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Abstract

OPA1 mutations are the major cause of dominant optic atrophy (DOA) and the syndromic form DOA plus, pathologies for
which there is no established cure. We used a ‘drug repurposing’ approach to identify FDA-approved molecules able to
rescue the mitochondrial dysfunctions induced by OPA1 mutations. We screened two different chemical libraries by using
two yeast strains carrying the mgm1322M and the chim3F646L mutations, identifying 26 drugs able to rescue their oxidative
growth phenotype. Six of them, able to reduce the mitochondrial DNA instability in yeast, have been then tested in Opal
deleted mouse embryonic fibroblasts expressing the human OPA1 isoform 1 bearing the R445H and D603H mutations. Some
of these molecules were able to ameliorate the energetic functions and/or the mitochondrial network morphology,
depending on the type of OPA1 mutation. The final validation has been performed in patients’ fibroblasts, allowing to select
the most effective molecules. Our current results are instrumental to rapidly translating the findings of this drug
repurposing approach into clinical trial for DOA and other neurodegenerations caused by OPA1 mutations.

Introduction

Mitochondria are extremely dynamic organelles that adjust their
shape in response to the different energetic and metabolic
requirements of the cell, through mitochondrial fusion and
fission events. Highly conserved dynamin-like GTPases are
involved in this process, Mitofusin 1 and Mitofusin 2 (MFN1 and

MFN2) and dynamin-related protein 1 (DRP1), in charge of fusion
and fission, respectively, at the outer membrane, and optic
atrophy 1 (OPA1) possibly responsible for both the processes
at the inner membrane (1-3). OPA1 is a multifunctional protein
implicated, in addition to fusion, in structural organization of
cristae, which in turn influences the assembly of the respi-
ratory supercomplexes and the energetic efficiency (4,5), the
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mtDNA stability (6) and the apoptotic process by sequestering
cytochrome c within the cristae (5). As a central player of
mitochondrial dynamics OPA1 is also involved in the selective
autophagy pathway termed mitophagy, a quality control system
responsible for the clearance of damaged mitochondria (7-
10). OPA1 is present in eight isoforms, anchored to the inner
membrane as long forms and localized in the intermembrane
space as soluble short forms, generated by a complex proteolytic
maturation process (11,12). The multiplicity of OPA1 isoforms is
likely essential to finely tune mitochondrial dynamics under
different cellular conditions (13).

In humans, mutations in the OPA1 gene have been asso-
ciated with dominant optic atrophy (DOA), a blinding disease
characterized by selective degeneration of retinal ganglion cells
and optic nerve atrophy (14,15). About 50% of the pathogenic
mutations are predicted to produce a truncated protein, indi-
cating haploinsufficiency as the genetic mechanism, whereas
the missense mutations are mostly associated with a more
severe multisystem disorder named DOA-plus, including DOA
and mitochondrial myopathy with mtDNA multiple deletions
(16-18). The DOA-plus associated missense mutations are most
frequently clustered in the GTPase domain and are assumed
to exert a dominant-negative effect (18,19). More recently, OPA1
mutations were shown to be causative of common neurodegen-
erative disorders, such as Parkinsonism and dementia and of
multiple sclerosis (20-22).

Unfortunately, there is currently no established treatment
for OPA1-linked diseases. It has been reported that idebenone
treatment induces some degrees of visual improvement in OPA1-
DOA patients (23,24), whereas it presents a limited therapeutic
effect in a mouse model of OPA1-related DOA, strictly correlated
to NQO1 expression (25). Even if there is an ongoing effort to
genetically correct OPA1 mutations (26), gene therapy is still far
from clinical use (12). Besides to some computational modeling
of OPA1 protein structure (27), high-resolution structural fea-
tures of mgm1 and s-OPA1 have been described only recently
(28,29), making a drug-design approach still far from feasible.
There is therefore a clear need to identifying molecules able
at correcting the biochemical alterations associated with OPA1
mutations to advance therapeutic options for these diseases. To
this end, the yeast model is a valuable tool in drug discovery,
allowing to screening in a short time large molecular libraries,
to identify chemical suppressors of pathological phenotypes
(30). Saccharomyces cerevisiae possess an OPA1 orthologous, called
MGM1, whose deletion makes the strain devoid of mtDNA (31-
33) and causes abnormal mitochondrial morphology (34-36).
Like OPA1, Mgm1 is also involved in mitochondrial fusion and
maintenance of the cristae structure (35,37-39).

In this study, we report the results of a medium-size phe-
notypic screening of molecules by using a yeast mutant strains
carrying the mgm1322 mutation and the chim34L mutation, a
chimeric protein composed by the N-terminal region of Mgm1
and the whole GTPase, middle and GED domains of OPA1 (40).
We identified 26 drugs able to rescuing the oxidative growth
phenotype of the chimeric mutant. Among these, six drugs were
also able to restore the mtDNA stability perturbed by mgm1l
mutations and have been then functionally tested in ad hoc gen-
erated Opal null mouse embryo fibroblasts (MEFs), expressing
the human OPA1 isoform 1 bearing the R445H and D603H muta-
tions, associated with DOA-plus and DOA, respectively. Some of
these molecules effective in the yeast model were also able to
ameliorate the pathological phenotype of MEFs under metabolic
stress by specifically improving the energetic functions or the
network dynamics, depending on the type of OPA1 mutation.

