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of Friedreich’s ataxia

Amandine Palandri, Elodie Martin, Maria Russi, Michael Rera, Hervé Tricoire and Véronique Monnier*

ABSTRACT

Friedreich’s ataxia (FA) is caused by reduced levels of frataxin, a highly
conserved mitochondrial protein. There is currently no effective
treatment for this disease, which is characterized by progressive
neurodegeneration and cardiomyopathy, the latter being the most
common cause of death in patients. We previously developed a
Drosophila melanogaster cardiac model of FA, in which the fly frataxin
is inactivated specifically in the heart, leading to heart dilatation and
impaired systolic function. Methylene Blue (MB) was highly efficient to
prevent these cardiac dysfunctions. Here, we used this model to
screen in vivo the Prestwick Chemical Library, comprising 1280
compounds. Eleven drugs significantly reduced the cardiac dilatation,
some of which may possibly lead to therapeutic applications in the
future. The one with the strongest protective effects was paclitaxel,
a microtubule-stabilizing drug. In parallel, we characterized the
histological defects induced by frataxin deficiency in cardiomyocytes
and observed strong sarcomere alterations with loss of striation of
actin fibers, along with full disruption of the microtubule network.
Paclitaxel and MB both improved these structural defects.
Therefore, we propose that frataxin inactivation induces cardiac
dysfunction through impaired sarcomere assembly or renewal
due to microtubule destabilization, without excluding additional
mechanisms. This study is the first drug screening of this extent
performed in vivo on a Drosophila model of cardiac disease.
Thus, it also brings the proof of concept that cardiac functional
imaging in adult Drosophila flies is usable for medium-scale
in vivo pharmacological screening, with potent identification of
cardioprotective drugs in various contexts of cardiac diseases.

KEY WORDS: Drosophila, Cardiomyopathy, Pharmacological
screening, Friedreich’s ataxia, Microtubule, Methylene Blue

INTRODUCTION

Friedreich’s ataxia (FA) is the most frequent autosomal recessive
spinocerebellar ataxia in Caucasians, with a prevalence of around 1
in 50,000. The first symptoms usually appear around puberty and
most cases develop before the age of 25 years, with a life expectancy
of approximately 37 years (Delatycki et al., 2000). The main feature
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of FA disease is the progressive ataxia, with patients losing the
ability to walk usually 10 to 15 years after the onset of the disease.
Other neurological features include dysarthria, tendon areflexia,
sensory loss and pyramidal signs (Diirr et al., 1996; Harding, 1981;
Pandolfo, 2009; Tsou et al., 2011). Besides the neurological
involvement, FA patients also present a cardiomyopathy that is the
leading cause of death (Casazza and Morpurgo, 1996; Child et al.,
1986; Diirr et al., 1996; Dutka et al., 2000; Giunta et al., 1988;
Hawley and Gottdiener, 1986; Kipps et al., 2009; Morvan et al.,
1992; Unverferth et al., 1987; Weidemann et al., 2012). The
cardiomyopathy consists of left ventricular (LV) hypertrophy that
may develop into dilated cardiomyopathy and systolic dysfunction
in end-stage hearts (Regner et al., 2012). At the histological level,
cardiomyocyte hypertrophy, diffuse fibrosis and focal myocardial
necrosis have been reported (Koeppen, 2011; Raman et al., 2011;
Unverferth et al., 1987).

FA is caused by a GAA trinucleotide repeat expansion in the first
intron of FXN, the gene encoding frataxin. This results in a
decreased gene expression and partial loss of function of the protein
(Campuzano et al., 1996). Frataxin is a highly conserved
mitochondrial protein that regulates the early steps of biogenesis
of iron-sulfur clusters (Fe-S), which are essential protein cofactors
involved in a large number of cellular functions (Braymer and Lill,
2017). Frataxin deficiency leads to several cellular dysfunctions,
including decreases in aconitase and mitochondrial respiratory
chain activities (Rotig et al., 1997), hypersensitivity to oxidative
stress (Wong et al., 1999) and accumulation of intra-mitochondrial
iron that is associated with depletion of cytosolic iron in affected
organs (Babcock et al., 1997; Huang et al., 2009; Puccio et al.,
2001). Several pharmacological compounds have been or are
currently being evaluated in FA patients, including antioxidants
(e.g. idebenone), iron chelators (e.g. deferiprone) or compounds that
could increase frataxin protein levels (e.g. histone deacetylase
inhibitors or erythropoeitin) (reviewed in Aranca et al., 2016).
However, there are no existing pharmacological strategies leading to
sustained clinical improvement. It is therefore necessary to better
understand the pathophysiological mechanisms involved in this
complex disease and to identify new candidate molecules for
pharmacological treatments.

