitant reduction of the intermediate
form in the three cell lines tested, whereas no change
in amounts of the mature form can be observed. This
could be attributed to the large amount of rapidly
accumulated precursor causing a transient stalling in
mitochondrial import and processing. As shown in
Figure 3, this is overcome when lower doses (3 μM–

300 nM) of etravirine are used.
We then investigated whether the observed increase

in frataxin protein levels is attributed to an upregula-
tion of the frataxin, messenger RNA (mRNA), either
promoted by an increase in the translation rate of fra-
taxin mRNA or by its stabilization. To understand
whether etravirine promotes de novo synthesis of fra-
taxin mRNA, we metabolically labeled nascent tran-
scripts through the incorporation of 5-ethynyl uridine
(EU). Through a click chemistry-based reaction, bio-
tin was then conjugated to EU-labeled transcripts,
thus allowing selective isolation and analysis of newly
synthesized mRNA. We therefore quantitatively ana-
lyzed the relative amount of newly synthesized

frataxin mRNA in etravirine-treated HEK293-fxn
cells, compared to untreated control cells. As shown
in Figure 2D, we did not observe any difference in the
relative amount of newly synthesized frataxin mRNA
in etravirine-treated HEK293-fxn cells, compared to
untreated control cells, whereas, as expected, the
HDAC inhibitor Vorinostat, which was used as a
positive control, significantly upregulated frataxin
mRNA synthesis. We then analyzed the effect of etra-
virine on the decay of frataxin transcript observed
upon treatment with actinomycin. HEK293-fxn cells
were treated with actinomycin for 4, 8, or 12 hours
in the presence or absence of etravirine and frataxin
mRNA was quantitated by reverse-transcription poly-
merase chain reaction (RT-PCR). As shown in
Figure 2E, the half-life of frataxin mRNA is not
affected by etravirine, indicating that etravirine does
not promote a stabilization of the frataxin transcript.
These data suggest that etravirine might be able to
enhance the translation efficiency of frataxin mRNA,
thus resulting in increased amount of frataxin
protein.

Etravirine Promotes Mature Frataxin
Accumulation in FRDA Cells

In order to allow sufficient time for the precursor to
be converted into the mature functional form of fra-
taxin, we analyzed the effect of etravirine after a
24-hour treatment on FRDA patient-derived cells. We
tested different doses, ranging from 100 nM to 3 μM,
on the lymphoblastoid cell line GM16203 and we
observed that concentrations as low as 300 nM are suf-
ficient to promote a significant increase of the interme-
diate and mature frataxin forms (Fig. 3A,B and
Supporting Information Fig. S2).
We chose the minimal effective dose (300 nM) to

evaluate the efficacy of etravirine over a broad range of
cells derived from FRDA patients. In particular, we
analyzed seven lymphoblastoid cell lines derived from
FRDA patients and primary fibroblasts derived from
two different FRDA patients. Etravirine promoted an
increase in intermediate and mature frataxin levels in
all the cell lines tested upon 24-hour treatment
(Fig. 3C–E), whereas it did not affect the levels of other
mitochondrial proteins (Supporting Information
Fig. S3A–D). Average fold increase in mature frataxin
levels promoted by etravirine treatment is reported in
Figure 3E for each lymphoblastoid cell line and fibro-
blasts tested. Overall, we observed that etravirine was
able to promote a ~50% increase in mature frataxin
levels within 24 hours in cells derived from FRDA
patients. Moreover, the graph indicates that there was
no significant correlation between the GAA triplet
repeats number on the longer allele and the ability to
upregulate frataxin in response to etravirine. Results
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of these experiments are also summarized in Support-
ing Information Table S1. Importantly, frataxin upre-
gulation was maintained in cells treated with
etravirine for 96 hours, without showing any toxic
effect (Supporting Information Fig. S4A–C), further
supporting the possibility of using etravirine as a
chronic therapy for FRDA.