Results
Drugs screening of chemical libraries in yeast

Primary and secondary screening in the mgm1 mutant. To identify
drugs able to rescue the respiratory defect due to mutation in
MGM1, we took advantage of the thermal sensitive (ts) yeast
mutant harboring mgm1322M, equivalent to 1382M mutation in
OPA1 (27). This strain showed a limited growth in YP medium
supplemented with oxidative carbon source (ethanol or glycerol)
at 37°C (Fig. 1A). This growth defect is associated with both poor
mtDNA maintenance at 37°C, which results in a petite frequency
equal to 95%, and strong reduction of the respiratory activity
(approximately 5% of residual respiration) (Fig. 1B and C). The
chemical libraries screening was based on the capability of the
drugs to partially restore the growth defect of such mutant on
oxidative carbon source at high temperature. Two libraries were
used. The first one is the Selleck FDA-approved chemical library,
which contains 1018 molecules authorized for the treatment of
several diseases by the FDA and can be used for ‘drug repurpos-
ing.’ In fact, this screening offers the advantage that the drugs,
being already approved for human use, can be directly tested
in clinical trials once the experimental evidence of their effects
has been provided (41). The second library is the NCI BioServices
Diversity Set IV (https://dtp.cancer.gov/organization/dscb/obtai
ning/available_plates.htm), which contains 1596 molecules cho-
sen from almost 140 000 compounds for their structural diversity
based on pharmacophoric centers and conformational isomers.
The advantage of using this library is that the high degree of
structural diversity among the molecules increases the probabil-
ity of finding effective drugs, though, in this case, a direct clinical
trial is not allowed.

Primary and secondary screenings were performed after a
fine setup based on different oxidative carbon sources, different
growth temperatures and different cell density aimed at identi-
fying the best experimental conditions. Molecules were consid-
ered as positive hits if they produced a halo of enhanced growth
around a soaked paper disk in both screenings. An example
of a positive hit from the primary and secondary screening is
reported in Supplementary Material, Figure S1. By such a screen-
ing, 22 drugs derived from the Selleck FDA-approved library and
21 drugs derived from the Diversity set IV chemical library were
effective. Interestingly, benzbromarone, present in both libraries,
resulted a positive hit in both cases, reinforcing the power of
the screening. Molecules found in the Selleck library belong to
different classes, such as anti-bacterial, anti-mycotic or anti-
tumoral, and several share the primary target, i.e. the bacterial
DNA gyrase A (nalidixic acid and piromidic acid); the squalene
epoxidase (terbinafine and butenafine HCI); the topoisomerase
II (doxorubicin, epirubicin HCl and daunorubicin HCI).

Construction and analysis of chim3 mutants for the tertiary screen-
ing. The 42 positive hits were then tested in a tertiary screening
aimed at identify which of them was active not only in the
rescue of the mgm1 mutation, but also of another OPA1 muta-
tion, using a mutant strain harboring a MGM1/OPA1 chimeric
gene, named CHIM3 in a previous study (40). Such a screening
should be performed in a ‘leaky’ or ‘hypomorphic’ mutant with
a significant growth impairment at 28°C or a ts phenotype.
Unfortunately, the chim3B8M exhibited a slight growth defect,
unsuitable for performing the screening either at 28°C or at
37°C. All the other chim3 mutant strains characterized so far
were unable to grow on non-fermentable carbon sources due
to total loss of mtDNA (27,40). To obtain chim3 mutant alleles
suitable for the screening, we performed an in silico analysis
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Figure 1. Yeast drugs screenings. (A) Spot assay of mgm11322M mutant strain
on YP medium supplemented with 2% ethanol or 2% glycerol at 37°C. 4 x 10%,
4103, 4x102 and 4 x 10! cells were present in each serial spot. (B) Petite
frequency and (C) oxygen consumption rate normalized to the wild type MGM1
strain of the mgm1322M mutant strain at 37°C. (D) Spot assay on YP medium
supplemented with 2% ethanol and 2% glycerol of the chim3 mutant strains at 28
and 37°C. (E) Petite frequency of the mgm1322M mutant strain treated with ORMs
(32 pM ORMO, 420 nM ORM2, 16 pM ORM 11, 24 pm ORM12, 92 um OMR14 and 1 pM
ORMA) or with DMSO at 28°C. **Denotes P < 0.01; ***denotes P <0.001.

in order to identify potential substitutions associated with a ts
phenotype. The analysis is described in Material and Methods
section. As reported at https://databases.lovd.nl/shared/genes/O
PA1, 63 missense mutations were analyzed and five mutations,
predicted to have a mild effect after analysis, were selected:
A357T, R290Q, E487K, S646L and D438A. Chim3 mutant alleles
containing such substitutions were constructed and introduced
into the W303-1B Amgm1 strain. Strains harboring R290Q, E487K
and D438A mutations were unable to grow on medium supple-
mented with oxidative carbon sources (data not shown). Strain
harboring the A357T mutation displayed a growth phenotype
on non-fermentable carbon sources similar to that of strain
harboring CHIM3 wt allele, both at 28°C and at 37°C (Fig. 1D).
On the contrary, strain harboring the S646L allele displayed a
ts phenotype, showing a slight growth reduction at 28°C and a
strong growth impairment at 37°C compared to the CHIM3 strain
(Fig. 1D).

After optimization of the growth conditions, the previously
identified molecules were re-tested on chim3%¢4L mutant strain.
Five drugs from the Selleck chemical library with anti-tumoral
activity, strongly cytotoxic and unlikely suitable for a long treat-
ment were excluded from this screening.