Several unbiased pharmacological screens have already been
performed on frataxin-deficient cells. A screen on murine
fibroblasts with partial frataxin deficiency, using a targeted
ribozyme strategy, failed to identify potent hits and was limited
by instability of the cellular model (Calmels et al., 2009). Two
screens were also performed on yeast cells, using a marker of
mitochondrial function or rescue of defective growth as readouts,
and led to the identification of several active compounds (Cotticelli
et al, 2012; Seguin et al., 2015). Besides these screening
approaches based on cellular models, the use of animal models
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for in vivo pharmacological screens appears particularly relevant in
that they allow the identification and evaluation of new compounds
at the level of the whole organism or more specifically on the
function of specific organs. In particular, given the importance of
cardiac involvement in FA, the identification of compounds capable
of improving the function of frataxin-deficient hearts would be of
particular interest. The mouse MCK model of FA, a conditional
mouse model with complete frataxin deletion in cardiac and skeletal
muscle, has already allowed evaluation of candidate compounds,
such as idebenone and iron chelators (Seznec et al., 2004; Whitnall
et al., 2008). However, mouse models are not suitable to screen and
evaluate in vivo a large number of compounds. In contrast, such
approaches are conceivable using Drosophila models. Indeed,
several models of FA have already been generated in Drosophila
melanogaster, mainly based on RNAi-mediated downregulation of
fh, the gene encoding the fly frataxin homolog, ubiquitously or in
specific tissues (Anderson et al., 2005, 2008; Llorens et al., 2007;
Navarro et al., 2010). Using this strategy, we have previously
generated a Drosophila cardiac model of FA in which fh was
inactivated specifically in the fly heart. This model presents heart
dilatation and impaired systolic function that are fully rescued by
complementation with human frataxin (Tricoire et al., 2014). Thus,
this model recapitulates defects of cardiac function observed in
patients and mouse models of FA (Puccio et al., 2001; Seznec et al.,
2004; Weidemann et al., 2012), and highlights conserved cardiac
functions of frataxin between Drosophila and mammals. It already
allowed the identification of Methylene Blue (MB) as a highly
protective compound to prevent cardiac dysfunction and it was used
to evaluate compounds preselected in a yeast screen (Seguin et al.,
2015; Tricoire et al., 2014). The cardiac imaging method that we
developed in flies allows studies on large populations: movie
acquisition is fast and all the steps of the analysis are automated
(Monnier et al., 2012). Thus, it seemed appropriate to conduct a
medium-scale pharmacological screen on this model. In this study,
we have screened in vivo the Prestwick Chemical Library, a library
composed of 1280 approved drugs with known bioavailability and
safety in humans, in search of compounds preventing dilatation of
frataxin-deficient hearts. We also characterized the structural defects
induced by frataxin deficiency in cardiomyocytes and tested the
effects of two lead compounds, paclitaxel (identified in the screen)
and MB, on these cellular phenotypes.

RESULTS

Primary screening of the Prestwick Chemical Library and
drug validation

We tested the drugs in vivo on UAS-mitoGFP/UAS-fhIR;
Hand-GS/+ flies (named hereafter fhIR flies), in which the
Drosophila frataxin is downregulated by RNA interference
(RNAi) wunder control of the heart-specific and RU486
(mifepristone)-inducible Hand-GS driver. This driver also controls
the expression of a mitochondrial GFP (mitoGFP), providing
sufficient fluorescence in cardiomyocytes for high-speed video
recording through the cuticle of anesthetized flies (Monnier et al.,
2012). The primary screening was organized in 16 successive
experiment subsets. Each subset allowed the testing of
80 compounds and required 4 weeks of experimental work including
collection and crosses of FO flies, development of the progeny on
media containing the compounds at 10 pM, selection and collection of
F1 adult fhIR male flies, cardiac imaging, and movie analysis
(Fig. 1A). Since cardiac imaging was performed on 4- to 6-day-old
flies, we first checked that the cardiac phenotype was stable over this
age window in untreated thIR controls (Fig. S1). In each experiment,

cardiac imaging was performed on 12 fhIR flies per drug, along with
70 thIR and 20 wild-type control (UAS-mitoGFP/+,; Hand-GS/+)
untreated flies, leading to a total of more than 16,000 individuals
analyzed for cardiac function during the whole primary screen.

Only five compounds could not be evaluated for their effect on
heart function, owing to their toxicity. These are three compounds
with known insecticidal properties (ivermectin, avermectin 1A and
trichlorfon) as well as two compounds used in oncology for their
antineoplastic properties (camptothecin and gemcitabine). For the
1275 other compounds, we estimated the diastolic diameter (DD)
and calculated an index of cardiac dilatation (ICD; see Materials and
Methods for formulas). By definition, within each experiment
subset, the value of this index is 1 in untreated fhIR flies and 0 in
control flies. Compounds were selected sequentially in each
experiment subset when the ICD was lower than 0.7 or higher
than 1.3 with a P-value (obtained by comparing the DDs of treated
and untreated fhIR flies) below 5x10~2. Compounds with a Z-score
>2, calculated at the end of the primary screen on the full data, were
also selected. With these criteria, we selected 43 compounds
improving the heart dilatation, and 80 compounds worsening it
(Fig. 1B). Validation experiments were then performed on larger
samples per drug. We used at this step a movie analysis procedure
allowing the extraction of end-diastolic and end-systolic diameters
(EDD and ESD, respectively), and consequently the calculation of
indexes of diastolic and systolic dilatation (IDD and ISD,
respectively). Similarly to ICD, the values of IDD and ISD are by
definition equal to 1 in untreated fhIR flies, and 0 in controls. The
validation experiments allowed us to restrict the list of statistically
significant compounds to 11 suppressors and five enhancers
(presented in Table 1).

The compound with the strongest protective effect on cardiac
dilatation was paclitaxel, which had an IDD of 0.42. This drug, also
known as Taxol, is a microtubule (MT)-stabilizing drug. In fhIR
untreated flies, EDD was 81% higher than in control flies, and
decreased to only 34% following treatment with paclitaxel in thIR
flies. The other ten compounds improved cardiac dilatation more
modestly but significantly, with IDDs between 0.8 and 0.87.
We also compared the systolic diameters of treated and untreated
fhIR flies. The ESD of untreated fhIR flies was 141% higher than in
control flies. ESDs were significantly decreased by treatment with
eight of the 11 drugs selected for their effect on the DD. Here again,
paclitaxel was the more efficient compound, with an ESD only
53% higher than in controls, leading to an ISD of 0.37. We also
tested the protective compounds at other concentrations (Table S1).
Although 30 uM treatments did not further improve the effects on
cardiac dilatation compared to 10 uM treatments, we observed
stronger effects with 1 uM treatments for two drugs, sulmazole and
ethambutol (Fig. S2). This suggests the existence of complex dose-
response effects in this context of in vivo screening in flies. The
nature of the selected compounds, their pharmacological properties
and possible relevance in the context of FA are discussed in the
following section.