Etravirine Can Functionally Rescue Frataxin
Deficiency in FRDA Cells

In order to prove that the increase in frataxin levels
could be relevant for the purpose of restoring the physio-
logical conditions, frataxin levels in etravirine-treated
FRDA cells were compared to the levels observed in cells

FIG. 2. Etravirine promotes frataxin precursor accumulation in different cell types. HEK 293-fxn stably expressing frataxin (A), HEK 293 (B), or FRDA
lymphoblast cell line GM16203 (C) were treated with 10 μM of etravirine for the indicated time points. Protein extracts were resolved on sodium dodecyl
sulfate polyacrylamide gel electrophoresis and analyzed by western blot with antifrataxin antibody and antitubulin as a loading control. Etr, etravirine;
tub, tubulin; pre, frataxin precursor; int, intermediate frataxin; mat, mature frataxin. One of three experiments performed for each cell line and giving
similar results is shown. (D) HEK 293-fxn cells stably expressing frataxin were treated with 10 μM of etravirine, 10 μM of vorinostat, or DMSO for 4 or
8 hours. Quantitative analysis of newly synthesized FXN mRNA was performed by metabolic labeling of nascent RNA using the Click-iT Nascent RNA
Capture Kit (Life Technologies, Carlsbad, CA), followed by biotin conjugation and isolation with streptavidin beads, according to provider instructions.
Nascent frataxin transcripts levels were quantitated by real-time PCR relative to the expression of the control genes ACTB, GUSB, and ATP5J. Etr,
etravirine; Vor, vorinostat. (E) HEK 293-fxn cells stably expressing frataxin were treated with 100 nM of actinomycin D (open triangles) or 100 nM of acti-
nomycin D plus 10 μM of etravirine (solid circles) for the indicated times. Relative levels of total frataxin mRNA were measured by real-time PCR and
normalized on expression levels of three control genes, ATP5J, GUSB, and ACTB, using the ΔΔCt (delta delta cycle threshold) method. The graph
shows the average of three independent experiments � S.E.M. S.E.M, standard error of the mean.
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FIG. 3. Etravirine increases mature frataxin levels in FRDA lymphoblastoid cell lines and primary FRDA fibroblasts. (A) FRDA lymphoblast cells,
GM16203, were treated with the indicated doses of etravirine for 24 hours. Cell extracts were resolved on sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and analyzed by western blot analysis with antifrataxin (lower panel) and antitubulin (upper panel), as a loading control.
Int, intermediate frataxin; mat, mature frataxin; tub, tubulin. (B) The graph represents the relative mature frataxin levels measured by densitometric anal-
ysis of independent blots and normalized with tubulin levels. Data represent the average of three independent experiments � S.E.M. P values were cal-
culated with Student’s t test (*P < 0.05; **P < 0.01). (C) Representative blots for each of the seven FRDA lymphoblastoid cell lines. Each cell line was
treated with 300 nM of etravirine for 24 hours. Cell extracts were resolved on SDS-PAGE and analyzed by western blot analysis with antifrataxin and
antitubulin, as a loading control. (D) Representative blots for the primary fibroblasts derived from two FRDA patients. Cells were treated and analyzed
as described in (A). Etr, etravirine; mat, mature frataxin; int, intermediate frataxin; tub, tubulin. Average fold increase (� S.E.M.) in mature frataxin levels,
normalized with tubulin levels, is indicated below each blot. Data represent results from four independent experiments for each cell line. (E) The graph
represents the average fold increase in mature frataxin levels observed for each FRDA cell line or primary FRDA fibroblasts (specified in the graph leg-
end) upon etravirine treatment. FRDA lymphoblastoid cell lines and FRDA primary fibroblasts were distributed along the X-axis by the size of the lon-
gest allele. Densitometric analysis was performed on mature frataxin levels and normalized with tubulin levels. Data represent results from four
independent experiments for each cell line � S.E.M.; solid line and dashed line indicate, respectively, the average mature frataxin levels in untreated
control cells and the average mature frataxin levels in etravirine-treated cells. P values were calculated with Student’s t test (*P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001). S.E.M, standard error of the mean.
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derived from the unaffected carrier mother after 24 and
48 hours. As shown in Figure 4A,B, frataxin levels in
FRDA cells increased over time during etravirine treatment
and compared nicely to levels in unaffected carrier cells.