Fifteen drugs from the Selleck chemical library were able to
partially restore the growth of the chim3"%4 mutant strain, and
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were therefore named OPA1 rescuing molecules (ORMs) plus a
number, as indicated in Table 1. These drugs belong to different
therapeutic classes, mainly anti-bacterial, anti-inflammatory
and anti-mycotic pharmaceuticals. A preliminary analysis of
their chemical structures allows recognizing, among others,
compounds endowed with aromatic and aliphatic amine groups
but also with carboxylic acid moiety. In addition, some of the
selected drugs share a common scaffold, which is an aromatic
ring substituted with halogen atoms.

Among the drugs from the NCI Bioservices Diversity Set IV, 11
were positive, and were called ORMs plus a letter, as indicated in
Table 2. With the exception of benzbromarone, found also in the
Selleck collection, and ovalicin, the identified molecules were
cytotoxic or predicted to be likely toxic on the basis of their struc-
ture, and/or unstable in aqueous solutions, or unavailable in
sufficient quantity since not commercially sold. For this reason,
only ovalicin was considered for the subsequent analysis.

Effect of the ORMs on yeast mtDNA stability. We further investi-
gated whether the rescue of growth defect of the mgm®?M and
chim3%%%L. mutant strains by the 16 ORMs identified might be
due to increased mtDNA stability. For this analysis, the strain
mgm1322M was chosen being its petite frequency approximately
40% at 28°C (Fig. 1E), thus indicating that the whole mtDNA is
maintained in most cells. The chim3P%*l mutant strain could not
be utilized since its basal level of petite (80-85% at 28°C) is too
high to detect a rescue, and after 48-h growth on glucose almost
all cells lost their mtDNA.

For each ORM, four sub-lethal scalar concentrations were
used to test their ability to rescue the defective mtDNA
stability, identifying six ORMs able to decrease of the petite
frequency at a specific concentration (Fig. 1E). These drugs
were benzbromarone (ORMO), chloroxine (ORM2), retapamulin
(ORM11), salicylanilide (ORM12), tolfenamic acid (ORM14), and
ovalicin (ORMA) (Supplementary Material, Fig. S2).

Validation of ORMs efficacy in MEFs with OPA1
mutations

Effect of the ORMs on MEFs viability and ATP content. To assess
the efficacy of the molecules identified in the yeast screening,
we took advantage of the cell model we recently described (27),
namely Opal~~ MEFs expressing isoform 1 bearing two OPA1
mutations, the R445H and D603H, respectively localized in the
GTPase and dynamin-like domains. We chose these two cell
lines for their distinct biochemical features: the R445H MEFs,
associated with DOA plus, present a severe energetic deficit, with
loss of mtDNA and completely fragmented network, whereas
the D603H MEFs, associated with non-syndromic DOA, show a
significant mitochondrial network fragmentation, but normal
mtDNA content and only a mild energetic defect (27). MEFs with
wt OPA1 isoform 1 (ISO1) were used as control.

The three cell lines exhibited a similar growth in high glu-
cose DMEM (Supplementary Material, Fig. S3A). However, when
exposed to a metabolic stress, i.e. replacing glucose in the growth
medium with galactose to force cells to rely on oxidative phos-
phorylation (OXPHOS) only to produce ATP (DMEM-galactose)
(42), the R445H MEFs were unable to proliferate and, at longer
times, also the growth of D603H MEFs was significantly reduced
(Supplementary Material, Fig. S3B).

After determination of the optimal concentration of each
ORM in DMEM (Table 3), MEFs were incubated for 24 h in DMEM-
galactose in absence or presence of the drugs, to evaluate their
capability to improve cell viability (Fig. 2A-C). As reported in
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Table 1. Selleck FDA-approved library screening in yeast