We have also identified five drugs that worsened cardiac
dilatation in fhIR flies. These drugs were specific to frataxin
deficiency, since they did not induce heart dilatation nor affected
contractility of wild-type flies (Fig. S3).

Paclitaxel prevents heart dilatation and improves
contractility of frataxin-deficient hearts in a dose-dependent
manner

We then focused our study on the lead compound, paclitaxel.
To exclude artifacts, we first checked that paclitaxel did not modify
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Fig. 1. Primary screen of the Prestwick Chemical Library. (A) Scheme of the screening procedure. FO flies were UAS-fhIR males and UAS-mitoGFP; Hand-GS
females. F1 male flies were UAS-mitoGFP/UAS-fhIR; Hand-GS/+ (named fhIR flies). F1 individuals developed on medium containing RU486, to induce
frataxin inactivation, and the drugs to be tested. F1 adult males were collected at emergence, transferred to a new medium containing RU486 (without the drugs)
and submitted to cardiac imaging at 4 to 6 days of age. (B) Index of cardiac dilatation (ICD) obtained during the primary screen for the 1275 tested drugs.
White circles correspond to drug selected during the primary screen. Green and red circles correspond to validated drugs with protective or aggravating effects,

respectively.

the RNAi-mediated decrease of /4 mRNA level (Fig. S4). Then, we
performed dose-response assays. We could not test paclitaxel at
concentrations higher than 10 uM, since it affected the development
of flies, with partial pupal lethality. So, we treated flies with
increasing doses from 1 to 10 uM (Fig. 2). In this concentration
range, paclitaxel treatment did not affect heart function of control
flies. We observed a dose-dependent effect of paclitaxel treatment
on ESD, EDD and fractional shortening (FS) of fhIR flies.
Noticeably, in this experiment, ESD of untreated fhIR flies was
138% higher than in control flies, whereas they were only 111%,
73% and 13% higher, respectively, in fhIR flies treated with 1 pM,
5 uM and 10 uM of paclitaxel (Fig. 2B). This compound was also
particularly efficient in improving heart contractility, with a FS
similar to wild-type flies following a 10 uM treatment (Fig. 2C).
EDD was also progressively improved, although to a lesser extent:
EDD of untreated fhIR flies was 66% higher than controls, and only
60%, 39% and 24% higher, respectively, following treatment with

1 uM, 5 uM and 10 uM of paclitaxel. Representative movies of a
control fly heart (Movie 1), and fhIR hearts untreated (Movie 2) or
treated with 10 uM paclitaxel (Movie 3) are also provided. MB was
used in this experiment as a positive control at 10 uM and 30 uM.
Consistent with our previous study (Tricoire et al., 2014), this latter
concentration fully prevented cardiac dilatation of frataxin-deficient
hearts (Fig. 2B-D). However, at similar molar concentrations
(10 uM), paclitaxel was more efficient than MB in improving ESD
and FS. It should be noted that both ESD and EDD of fhIR hearts
treated with 10 pM paclitaxel were statistically different from ESD
and EDD of wild-type control hearts when statistical analysis was
performed on the full set of data presented in Table 1 (P<1x107%),
showing that paclitaxel treatment only led to a partial rescue
at this concentration. We could not determine whether higher
concentrations of paclitaxel would be able to improve DD as
efficiently as MB at 30 uM, due to the narrow therapeutic window
of this compound. We also studied the effects of paclitaxel
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Table 1. Validated drugs

Drug Diastolic diameter Systolic diameter

PCL reference Name Genotype n EDD (um) IDD Stat. ESD (um) ISD Stat.
Untreated + 569 56.1 0.00 e 29.6 0.00 b
Untreated fhiR 1502 101.8 1.00 71.3 1.00
Prestw-155 Paclitaxel fhiR 73 75.4 0.42 x 453 0.37 x
Prestw-520 Sulfasalazine fhiR 146 92.5 0.80 * 63.5 0.81 *
Prestw-126 Mefloquine hydrochloride fhiR 166 92.9 0.80 x 62.0 0.78 x
Prestw-1712 Flumethasone pivalate fhiR 115 93.6 0.82 > 63.1 0.80 >
Prestw-324 Phenylpropanolamine fhiIR 143 94.0 0.83 * 63.9 0.82 *
Prestw-995 Fluvoxamine maleate fhiIR 149 94.7 0.85 bl 63.9 0.82 *
Prestw-641 Sulmazole fhiR 141 95.1 0.85 * 65.7 0.87 ns
Prestw-322 Alfuzosin hydrochloride fhiIR 162 95.1 0.85 > 69.1 0.95 ns
Prestw-28 Ethambutol dihydrochloride fhiR 165 95.8 0.87 * 65.0 0.85 *
Prestw-330 Bisoprolol fumarate fhiIR 128 95.8 0.87 * 65.4 0.86 *
Prestw-696 Ethotoin fhiR 180 95.8 0.87 * 66.9 0.89 ns
Prestw-1369 Zaleplon fhiR 73 108.8 1.26 * 74.3 1.26 ns
Prestw-1773 Ipriflavone fhiR 54 108.8 1.20 * 76.1 1.20 *
Prestw-1765 Latanoprost fhiR 114 110.7 1.20 e 78.4 1.17 *
Prestw-654 Benfotiamine fhiIR 57 1111 1.15 * 79.5 1.07 *
Prestw-1781 Alosetron hydrochloride fhiR 105 113.7 1.15 e 82.1 1.12 *