These data suggest that frataxin accumulation promoted
by etravirine treatment could be therapeutically significant.
To further explore the therapeutic potential of etra-

virine, we considered its ability to correct some of the

FIG. 4. Etravirine functionally rescue frataxin deficiency in FRDA patient cells. FRDA lymphoblastoid cell line GM16214 and lymphoblastoid cell line
GM16215 derived from the unaffected carrier mother were treated for 24 (A) or 48 hours (B) with 500 nM etravirine or vehicle alone. Cell extracts were
resolved on sodium dodecyl sulfate polyacrylamide gel electrophoresis and analyzed by western blot with antifrataxin antibody and antitubulin as a loading
control. Etr, etravirine; mat, mature frataxin; tub, tubulin. A representative experiment, of four showing similar results, is shown. (C,D) FRDA lymphoblasotid
cell line GM16214 was cultured in the presence of 500 nM etravirine (etr) or vehicle only (contr) for 24 hrs (C) or 48 hrs (D). Lymphoblastoid cell line
GM16215 of derived from the unaffected carrier mother was cultured in the presence of vehicle only (contr). Aconitase activity was measured spectrophoto-
metrically at 340 nm as described in the Materials and Methods section. Data represent the average of three (C) or five (D) independent experiments �
S.E.M. P values were calculated with Student’s t test (*P < 0.05). (E) Lymphoblasts derived from FRDA patient (GM16214) or from the unaffected carrier
mother (GM16215) were either treated with 500 nM of etravirine for 24 hours or with vehicle only. Cells were then treated with the indicated doses of H2O2

for 16 hours. The graph shows loss of cell viability upon treatment with different doses of H2O2. Cell viability was measured by the XTT assay as described
in the Materials and Methods section. Data represent results from six independent experiments � S.E.M. P values of etravirine-treated GM16214 versus
untreated GM16214 were calculated with Student’s t test (*P < 0.05; **P < 0.01; ***P < 0.001). S.E.M, standard error of the mean.
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defects associated with frataxin loss in cells derived
from patients. Frataxin participates in the biogenesis of
ISCs in cells; thus, frataxin deficiency is associated with
a deficit in the activity of many ISC-containing
enzymes,35 such as aconitase.36-38 To evaluate whether
the increase in frataxin levels promoted by etravirine
treatment is sufficient to restore ISC biogenesis in
FRDA patient-derived cells, we measured the activity of
aconitase upon etravirine treatment and compared it to
the activity observed in cells derived from the healthy
carrier mother. As shown in Figure 4C,D, etravirine
was able to restore aconitase activity in FRDA cells
after 48 hours.
Importantly, cells derived from FRDA patients have

an impaired antioxidant response and show increased
sensitivity to oxidative stress-induced cell death.39-41

We therefore tested whether, by promoting frataxin
accumulation, etravirine could revert this phenotype
and confer resistance to hydrogen peroxide-mediated
stress. We measured the loss of cell viability induced by
different doses of H2O2, and we observed that etravir-
ine treatment significantly protected lymphoblastoid
patient cells from H2O2-induced cell death (Fig. 4E).
Indeed, cell viability in etravirine-treated patient cells
was comparable to what was observed in cells derived
from the heterozygous healthy mother. Importantly, no
further improvement in cell viability was observed in
healthy control cells upon etravirine treatment. These
data indicate that etravirine treatment can significantly
correct functional defects induced by frataxin deficiency
in FRDA patient-derived cells.

Etravirine Promotes Frataxin mRNA Translation
in FRDA Cells

We have shown that frataxin accumulation promoted
by etravirine is not mediated by enhanced transcription
or transcript stabilization of frataxin mRNA (Fig. 2D,
E). We therefore considered whether a translational
upregulation was taking place upon etravirine treat-
ment. In order to evaluate whether etravirine affects the
overall rate of protein synthesis in FRDA lympho-
blasts GM16214, we measured the incorporation of
puromycin into newly synthesized polypeptides, using
the Sunset method.42 As shown in Figure 5A,B,
whereas cycloheximide reduced translation efficiency,
we observed no increase in puromycin incorporation
in cells treated with etravirine, suggesting that etravir-
ine does not promote a general increase in protein
translation rate. We then tested the hypothesis that
translation of frataxin mRNA is specifically enhanced
by etravirine treatment. To this aim, we fractionated
cell extracts from etravirine-treated and -untreated
FRDA lymphobalstoid cells into translationally active
polysomes and silent messenger ribonucleoproteins
(mRNPs), as previously described,43,44 and analyzed

the distribution of frataxin mRNA in the different
fractions. We observed that the percentage of frataxin
mRNA associated with the polysomal fraction was
significantly increased in cells exposed to etravirine
for 24 hours (Fig. 5C,D), whereas no change in distri-
bution of actin or glyceraldehyde 3-phosphate dehy-
drogenase mRNA could be observed (Supporting
Information Fig. S5A,B). This suggests that etravirine
enhances the translation efficiency of frataxin tran-
script, resulting in increased amount of frataxin pro-
teins in cells derived from FRDA patients.