Selleck FDA-approved library

Drug Pharmacological Mechanism of action or ORM Maximal Minimal
activity primary target concentration tested  concentration
for petite analysis with rescue
Benzbromarone Uricosuric CYP2C9 inhibitor ORMO 32 pMm 32 um
Bromhexine HCl Mucolytic Medication for coughs ORM1 16 pM -
Chloroxine Antibacterial Treatment of dandruff ORM2 4 M 480 nM
and seborrheic dermatitis
Clofazimine Antibacterial and Intercalation with ORM3 125 pm -
anti-inflammatory bacterial DNA and
increasing levels of
cellular phospholipase A2
Diclazuril Coccidiostat anti-coccidial drug ORM4 16 pMm -
Ethinyl Estradiol Contraceptive Orally bio-active estrogen ORM5 64 pM -
(oral contraceptive pills)
Fesoterodine Against urgent Muscarinic receptor ORM6 256 pM -
fumarate incontinency antagonist
Licofelone Osteoarthritis COX/LOX inhibitor ORM7 64 pM -
(treatment for
osteoarthritis)
Lithocholic acid Cholagogue and Bile acid (detergent to ORMS 32 pm -
choleretic solubilize fats)
Nalidixic acid Antibacterial Inhibitor of the A subunit ORM9 64 uMm -
of bacterial DNA gyrase.
Piromidic acid Antibacterial Inhibitor of the A subunit ORM10 16 pm -
of bacterial DNA gyrase
Retapamulin Antibacterial Bacterial protein ORM11 256 pm 16 pMm
synthesis inhibition
Salicylanilide Antiviral, Hydrogen ionophore ORM12 128 pym 24 um
antibacterial and
antimycotic
Terbinafine Antimycotic Synthetic allylamine ORM13 2 pM -
hydrochloride antifungal and a squalene
epoxidase inhibitor
Tolfenamic acid Anti-inflammatory COX-2 inhibitor ORM14 92 pM 92 pM
Table 2. Diversity set IV chemical library screening in yeast
Drug NSC code CAS number ORM
Ovalicin 141358 19683-98-8 ORMA
Pyridine-2-Azodimethylaniline 9358 13103-75-8 ORMB
5-Fluoro-7-nitroquinolin-8-ol 92207 18472-02-1 ORMC
4h-1,3-Thiazine-5,6-dihydro-4,4-dimethyl-2-(2-phenylethene 150954 no ORMD
1-Carbamimidoyl-3-(4-cholorophenyl) thiourea 403374 7464-17-7 ORME
5-Benzyl-4-phenyldihydrofuran-2-3-dione 17362 6362-70-5 ORMF
1,1,3-Triphenylpropargyl alcohol 52241 1522-13-0 ORMG
4-Cholorophenylquinoline-6-sulphonate 12544 5409-91-6 ORMH
5-(3-Chloroanilino)-1,2,4-dithiazol-3-ylidene]-dimethylammonium + hbr 622689 no ORMI
Benzbromarone (3,5-dibromo-4-hydroxyphenyl-2-ethyl-3-benzofuranyl ketone), 85433 3562-84-3 ORMK
(methanone, (3,5-dibromo-4-hydroxyphenyl) (2-ethyl-3-benzofuranyl)-)
Albacarcin V, chrysomycin A 354844 82196-88-1 ORMJ

Figure 2B and C, ORMs 0, 2, 12 and 14 increased the number
of D603H viable cells, without reaching statistical relevance,
whereas ORM12 only had a significant effect on R445H MEFs. No
ORMs influenced the growth of ISO1 MEFs, except ORM12 that
exhibited a weak effect only (Fig. 2A). ORM11 did not present any
effect on MEFs viability (Supplementary Material, Fig. S4A).

We then evaluated the effects of the ORMs on ATP levels
of MEFs incubated for 24 h in DMEM-galactose (Fig. 2D-F). We

previously reported that under these conditions, the ATP content
of ISO1 MEFs significantly increased as a consequence of the
shift from glycolytic to oxidative metabolism. Differently, D603H
MEFs were unable to enhance the ATP levels, whereas R445H
MEFs exhibited a significant reduction (27). Figure 2E shows that
ORMs 0, 2, 12 and 14 increased the ATP content of R445H MEFs,
being the effect of ORMs 0 and 2 statistically significant. No
ORMs enhanced the ATP content of both D603H and ISO1 MEFs
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Figure 2. Viability and ATP content of MEFs bearing the indicated OPA1 mutations
incubated with ORMs. (A-C) Number of viable cells of 1SO1, R445H and D603H
MEFs, after incubation for 24 h in DMEM-galactose in the absence or presence
of ORMs. Data are expressed as percent of the SRB absorbance measured in
DMEM-glucose at time =0, considered as 100% value. Data are means + SEM of
19 experiments in DMEM-galactose and 3-7 experiments in DMEM-galactose
with ORMs treatment (ORMs 0, 2, 12: n =3; ORM14, A: n =7). (D-F) Cellular
ATP levels of ISO1, R445H and D603H MEFs after incubation for 24 h in DMEM-
galactose + ORMs. Data are expressed as percentage of ATP content measured in
DMEM-glucose at time =0. Values are means + SEM of 14 experiments in DMEM-
galactose and 3—-4 experiments in DMEM-galactose + ORMs (ORMs 0,2,12,14 n=4,
ORMA n =3). *Denotes P <0.05.

(Fig. 2D and F). ORM11 did not present any effect on ATP content
(Supplementary Material, Fig. S4B). It seems therefore that ORMs
0, 2 and, less efficiently, 12 and 14, specifically ameliorate the
energetics of R445H MEFs, the only cell line suffering a reduction
in cell viability and severe ATP depletion when grown in DMEM-
galactose.

Effect of the ORMs on mitochondrial network morphology. The
effect of ORMs on the shape of mitochondrial network was
determined by fluorescence microscopy after cell loading with
Mitotracker Red.

In DMEM, the mitochondria of ISO1 MEFs were mainly fil-
amentous and intermediate, those of D603H MEFs were inter-
mediate or fragmented and those of R445H were completely
fragmented, as previously described (Fig. 3A-C and Supplemen-
tary Material, Fig. SSA and B) (27). Under this condition, ORMs 0
and 2 significantly recovered the mitochondrial fragmentation
of both I1SO1 and D603H MEFs, whereas ORMs 14 and A were
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Figure 3. Mitochondrial network morphology of MEFs bearing the indicated OPA1
mutations incubated with ORMs. (A, D) Representative images of mitochondrial
network of ISO1 and D603H MEFs after labeling with Mitotracker Red. MEFs
lines were incubated for 24 h in DMEM (B, C) or in DMEM-galactose (E, F) in
absence or presence of the ORMs. Cells were scored in three categories on the
basis of mitochondrial network morphologies: cells with filamentous and inter-
connected network (filamentous), cells with short filamentous mitochondria
(intermediate) and cells with fragmented mitochondria (fragmented). 100-120
cells were analyzed for ISO1 (B-E) and D603H (C-F) MEFs in each condition and
for each experiment. Data are means =+ SEM of 3-4 independent experiments.
*P <0.05, **P <0.01, ***P <0.001.

selectively effective in ISO1 MEFs and D603H MEFs, respectively
(Fig. 3B and C).