The drugs validated for their protective effect (white lines) or deleterious effect (gray lines) on cardiac dilatation of frataxin-deficient hearts in fhiR flies are
indicated. The values of end-diastolic diameter (EDD) and end-systolic diameter (ESD) correspond to the median values obtained on a global analysis
including all independent validation experiments. Indexes of diastolic and systolic dilatation (IDD and ISD, respectively) were calculated as indicated in the
Materials and Methods section. Each selected drug has been tested in five to seven independent validation experiments for protective drugs and three to
five experiments for deleterious drugs. The total number of flies analyzed per drug is indicated (n). Statistical significance (Stat.) of the compounds was
assessed independently for changes in EDD or ESD compared to control fhiR flies, with non-parametric ANOVA (Kruskal-Wallis test with Dunn’s post hoc test):
*P<5x1072; **P<1x10~3; ***P<1x10~*. ns, not significant. PCL, Prestwick Chemical Library.

post-symptomatic treatment. For this, we treated fhIR flies with
paclitaxel only at the adult stage and performed cardiac imaging on
10-day-old flies. This post-symptomatic treatment did not improve
cardiac function (Fig. S5).

Histological characterization of frataxin-deficient hearts

Next, we characterized the structural defects induced by frataxin
deficiency in cardiomyocytes, in order to better understand the
causes of cardiac functional defects and to ultimately study the
effects of compounds identified by functional pharmacological
screening on these structural phenotypes. To this purpose, we used
two protein trap lines with GFP exons inserted in genes encoding
two sarcomeric proteins: the Myosin heavy chain gene (MHC) and
Sallimus (Sls) (Morin et al., 2001; Orfanos et al., 2015). We first
characterized sarcomeric organization in cardiomyocytes of MHC:
GFP/UAS-fhIR; Hand-GS/+ flies compared to MHC:GFP/+;
Hand-GS/+ control flies. Phalloidin and GFP immunostaining
were used to observe the F-actin and myosin networks, respectively
(Fig. 3). The periodic F-actin striations, observed in control flies,
were fully absent in cardiomyocytes of frataxin-depleted hearts.
Myosin striations associated with actin fibers were partly present,
but highly irregular. Diffuse and punctuate MHC-GFP staining,
unassociated with F-actin, was also observed. Then, Sls distribution
was observed in UAS-fhiR/+; Hand-GS/sls:GFP flies and
compared to Hand-GS/sls:GFP control flies. Sls is a large
protein similar to the I-band region of the vertebrate titin, with
various isoforms expressed in different muscle types and linking the
Z-disc to the A-band (Burkart et al., 2007). The SIs-GFP fusion
protein was previously shown to display a Z-disc pattern in indirect
flight muscles of Drosophila (Orfanos et al., 2015). Here, we
observed a similar Z-disc pattern in cardiomyocytes of control flies
(Fig. 4). In frataxin-depleted hearts, although a periodic pattern was
distinguishable, the GFP staining was more diffuse and irregular.
Finally, considering the cardioprotective effect of paclitaxel
shown above, we also characterized the MT network. In control

Hand-GS/+ flies, o-tubulin immunostaining revealed a dense
network of MT interspersed between the myofibrils, whereas, in
UAS-fhIR/+; Hand-GS/+flies, the MT network was fully disrupted
(Fig. 5). Therefore, frataxin deficiency during development induced
striking disorganization of the cardiomyocyte sarcomeres and of
their associated MT network. The sarcomeric organization and MT
network of longitudinal muscle fibers spreading along the ventral
side of the heart, in which the Hand-GS driver is not expressed, were
not affected in fhIR flies, showing that these structural defects
were cell-autonomous (Fig. S6). Interestingly, the actin network
was progressively restored following arrest of RU486-induced
frataxin inactivation in adult fhIR flies (Fig. S7). On the other hand,
inactivation of frataxin only during the adult stage did not induce
sarcomere disorganization or cardiac dilatation, nor affect the
longevity (Fig. S8). It should be noted that developmental frataxin
inactivation, although leading to strong cardiac dysfunctions,
did not reduce the adult longevity either (Fig. S8B). Overall,
these results suggest that sarcomeric disorganization was mainly
due to defective sarcomeric assembly during the cardiomyocyte
maturation process.

Prevention of histological defects by paclitaxel and

MB treatments

Next, we evaluated the efficiency of paclitaxel and MB to prevent
these histological defects. Both MB treatment (30 uM) and
paclitaxel treatment (10 uM) restored the striated pattern of the
actin network (Figs 3—5). Myosin striations and Sls sarcomeric
pattern were also strongly improved, although some diffuse MHC-
GFP and Sls-GFP staining were still detectable following paclitaxel
treatment (Figs 3, 4). Thus, the effects of these two compounds
on cardiomyocyte structural defects were correlated with their
respective efficacy on functional cardiac parameters, as observed in
Fig. 2. Then, we analyzed their effects on the MT network. As
expected, paclitaxel treatment slightly increased the density of MTs
in control HandGS/+ flies. In frataxin-deficient UAS-fhIR/+;
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Fig. 2. Dose-dependent effect of paclitaxel treatment on cardiac function of frataxin-deficient hearts. (A) Representative M-modes (generated by
horizontal alignment of rows extracted at the same position for each movie frame) of control UAS-mitoGFP/+; Hand-GS/+ (+) flies, untreated or treated with 10 uM
paclitaxel, and of UAS-mitoGFP/UAS-fhIR; Hand-GS/+ (fhIR) flies, untreated or treated with 5 uM or 10 uM paclitaxel. Scale bar: 1 s. (B-D) End-systolic
diameter (ESD, pym), fractional shortening (FS, %) and end-diastolic diameter (EDD, pm) of + control flies, treated with DMSO (n=17), or with 1 uM (n=15), 5 uM
(n=10) or 10 uM paclitaxel (n=5), and of fhiR flies treated with DMSO (n=19), or with 1 uM (n=22), 5 uM (n=15), 10 uM paclitaxel (n=10), or with 10 uyM (n=18)
or 30 uM Methylene Blue (MB; n=20). All flies were 4 days old and fed with RU486 during both development (40 ng/ml of food) and adulthood (100 pg/ml).
All values are means (+s.e.m.). Statistical significance was assessed by non-parametric Wilcoxon analysis. Significant differences between treated and untreated