Discussion

Despite being the most common form of inherited
ataxia, FRDA still lacks an adequate approved treat-
ment. Finding a therapy for FRDA is therefore a major
unmet medical need. Traditional drug discovery
approaches are usually very expensive, and many years
may be required for a candidate compound to reach
market approval. Moreover, classical drug discovery
processes are associated with a high risk of failure,
throughout the development phases. On the other
hand, drug repositioning, which is finding a new indica-
tion for an existing and already approved drug, repre-
sents an opportunity for accelerating the discovery of
new therapeutics and may represent a valuable strategy,
particularly in the field of orphan diseases, where
resources are often limited.45 This type of approach has
several advantages over the classic drug discovery, such
as reduced development costs and shorter time to
approval. These advantages are attributed to the possi-
bility of using existing pharmacokinetic, toxicology,
and safety data.46,47 With the aim to bypass the costs
and risks associated with traditional drug discovery
approaches and accelerate the identification of an effec-
tive treatment for FRDA, we pursued a drug reposition-
ing approach. Given that FRDA is mainly caused by
insufficient frataxin synthesis, our main goal was to
find drugs able to increase frataxin levels. Through the
use of a chemiluminescent reporter in a cell-based
assay, we screened an FDA-approved drugs library
searching for compounds able to promote frataxin
accumulation. Nineteen candidate compounds poten-
tially involved in the control of frataxin levels were iso-
lated, of the 853 drugs contained in the library. Upon
validation of the individual drugs, we confirmed that
most of the identified hits were indeed able to increase
frataxin levels in different cellular systems. However, to
prioritize further experimental validation, we consid-
ered various aspects, such as the drugs’ effect on cell
viability and the potentiality to be used as a chronic
therapy, given the chronic nature of FRDA disease.
Among other potentially interesting candidates, we
focused our attention on etravirine.
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Etravirine is an NNRT inhibitor of HIV-1 that has
been approved (TN Intelence) for the treatment of HIV-
1 since 2008.48 Etravirine blocks the RNA- and DNA-
dependent DNA polymerase activities of the HIV
reverse transcriptase, by binding directly to viral
enzyme in two conformationally distinct modes.49 This
binding causes a disruption of the enzyme’s catalytic
site, resulting in inhibition of the enzyme activity.50

Etravirine is safe and well tolerated over a long-term

regimen and is currently prescribed as a life-long treat-
ment for HIV-positive patients, starting from 6 years of
age.51

Here, we show, for the first time, that the antiviral
drug, etravirine, is able to promote frataxin accumula-
tion in cells derived from FRDA patients, restoring
physiological frataxin levels. Importantly, etravirine
treatment does not show any toxic effect on frataxin-
deficient cells and does not affect cell viability at any of