The incubation in DMEM-galactose did not alter the
mitochondrial shape distribution in ISO1 MEFs; conversely it
markedly increased intermediate and fragmented mitochondria
in D603H MEFs (Fig. 3D-F). In R445H MEFs the mitochondrial
network was completely fragmented also in DMEM-galactose
(Supplementary Material, Fig. S5A and C). As reported in
Figure 3E and F, ORMs 2, 14 and A were effective both in 1SO1
and D603H MEFs, whereas ORMO significantly reduced the
mitochondrial fragmentation in D603H MEFs only. ORM12
statistically worsened the network morphology of ISO1 and
D603H MEFs in DMEM-galactose. None of the ORMs was
able to restore the mitochondrial morphology of R445H MEFs
(Supplementary Material, Fig. S5B and C), in agreement with
the previous finding that this mutation severely hampers the
OPA1 GTPase activity and thus its fusogenic capacity (13,43),
making the mitochondrial network of these cells similar to
that of Opal~~ MEFs (27). ORM11 did not present any effect on
mitochondrial morphology (Supplementary Material, Fig. S4C
and D).

Table 4 summarizes the biochemical effects of the ORMs in
the MEF cell lines. From this set of data we can conclude that
ORMs 0, 2 and 14 were efficient in ameliorating both energetics
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Table 4. Summary of the effect of different ORMs on mitochondrial functions in MEFs

Phenotype Cell lines ORMO

ORM2 ORM12 ORM14 ORMA

Cell viability ISO1
R445H
D603H
ATP IsO1
R445H b
D603H
Mitochondrial morphology glucose ISO1 b
R445H
D603H b
Mitochondrial morphology galactose 1sO1
R445H
D603H b
Efficacy

—Energetics
—Morphology

b b
b (NEG) b b

b c(NEG) b b
—Energetics —Cell viability —Morphology = —Morphology
—Morphology

aNot statistically significant trend.
bstatistically significant trend.
CStatistically significant trend in a negative way.

and mitochondrial morphology, whereas ORMs 12 and A had an
effect only on energetics or restoring mitochondrial morphology,
respectively. ORM11, although not having a toxic effect, did not
present any effect in increasing cell viability, ATP content and
filamentous mitochondrial network (Supplementary Material,
Fig. S4) and was not included in the following screening.

Identification of putative ORMs-targeted pathways

Mitochondrial shaping proteins. Being most of the ORMs able to
ameliorate the mitochondrial network morphology, we decided
to evaluate their effect on the expression levels of the main
mitochondrial shaping proteins by western blot analysis. We
previously reported that the levels of the OPA1, MFN2 and DRP1
were not influenced by the presence of the different OPA1 muta-
tions (27). After 24 h in DMEM-galactose in presence of the ORMs,
the OPA1 content was similar in all MEF lines (Fig. 4A and B).
The ratio of OPA1 long- and short-forms was different in the
three cell lines, since it tended to decrease in R445H MEFs and
to increase in D604H compared to ISO1 MEFs, but it was not
influenced by the different ORMs (Fig. 4A and C). The contents of
MFN2, DRP1 and the activated DRP1-p-S616 were similar and not
affected by any ORM (Fig. 4D-I). As the primary proteins shaping
mitochondrial dynamics were not directly affected, it can be
assumed that the ORMs’ targets are different, involving either
their interactors or other pathways.

Mitochondrial mass, OXPHOS complexes and mtDNA content.
The increased viability and the enhanced cellular ATP content
induced by some ORMs in OPA1 mutated MEFs prompted us
to investigate mitochondrial mass, mtDNA copy number and
oxidative phosphorylation complexes content as possible ORMs
targets.

To explore mitochondrial mass, we determined the levels
of representative proteins of different mitochondrial sub-
compartments, namely the TOM20 subunit of the translocase
of the outer membrane, the TIM23 subunit of the translocase of
the inner membrane, and the heat shock protein 60 (HSP60) and
citrate synthase (CS) for the matrix. Figure 5A and B shows that
TOM20 level did not change in ISO1 and R445H MEFs treated with
ORMs, whereas it was slightly decreased by ORM12 in D603H
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Figure 4. Levels of mitochondrial shaping proteins in MEFs bearing the indicated
OPA1 mutations incubated with ORMs. MEFs were incubated for 24 h in DMEM-
galactose in the absence or presence of ORMs. (A, D, F, H) Representative blots of
OPA1, MFN2, DRP1 and DRP1-P-S616. ACTIN or TUBULIN were used as a loading
control. (B, E, G) Densitometric analysis of OPA1, MFN2 AND DRP1 protein levels.
Data are normalized to those of untreated cells in DMEM-galactose. Values are
means + SEM (n =3-6). *P <0.05, one simple t test. (C) Densitometric analysis of
OPA1 long-/short-forms ratio. Values are means + SEM (n =4-6). (I) Densitometric
analysis of DRP1-P-S616/DRP1 ratio. Values are means + SEM (n = 3).