flies of the same genotype are indicated: *P<5x10~2; **P<1x10~3.

Hand-GS/+flies, the MT network was restored by paclitaxel
treatment. Interestingly, MB treatment also led to a MT network
similar to control hearts. Thus, paclitaxel and MB are both able
to prevent structural and functional defects of frataxin-deficient
cardiomyocytes.

DISCUSSION

In this study, we used a cardiac model of FA in Drosophila to screen
a medium-sized chemical library. To our knowledge, this is the first
pharmacological screening of this extent performed in vivo on an
animal model of cardiac disease and at the adult stage. Our study
shows the feasibility of such a strategy, which can be carried out in a
relatively short time (it took us around 12 months to achieve the
primary screen) and at relatively low cost.

The Prestwick Chemical Library that we used here is composed
of 1280 small molecules, all approved by the US Food and
Drug Administration (FDA), European Medicines Agency
(EMEA) or other agencies, and selected for their high chemical
and pharmacological diversity, as well as for their known
bioavailability and safety in humans. The choice of this type of

chemical library was justified by the fact that the identification of
protective compounds can lead to clinical applications rapidly by
drug repositioning, which is particularly relevant in the case of
rare diseases.

The compound with the strongest effects on cardiac dilatation
was paclitaxel, an MT-stabilizing drug. Owing to its potent
anti-mitotic properties, paclitaxel has been extensively used for
the treatment of cancers, in particular ovarian, breast and lung
cancers (Jordan and Wilson, 2004). It has also been evaluated on
cellular and animal models in other pathological contexts, such as
myocardial infarction and neurodegenerative diseases (Baas and
Ahmad, 2013; Rodriguez-Sinovas et al., 2015; Xiao et al., 2011).
We do not consider this drug as a candidate for therapeutic use in FA
due to its toxicity, leading to a narrow therapeutic window.
However, the identification of its protective effect in this screen is
highly informative on the potent physiopathological mechanisms
involved in FA cardiomyopathy, as discussed below. Apart from
paclitaxel, ten compounds significantly reduced cardiac dilatation in
our screen. Three of them have described effects on the cardiovascular
system: sulmazole, a cardiotonic agent increasing cAMP
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(Endoh et al., 1985; Parsons et al., 1988); alfusozin, an a-adrenergic
blocker, originally developed as an antihypertensive agent but now
used as a treatment for benign prostatic hyperplasia (Roehrborn and
Rosen, 2008); and bisoprolol fumarate, a B-blocker used in
the treatment of hypertension and chronic heart failure. Indeed,
bisoprolol is already recommended for slowing or preventing the
deterioration of LV contraction in FA patients with reduced ejection
fraction (Corben et al., 2014). Fluvoxamine, a selective serotonin
reuptake inhibitor used as an antidepressant, was also selected in the
screen. This compound is particularly interesting since it attenuated
myocardial hypertrophy and the impaired LV FS induced by
transverse aortic constriction in mice (Tagashira et al., 2010).
Moreover, fluvoxamine improved mitochondrial Ca®* influx and
ATP production in neonatal rat hypertrophic cardiomyocytes. The
proposed mechanism for this cardioprotective effect was through
ol-receptor stimulation (Tagashira et al., 2014). A cellular FA
model based on frataxin silencing in human neuroblastoma cells
showed that frataxin deficiency affected mitochondrial Ca®" uptake
capacity and reduced ATP production (Bolinches-Amoros et al.,
2014). Thus, an attractive hypothesis would be that the protective
effect of fluvoxamine in our cardiac model relies on its capacity to
improve these mitochondrial dysfunctions. However, since there is
no ol-receptor described in Drosophila, whether fluvoxamine
could have such effects on mitochondrial function in Drosophila
should be further evaluated to validate this hypothesis.

Two other compounds have anti-inflammatory properties:
flumethasone pivalate is a topical corticosteroid ester used in

Merged

b o Ty g -

Fig. 3. The actin and myosin networks are affected by
frataxin depletion in cardiomyocytes and improved by
paclitaxel and MB treatments. Hearts of 3- to 5-day-old adult
male flies were dissected and double-labeled with phalloidin to
stain F-actin and an anti-GFP antibody to stain the MHC-GFP
fusion protein. MHC:GFP/+; Hand-GS/+ control flies were
treated with DMSO (i.e. untreated; top row). MHC:GFPI/UAS-
fhiR; Hand-GS/+ flies were treated with DMSO (untreated),

30 uM MB or 10 uM paclitaxel. All flies were fed with RU486
during both development (40 ng/ml of food) and adulthood

— (100 pg/ml). Scale bar: 10 ym.