FIG. 5. Etravirine promotes frataxin mRNA translation in FRDA cells. (A) FRDA lymphoblastoid cell line GM16214 was treated for 24 hours with 500 nM
of etravirine or vehicle alone. Cells were then treated for 30 minutes with 10 μg/mL of puromycin to label nascent polypeptides. Cycloheximide (60 μM)
was added where indicated in the last 15 minutes of treatment. Total cell extracts were resolved on sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and analyzed by western blot with antifrataxin antibody, antipuromycin antibody, and antitubulin as a loading control. Etr, etravirine; Chx,
cycloheximide; tub, tubulin; mat, mature frataxin; puro, puromycin). (B) Densitometric analysis of the blot in (A). Total protein levels as revealed by anti-
puromycin antibody were normalized with tubulin levels. (C,D) Translational efficiency of frataxin mRNA was analyzed in FRDA lymphoblastoid cell line
GM16214 trated as in (A). Extracts were fractionated along a 15% to 50% sucrose gradient. Each gradient was collected in 10 fractions while reading
the absorbance at 254 nm. Frataxin mRNA was amplified by RT-qPCR and quantified as PMP (percentage messenger on polysomes).
(C) Representative absorbance profile of a sucrose gradient showing heavy polysomes (fractions 1–4), light polysomes (fractions 5–7), and mRNPs
(fractions 8–10). Frataxin mRNA was normalized to the amount of an RNA spike-in control. Bars represent the S.E.M (*P < 0.05; **P < 0.01, Student’s
t test; n = 4) in each fraction. (D) Histogram showing the percentage of frataxin mRNA on heavy polysomes, light polysomes, and mRNPs. Bars repre-
sent the S.E.M (*P < 0.05, 24 hours versus T0, Student’s t test; n = 4). S.E.M, standard error of the mean.
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the tested doses. Notably, etravirine does not affect the
rate of neosynthesis of frataxin mRNA, nor does it
impact on the half-life of frataxin transcript. These
observations are consistent with the screening method
that we adopted to select the candidate drugs. Indeed,
the frataxin-reporter fusion that we used for the screen-
ing is transiently transfected and expressed from a
cDNA under the constitutively active CMV promoter.
Moreover, because the GAA repeats are located within
an intronic region of the frataxin locus, they are not
present in the cDNA. Drugs that increase the levels of
the frataxin-reporter fusion are therefore not expected
to regulate the frataxin endogenous promoter and to
act through a GAA repeats-independent mechanism.
Indeed, we could show that etravirine is able to pro-
mote frataxin accumulation in different cell types, both
in transfected cells expressing frataxin from an exoge-
nous construct as well as in primary or immortalized
cells derived from FRDA patients, containing GAA
repeats expansion. Importantly, we did not observe any
correlation between the efficacy of etravirine and the
presence or length of the GAA repeats.
Etravirine might function by enhancing the rate of

translation of frataxin mRNA or by preventing the deg-
radation of frataxin protein. However, when etravirine
effect was compared to the effect of the general protea-
some inhibitor, MG132, which is known to prevent the
degradation of frataxin precursor33,34 and increase its
levels, we observed that etravirine-induced frataxin
accumulation is strikingly stronger than what observed
upon MG132 treatment, suggesting that de novo pro-
tein synthesis is taking place upon etravirine treat-
ment and accounts for the massive and rapid
accumulation of frataxin precursor (data not shown).
In line with these preliminary observations, we have
indeed shown that etravirine can specifically enhance
the translation efficiency of frataxin transcript, by
promoting a shift of frataxin mRNA from silent iso-
lated ribosomes toward the translationally active
polysomal fraction. Our data indicate also that etra-
virine does not promote a general increase in protein
translation rate, but rather selectively enhance fra-
taxin translation. Given that the promiscuous nature
of drugs is at the base of drug repositioning
approaches,45,52 it is reasonable to assume that etra-
virine might interact with a number of proteins within
the cell. Interaction of etravirine with one of the
eukaryotic translation initiation factors (eIFs) or one
of the eIF-binding proteins might promote a more effi-
cient formation of the translation initiation complex
or might facilitate its attachment to the mRNA, lead-
ing to recruitment of ribosomal subunits.53,54 It is
known that upregulation of specific subsets of genes is
translationally controlled55,56 even in conditions
where a general translational repression is observed.57

It is therefore possible that, together with frataxin, a

number of genes are similarly regulated by etravirine.
Ribosome profiling, combined with RNA sequencing
approaches,58,59 will help in the future to achieve a
more thorough analysis of genes that are affected by
etravirine treatment. Further studies will also be
required to identify the key translation factors and
RNA-binding proteins that mediate etravirine action
on frataxin mRNA.
Frataxin-deficient cells have an inefficient mitochon-

drial metabolism, which leads to increased generation
of reactive oxygen species, coupled with impaired abil-
ity to raise an adequate antioxidant response. These
features make FRDA patient cells particularly suscepti-
ble to oxidative stress.40,60 Importantly, we could also
show that frataxin accumulated upon etravirine treat-
ment could be functionally relevant, in that it can cor-
rect some of the pathogenic consequences of frataxin
deficiency in cells derived from FRDA patients, such as
deficiency in ISC-containing enzyme activity and
increased sensitivity to oxidative stress. In conclusion,
the well-characterized safety profile61 and very low tox-
icity induced by etravirine make this drug a promising
candidate for the development of a new therapy for
FRDA. Our data strongly encourage further evaluation
of etravirine as a potential therapeutic for FRDA.
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