MEFs. No significant difference was reported for TIM23, HSP60
and CS (Fig. 5A, C-E).
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Figure 5. Mitochondrial protein content of MEFs bearing the indicated OPA1
mutations incubated with ORMs. MEFs were incubated for 24 h in DMEM-
galactose in the absence or presence of ORMs. (A) Western blot of representative
proteins of outer (TOM20) and inner (TIM23) mitochondrial membrane and
of the matrix (citrate synthase and Hsp60). ACTIN or GAPDH were used as a
loading control. (B-E) Densitometric analysis of the mitochondrial mass proteins;
data are normalized to those of untreated cells in DMEM-galactose. Values are
means + SEM (n =4-8). ¥P <0.05, one simple t test. (F) mtDNA copy number. Data
are means + SEM (n =3).

Similarly, the mtDNA copy number, measured by real time
PCR, was also not significantly affected by any ORM (Fig. 5F).

Finally, we determined the level of representative subunit of
the OXPHOS complexes, namely NDUFA9 for complex I, SDHA
for complex II, UQCRC2 for complex III, COXIV for complex IV
e ATPSa for complex V (Fig. 6A). Again, no significant differ-
ence was observed, although scattered tendency to increase was
detected in D603H MEFs for ORMO in complex IV, for ORM 2 in
complexes II, Il and IV, for ORM12 in complex II and for ORMA
in complexes I, Il and III (Fig. 6A-F). A similar trend was observed
in R445H MEFs for ORMs 2 and 14 in complex IV (Fig. 6A and E).

From these overall data, it can be concluded that the bene-
ficial effect of ORMs on OPA1 mutant MEFs is not related with
increased mitochondrial biogenesis.

Proteins involved in the autophagy process. OPA1 is involved
in the autophagy/mitophagy processes (10) and missense
and stop-codon OPAl mutations have an opposite effect,
increasing or decreasing this pathway, respectively (20,44).
Thus, we went on to evaluate whether some ORMs may
influence autophagy, whose efficiency is essential for clearance
of damaged mitochondrial components. We monitored the level
of the microtubule-associated proteins 1A/1B light chain 3B (here
referred to as LC3), in particular of the cytoplasmic form (LC3-I)
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Figure 6. Levels of OXPHOS proteins of MEFs bearing the indicated OPA1 muta-
tions incubated with ORMs. MEFs were incubated for 24 h in DMEM-galactose
in the absence or presence of ORMs. (A) Western blot of representative subunits
of complex I (NDUFA9), complex II (SDHA), complex III (UQCRC2), complex IV
(COXIV) and complex V (ATP5A). ACTIN was used as a loading control. (B-F)
Densitometric analysis of the OXPHOS subunits levels. Values are means + SEM
(n =3-9) and are normalized to those of untreated cells in DMEM-galactose.
*P <0.05, one simple t test.

and its lipidated membrane-bound form (LC3-II). The amount
of LC3-II correlates well with the number of autophagosomes.
In DMEM, mutated MEFs showed a reduced ratio of LC3-
I/ compared with ISO1 (Fig. 7A and B). Incubation in DMEM-
galactose, an autophagy activator (20), increased proportionally
this ratio in both ISO1 and OPA1 mutants, remaining lower
in mutants, thus suggesting some impairment in the process
(Fig. 7A and B).

To verify this possibility, we analyzed the autophagic
flux by treating MEFs with the mTOR inhibitor rapamycin,
a strong autophagic inducer, and with chloroquine, which
blocks lysosome-mediated proteolysis producing an increase of
autophagosome numbers (45). We found that these treatments
caused accumulation of the lipidated form of LC3, when
compared to untreated conditions, and this occured equally
in wt and OPA1 mutated MEFs (Supplementary Material, Fig.
S6A-C), indicating that the autophagic flux is not significantly
affected in our experimental conditions.

Incubations with ORMs induced an increase in LC3II/I ratio in
R445H MEFs, being significant for ORM14 only, while they were
ineffective on the ISO1 and D603H MEFs (Fig. 7C and D).

The first phase of the autophagy process is the phagophore
formation. For this step, the processing of LC3 requires activation
of ATG12 by ATG7 and then conjugation of ATG12 and ATG5
proteins (46,47). Figure 7E-H shows that the protein level of ATG5
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and ATG7 was not significantly changed by any ORMs, except for
ORM12 that reduced ATG5 in R445H MEFs, and for ORM2 in ISO1
MEFs, where ATG7 was decreased.

Taken together, these results indicate that, despite there
was no evidence for an impairment in the autophagic pro-
cess, the basal autophagic activity seems to be slowed down in
the two OPA1 mutants compared to ISO1 in both DMEM and
DMEM-galactose. This may be explained by the fact that only
the mutated allele is present in MEFs. ORMs reverse this trend
in R445H MEFs only, suggesting the possible use of autophagy as
an alternative pathway to support energy production.