dermatology. Sulfasalazine is an anti-inflammatory drug used
noticeably against inflammatory bowel diseases. Its metabolic
breakdown product, S-aminosalicylic acid (5-ASA), is a PPAR-y
agonist (Rousseaux et al., 2005). Actually, another PPAR-y agonist,
azeaolyl PAF, has the ability to increase the expression of frataxin
in human neuroblastoma cells, and in primary fibroblasts from FA
patients and from healthy controls (Marmolino et al., 2009).
Therefore, an effect on frataxin expression level could be a potent
mechanism for the protective effect of sulfasalazine detected here.
The other compounds do not have documented properties or
mechanisms of action with evident links to cardiac physiology
or to known consequences of frataxin depletion. Two of them
have significant toxic effects in humans and are therefore of
little therapeutic interest: phenylpropanolamine, a synthetic
sympathomimetic amine used noticeably as a weight loss agent,
has been associated with hemorrhagic strokes and cerebral
vasculitis, as well as infarctions (Yen and Ewald, 2012); and
ethambutol, an antibacterial compound used in the treatment of
tuberculosis, induces optic neuropathy in about 2% of treated
patients (Sadun and Wang, 2008) and leads to mitochondrial
toxicity, namely mitochondrial coupling defect and increased
fragmentation of the mitochondrial network (Guillet et al., 2010).
The two last compounds are mefloquine hydrochloride, an
antimalarial agent, and ethotoin, a hydantoin derivative with
anticonvulsant properties, used in the treatment of epilepsy.
Therefore, among these eleven compounds, sulfasalazine and
fluvoxamine appear to us to be the more relevant for future
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investigations. It should be noted, however, that their effects are
relatively small compared to those of paclitaxel and MB, and thus
should be confirmed on other models of the disease prior to
extensive additional studies.

Oxidative stress has been proposed to play a central role in FA
disease. However, the Prestwick Chemical Library contains several
other molecules with antioxidant property considered as potent
antioxidant medications for FA (pioglitazone, N-acetylcystein and
seleginine), but none of them were selected in the screen. We have
also previously shown that catalase overexpression or treatments
with idebenone, a synthetic analog of coenzyme Q10 acting as a
free-radical scavenger, or with the synthetic superoxide dismutase
and catalase mimetic EUKS, failed to prevent cardiac dilatation or
defective systolic function in fhIR flies (Tricoire et al., 2014).
Similarly, MnTBAP, a MnSOD mimetic, had no beneficial effect on
cardiomyopathy in a mouse model of FA (Seznec et al., 2005).
Altogether, this suggests that, at least in flies and mice, oxidative
stress is not a major contributor to the heart phenotypes induced by
frataxin deficiency. Accordingly, clinical trials have not yet been
able to show a clear effect of antioxidant compounds on the
progression of the disease (Kearney et al., 2016).

We also identified six drugs that worsened the heart phenotype.
These drugs did not induce heart dilatation in wild-type flies,
showing that they were cardiotoxic specifically in a context of
frataxin deficiency. They are used for various clinical applications:
latanoprost is a prostaglandin analog, used in ophthalmic solutions
to treat glaucoma. Zaleplon is a benzodiazepine receptor agonist and

Fig. 4. The sarcomeric pattern of Sallimus is modified in
frataxin-depleted hearts, and improved by paclitaxel and
MB treatments. Hearts of 3- to 5-day-old adult male flies were
dissected and double-labeled with phalloidin to stain F-actin and
an anti-GFP antibody to stain the SIs-GFP fusion protein. Hand-
GS/sls:GFP control flies were treated with DMSO (i.e. untreated;
top row). UAS-fhIR/+; Hand-GS/sls:GFP flies were treated with
DMSO (untreated), 30 pM MB or 10 uM paclitaxel. All flies were
fed with RU486 during both development (40 ng/ml of food) and
adulthood (100 pg/ml). Scale bar: 10 pm.

hypnotic used for the management of insomnia. Alosetron is a
potent and selective 5-HT3 receptor antagonist that decreases
gastrointestinal contraction and motility and gastrointestinal
secretions. Ipriflavone is a synthetic isoflavone derivative used to
treat osteoporosis. Finally, benfotiamine is a derivative of thiamine
(vitamin B1), preventing advanced glycation end-product formation
and is used in cases of diabetic neuropathy (Hosseini and Abdollahi,
2013). Noticeably, increased prevalence of osteoporosis and
diabetes have been reported in FA patients (Cnop et al., 2013;
Eigentler et al., 2014). Therefore, the existence of FA-specific
potential cardiac adverse effects could be informative for clinicians,
since these drugs might be prescribed to FA patients for therapeutic
indications that are related or unrelated to the FA disease.

In the course of this study, we have also characterized the effect of
frataxin deficiency on the sarcomeric organization of cardiomyocytes.
We observed actin filaments with a lack of striated organization, but
which were associated with a periodic pattern of the Z-disc Sls protein
and partial myosin striation. This is reminiscent of nascent myofibrils
proposed by Sanger et al. to be the step between premyofibrils and
mature myofibrils during the myofibrillogenesis process in vertebrate
striated muscles (Sanger et al., 2005, 2010). Therefore, our results
suggest that frataxin deficiency leads to improper myofibril
maturation, with defective sarcomere assembly in cardiomyocytes.
In agreement with this hypothesis, frataxin inactivation at the adult
stage in mature cardiomyocytes did not impair sarcomeric
organization nor affect cardiac function. Thus, our results provide a
new potent mechanism involved in the physiopathology of FA
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Phalloidin a-Tubulin

HandGS/+
untreated

Paclitaxel treatment

untreated

UAS-fhIR/+; Hand-GS/+
MB treatment

Paclitaxel treatment

cardiomyopathy. In humans, cardiomyocyte proliferation occurs in
children and adolescents up to the age of 20 years, and contributes to
heart growth. After this age, cardiomyocyte proliferation seems either
to stop or to gradually decrease, with estimations of renewal rates
varying in different studies (Bergmann et al., 2009; Kajstura et al.,
2010; Mollova et al., 2013). Interestingly, a study performed on 205
FA patients showed that the severity of the cardiomyopathy was not
correlated to the GAA expansion length in these patients, but instead
to the age at onset of the disease: patients with an early disease onset
(lower than 14 years) had a more severe cardiac involvement than
patients diagnosed later (Weidemann et al., 2012). In light of our
results, this might be due to the specific requirement of frataxin in
young humans for proper assembly of sarcomeres in maturing
cardiomyocytes.