Validation of drugs efficacy in DOA patients’ fibroblasts

Finally, to consolidate these results, we decided to examine the
ORMs efficacy in a more physiological cellular model: fibroblasts
from DOA patients bearing the same OPA1 mutations as in MEFs,
but in conjunction with the OPA1 wild-type allele. Despite being
the most commonly used cell model to study the pathomech-
anism of DOA, fibroblasts suffer several limitations, the most
relevant being the heterogeneity of OPA1-induced defect due to
the individual nuclear and mitochondrial genomes variability.
Accordingly, the OPA1 mutated fibroblasts present mild ener-
getic dysfunction and different degree of mitochondrial network
morphology impairment, mostly emerging only after metabolic
stress, being this latter parameter the only one linearly corre-
lated with the severity of patients’ clinical phenotype (27,48-51).
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Figure 8. Effects of the ORMs in DOA patients’ fibroblasts. (A) Representative
images of mitochondrial network of fibroblasts loaded with Mitotracker Red. (B,
C) 60-80 cells were analyzed for R445H and D603H fibroblasts in each condition.
Data are means=+ SEM of three independent experiments. (D, E) Cellular ATP
levels of R445H and D603H fibroblasts after 24 h incubation in DMEM-galactose
in the absence or presence of ORMs. Data are expressed as percent of ATP
content measured in DMEM-glucose at time = 0; values are means + SEM of three
experiments. *P < 0.05, **P <0.01, ***P < 0.001.

For this reason, we considered the mitochondrial morphology as
the best outcome measure for ORMs validation.

Representative images of mitochondrial network morphol-
ogy of fibroblasts incubated in DMEM-galactose in absence or
presence of ORMs are reported in Figure 8A and Supplemen-
tary Material, Figure S7A. Quantitative evaluation of mitochon-
drial morphology in DMEM-galactose showed that D603H fibrob-
lasts had exclusively intermediate and filamentous mitochon-
dria only (44 and 56% respectively), whereas R445H mutants
presented also cells with fragmented mitochondria (27%) and a
lower percentage of cells with filamentous mitochondria (27%),
compared to D603H fibroblasts (Fig. 8B and C). All the ORMs,
except ORM2, significantly ameliorated the mitochondrial net-
work morphology of R445H fibroblasts, increasing the percent-
age of cells with filamentous mitochondria and reducing the
cells with fragmented mito-network (Fig. 8B). ORMs 12, 14 and A
were also effective in D603H fibroblasts (Fig. 8C). Thus, excluding
ORM?2, all other molecules exhibited a positive effect on the
two OPA1 mutated fibroblasts. Since ORM2 was no effective on
mitochondrial morphology, it was excluded from the subsequent
analysis. ORM 0 was excluded only for D603H fibroblasts, since
its effect on mitochondrial morphology was not statistically
significant.

We then measured the energetic efficiency by determining
the ATP levels after 24 h incubation in DMEM-galactose. We
previously reported that under this condition the ATP levels of
controls markedly increased, whereas fibroblasts bearing OPA1
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mutations were unable to rise the ATP content (27). Only ORM14
increased the ATP levels in R445H fibroblasts without reaching
statistical significance, whereas all other ORMs had no effect,
being ORMO apparently harmful (Fig. 8D). Conversely the ATP
levels of D603H appear to be enhanced by the 3 ORMs tested
(ORM12, 14 and A) without being statistically relevant (Fig. 8E).

All ORMs were effective in further improving the mitochon-
drial network morphology of control fibroblasts, and have null
or positive effects, even if not statistically significant, also in
further increasing cellular ATP in these cell lines (Supplementary
Material, Fig. S7A-C).

All together, these results support the conclusions obtained
in MEFs, suggesting that ORMs have a positive effect in OPA1
mutated fibroblasts mainly on morphology, which is the cellular
parameter that better correlates with the severity of clinical phe-
notype. Considering that ORM14 also induces a slight increase in
ATP levels, it seems reasonable to propose this molecule as the
best candidate for therapeutic use in DOA patients.

Discussion

In this study, we have exploited a yeast-based screening of
drugs, identifying pharmacological compounds able to rescue
the defective yeast phenotype caused by mgm1/opal mutations.
The efficacy of these ORMs has been then validated in the
DOA cell model of MEFs and patients’ fibroblasts, bearing the
R445H and D603H OPA1 mutations (Fig. 9A). These combined
approaches have proved to be very efficient to isolate and val-
idate compounds, most of which are FDA approved, and to
investigate their molecular mechanisms. Indeed, the cellular
analyses allowed us to rule out the involvement of mitochondrial
biogenesis as major player of the rescue of defective cellular
phenotype by ORMs. We did not observed alterations in the
expression of the mitochondrial shaping proteins, suggesting
alternative pathways for mitochondrial network morphology
improvement. Finally, we present evidence suggesting that acti-
vation of autophagy is one of the intracellular mechanisms
specifically targeted by ORMs.

In the last two decades, yeast has emerged as a powerful
screening tool, offering an affordable approach to study
diseases and screen targets within a eukaryotic cellular context
(30,52). Optimization of drug screening methods lead to the
repurposing strategy, where ‘old’ molecules are tested to treat
diseases, reducing development costs and timelines for the
already de-risked compounds (53). We took advantage of both
these approaches and, using our yeast models (mgml and
chim3 mutants), we screened two different chemical libraries,
identifying 6 molecules able to restore the growth impairment
and improve mtDNA stability (Fig. 9A). Recently, Delerue et al.
(54) described a similar screening, but using a different drug
library, that identified 5 compounds able to efficiently prevent
the lethality associated with loss of Msp1p, the ortholog of OPA1
in the fission yeast S. pombe, though no validation has been
performed in mammalian cell models.