We also observed a full disruption of the MT network in frataxin-
deficient Drosophila hearts. To our knowledge, the state of the MT
network has not yet been studied in hearts of FA patients or in other
cardiac models of the disease. However, a recent study showed that
frataxin silencing alters MT stability in a motoneuronal cell line.

Merged

Fig. 5. Disruption of the microtubule network in frataxin-
depleted hearts is prevented by paclitaxel and MB
treatments. Hearts of 7-day-old adult male flies were dissected
and double-labeled with phalloidin to stain F-actin and an anti-o-
tubulin antibody. Hand-GS/+ control flies were treated with DMSO
(untreated) or with 10 uM paclitaxel. UAS-fhIR/+; Hand-GS/+
flies were treated with DMSO (untreated), 30 uM MB or 10 uM
paclitaxel. All flies were fed with RU486 during both development
(40 ng/ml of food) and adulthood (100 pg/ml). Scale bar: 10 pm.

In this study, frataxin deficiency also led to oxidative stress, to an
increased pool of the GSSG/GSH (oxidized/reduced glutathione) ratio
and to an increase of glutathionylated o-tubulin that were thought to be
responsible for MT destabilization (Piermarini et al., 2016). Therefore,
it appears that frataxin deficiency impacts the MT network in different
cell types affected in the disease, although the mechanisms involved
here in cardiomyocytes remain to be investigated.

The protective effect of paclitaxel shows that MT disruption is
one of the main causes of cardiomyocyte dysfunction, at least in our
Drosophila model. Indeed, the MT network has been proposed to be
required for the positioning of myosin filaments during sarcomere
formation in cultured skeletal myoblasts (Pizon et al., 2005).
Consequently, the apparent improper myofibril maturation observed
here could be a direct consequence of MT disruption. MTs are also
required in beating cardiomyocytes to maintain their shape and
organization, to resist compression and to transmit cellular signals
by mechanotransduction (Robison and Prosser, 2017). Therefore,
MT destabilization by frataxin deficiency could also affect various
mechanical properties of matured cardiomyocytes. However, since
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treatment at 10 uM only allowed a partial rescue and we could not
test this compound at higher doses because of its toxicity, it is very
likely that other mechanisms besides MT network disorganization
also contribute to heart dysfunction. Indeed, in various cellular and
animal models, frataxin deficiency induces many cellular events,
among which are mitochondrial dysfunction, perturbations of iron,
lipid and calcium homeostasis, and oxidative and endoplasmic
reticulum stress. Understanding the causal relationships between all
these cellular events (including MT destabilization) and their
respective involvement in functional defects remains a major
challenge in the FA field.

Finally, our study confirmed the cardioprotective role of MB in
frataxin-deficient hearts. We had already shown its efficacy on
cardiac functional parameters (Tricoire et al., 2014); here, we show
that it is also able to fully prevent sarcomeric disorganization in
cardiomyocytes. Interestingly, the MT network was also rescued
by MB treatment. Since this compound can function as an
alternative electron carrier in mitochondria, we previously
proposed that MB is protective through enhanced activity of the
mitochondrial respiratory chain, which is known to be affected by
frataxin deficiency (Bradley et al., 2000; Puccio et al., 2001; Rotig
et al., 1997). It would be interesting to investigate whether the
preserved actin and MT networks in MB-treated flies were also due
to this property.

In conclusion, this pharmacological screen led to the identification
of 11 drugs that significantly reduced heart dilatation of frataxin-
depleted hearts. This study may, in the future, lead to therapeutic
applications and improves our knowledge of the mechanisms
involved in cardiac dysfunction associated with FA disease.
In particular, it suggests that decreased contractility and dilatation
of frataxin-depleted hearts are, at least in part, a consequence of
defective sarcomeric assembly due to MT destabilization. More
generally, our data highlight the power of Drosophila models of
cardiac diseases for pharmacological approaches. We show here
that it is feasible to perform pharmacological screens in vivo on a
relatively large scale, under physiological conditions and using
relevant functional parameters as readouts. This type of approach
could therefore be extended in the future to a wide panel of
cardiac diseases.

MATERIALS AND METHODS

Drosophila stocks, culture methods and treatment

with compounds

UAS-fhIR  (w/1]; Pw[+mC]=UAS-fh.IR2), UAS-mitoGFP (w/1118];
Pw[+mC]=UAS-mitoGFP.AP2/Cy0) and MHC:GFP (yI w, PBac{Hpal-
GFP.A})MhcYD0783) Drosophila melanogaster lines were obtained from
the Bloomington Stock Center. The Sls-GFP line was kindly provided
by John Sparrow (University of York, UK). The Hand-GS and daGS
GeneSwitch lines were described in Monnier et al. (2012) and Tricoire et al.
(2009), respectively. The fly food medium contained 60 g/ yeast extract,
34 g/l cornmeal, 50 g/l sucrose, 14 g/l agarose low gelling temperature
(Sigma) and 25 ml/l methyl 4-hydroxybenzoate (200 g/l in ethanol). Drugs,
provided by the Prestwick Company (Illkirch, France), were stored at —80°C
in DMSO at a concentration of 10 mM and incorporated in the food medium
at 37°C, at a final concentration of 10 pM. RU486 (Beta Pharma, Shanghai,
China) was incorporated in the medium from a 20 mg/ml stock solution in
ethanol at a final concentration of 40 ng/ml during development and 100 pg/ml
during adulthood. For the primary screen, FO flies were allowed to lay eggs
in tubes containing the drugs and RU486 at 26°C. All untreated controls
received an equivalent amount of DMSO (Sigma). After 10 days of
development, adult F1 flies were collected within 24 h of eclosion under
brief CO, anesthesia, housed in groups of 20 under a 12 h-12 h light-dark
cycle and transferred every 2 days onto fresh food medium containing
RU486 (but not the drugs) prior to cardiac imaging, which was performed

on 4- to 6-day-old males. Similar treatments and culture methods were used
for validation experiments. Paclitaxel (semi-synthetic, Sigma) and MB
(Sigma) were used for dose-response assays and histological studies.

In vivo imaging of fly hearts and movie analysis

Flies were anesthetized with FIyNAP (Carolina Biological Supply
Company). The anterior parts of heart (abdominal segments A1/A2) were
observed with a Zeiss SteREO Lumar.V12 stereomicroscope, with a
NeoLumar S 1.5x objective. Video movies were acquired with a
Hamamastu Orca Flash 4.0 LT camera (50 frames per second, 501 frames
per movie). For the primary screen, each video was analyzed as described in
Seguin et al. (2015) using ImagelJ to estimate the diastolic diameter (DD),
from a picture generated by flattening all frames into one (code available at
https:/github.com/MichaelRera/autoMmodeGen). This method was used at
this step because it was appropriate and fast enough to analyze several
thousand movies, as required during the primary screen. For each compound
(Cn), the ICD (index of cardiac dilatation) was then calculated as follows:

DthIRA,Cn - DDcontrols

I
DthIR.untreated - DDcontrols

ICD =

where DD is the median values obtained for all flies of the same genotype
and the same treatment. For validation experiments, we used the analysis
method described in Monnier et al. (2012) that allowed to extract more
cardiac functional parameters, noticeably EDD, ESD and FS. FS was
calculated as described in Fink et al. (2009). On the same principle as ICD,
we calculated indexes of diastolic and systolic dilatation (IDD and ISD,
respectively) as follows:

EDthIR,Cn - EDDcomrols

7
EDD fhIR untreated — EDDcontrols

ESth[R,Cn - ESDcontrols
ESthIR.untreated —ESD controls

IDD =

ISD =

Statistical analysis

For selection of drugs in the primary screen, comparison of DDs of treated
and untreated fhIR flies were carried out independently for each drug subset
to ensure that control flies experienced the same conditions as drug-treated
flies. Analysis was performed with R (https://r-project.org) under RStudio
environment (https://rstudio.com) and the statistical significance assessed
by non-parametric Wilcoxon analysis. Additionally, a global analysis was
performed at the end of the whole screen on normalized data, and
compounds corresponding to a Z-score >2 were added to the initial selection
for further validation.

For the validation step, since several experiments were performed on each
selected compound, we included all the experimental values in an Access
database to facilitate subsequent analysis. To take into account small
variations occurring between independent experiments, we first normalized
diastolic and systolic diameters in each experiment (i) with a coefficient V;
calculated as:

- medlan(DthIR,untreatedi)
i = . .
medlan(DthIR,untrealed all experimems)

This procedure allowed us to perform a statistical analysis of all these
normalized values with the GraphPad Prism 6 software. Statistical
significance of each selected compound was assessed with non-parametric
ANOVA (Kruskal-Wallis test with Dunn’s post hoc test) and compounds
with P-values <5x1072 were retained.

Immunostaining of adult Drosophila hearts

Dissection and immunostaining were performed as described in Monier
et al. (2005), except for MT staining, for which heart dissections and
fixations were performed in BRB80 (80 mM PIPES, pH 6.8, | mM MgCl,,
1 mM EGTA) as described in Legent et al. (2015). Seven to twelve hearts
were dissected for each independent condition. The following primary
antibodies were used: rabbit anti-GFP (TP401, Torrey Pines), used at 1/500,
and mouse anti o-tubulin (clone B512, Sigma), used at 1/750. The
secondary antibodies donkey anti-mouse and goat anti-rabbit conjugated
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with Alexa Fluor 488 dye (ThermoFisher Scientific) were used at 1/500.
F-actin was stained with phalloidin—Atto 647N (Sigma). Samples were
mounted onto slides in ProlongGold ProLong™ Gold Antifade Mountant
(ThermoFisher Scientific). Images were acquired with a Zeiss LSM-710
microscope. Images were processed using Fiji.

qPCR

To measure A mRNA levels in whole larvae, five samples of ten wandering
third-instar larvae were collected. Total RNA was extracted as described in
Reinhardt et al. (2012). First-strand cDNA was synthesized from 3 ug total
RNA with Superscript III (Invitrogen). Quantitative real-time PCR (qPCR)
analysis was performed on a LightCycler 480 with SYBR Green labeling.
The RpL32 gene was used as a reference. The primers used for
fh amplification were DFH51: 5'-ACACCCTGGACGCACTGT-3" and
DFH31: 5'-CCAGGTTCACGGTTAGCAC-3'.

Lifespan analysis

Flies were collected within 24 h of eclosion under brief CO, anesthesia,
housed in groups of 30, and raised at 26°C under a 12 h-12 h light-dark
cycle. RU486 treatment when applied was 1 pg/ml during development and
100 pg/ml during adulthood. Flies were transferred every 2 days onto fresh
food, and dead flies were counted.
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