Among the 6 ORMs identified in yeast, 5 were effective in
OPA1 mutated MEFs (Fig. 9A). Summarizing, ORMs 0, 2 and 14
improved both the mitochondrial morphology and ATP content,
ORM12 ameliorated only cell viability, whereas ORMA recovered
the mitochondrial network morphology. Considering both the
two most representative dysfunctions, energetics and morphol-
ogy, ORMs 0, 2 and 14 resulted the most effective. Moving on
fibroblast cell model, ORMs 0, 12 and A were able to amelio-
rate the network morphology only, whereas ORM14 also slightly
increased the cellular ATP amount. Having ruled out the direct
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Figure 9. (A) Summary of the step-by-step experimental procedures leading to
ORMs validation. (B) Hypothetical targets and mechanisms of action of the ORMs.

involvement of ORMs in mitochondrial biogenesis and shaping
proteins expression, to explain their beneficial effects on cells,
we identified the activation of autophagy as a possible common
mechanism of these ORMs.

ORM14 (tolfenamic acid), effective on the three cell mod-
els, is a non-steroidal anti-inflammatory drug (55), with
inhibitory effects on cyclooxygenase-2 (COX-2) and NF-«B
(55-57). Moreover, ORM14 has been already tested in various
neurodegenerative disease models such as Alzheimer’s and
Parkinson'’s diseases, for which elevated levels of COX-2 have
been reported (58,59). Treatment with ORM14 in Alzheimer’s
disease mice reduces different pathological markers, including
Cyclin Dependent Kinase 5 (CDK5) (60-63). Interestingly, it
has been reported that CDK5 phosphorylates DRP1 at both
serine 579 and 585 residues, inducing mitochondrial fission
and apoptosis in neurons (64,65). Thus, the positive effect of
ORM14 on mitochondrial morphology in OPA1 mutant cells
may depend on a decrease in mitochondrial fission due to
reduced CDKS protein levels and, in turn, inhibition of DRP1.
Recently, ORM14 treatment in a Huntington’s disease mouse
model showed antioxidant properties, increasing the expression
of NRF2, NQO1 and HO1, and also a pro-autophagic effect (66),
as we also observed in R445H MEFs, suggesting that ORM14 may
increase autophagic function in models of different diseases.

Intriguing, also ORMs 0, 12 and A identified by our screening
seem to be involved in the same pathways or to be tested to treat
similar diseases (Supplementary Material, Table S3). Indeed, the
literature highlight three relevant common pathways associated
with these ORMs: reduction of oxidative stress by NRF2 activa-
tion, increase of autophagy through inhibition of the mTOR/Akt
pathway and lowering inflammation by downregulation of
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NF-kB signaling (Fig. 9B and Supplementary Material, Table
S3). Furthermore, also ORM12 has been reported to have
some positive effects on neurodegenerative diseases, such as
Alzheimer (Supplementary Material, Table S3).

Disruption of critical mitochondrial pathways in neurones
has deleterious effect on ATP production and elevated ROS level
(67). The existence of an inverse relation between ROS produc-
tion and mitochondrial filamentous network (68) may explain
the results obtained on mitochondrial network morphology with
ORMs in our OPA1 mutant cells. Indeed, both ORMs 0 and 14,
which ameliorate mitochondrial network morphology in our
models, have an antioxidant activity that involves NRF2, a mas-
ter regulator of cellular redox homeostasis (69). NRF2 is involved
also in autophagy, activating the transcription of p62 and other
macroautophagy genes (70), a pathway that results weakened in
mutated MEFs.

It is of interest that the substantial slowdown of autophagy
in these cells is in line with the results of our metabolomics
analysis evidencing also a significant fall in the cellular amino
acids content, more severe in the R445H than in D603H MEFs
(71). As stated above, ORMs 0, 2 and 14 were able to enhance
the ATP content and, although ORMO less efficiently, to induce
the LC3-I cleavage in R445H MEFs, indicating re-activation of the
autophagic process. It is reasonable to suggest that stimulation
of autophagy in cells suffering a severe energetic failure may
operate as a compensatory mechanism for cellular ATP supply
(72). The lack of effect of ORMs on the LC3-I cleavage on D603H
MEFs, which do not present a severe energetic impairment, may
support this conclusion.

Remarkably, an intimate crosstalk occurs between autophagy
and inflammasomes, multi-protein platforms assembled
in responses to wide range of different stimuli, including
damage-associated molecular patterns (DAMPs). By removing
injured organelles as mitochondria, autophagy reduces the
release of mitochondria-derived DAMPs and suppression of
inflammasome activation (73). Inflammatory signaling and
DAMPs have been reported to play a role in neurodegenerative
diseases causation and progression (74,75). Indeed, Rodriguez-
Nuevo and colleagues reported that a muscle-specific Opal
ablation in mice resulted in mtDNA-mediated inflammation
with activation of NF-kB and TLR9, and that this pathway was
reduced by the NF-kB inhibitor sodium salicylate (76). The close
link between OPA1 and NF-kB signalingis already known (77-79).

Remarkably, ORMs 0, 12 and 14 present anti-inflammatory
activity, supporting the hypothesis of a role of inflammasome
and NF-kB pathway in DOA pathogenesis (Fig. 9B).

Thus, the combined use of yeast, MEFs and human models,
in addition to allowing the ‘deep phenotyping’ of OPA1
mutations useful for patient’s diagnosis (27), is a powerful tool
for therapeutic intervention, taking advantage of the yeast
model for high-throughput screening of molecules, whose
efficiency is then further validated in the mouse and human
cell models.

Finally, our results suggest the possibility that both ROS and
inflammation are activated in mutated cells and that ORMs
treatment induces both NRF2 and autophagy to counteract the
dysregulation of these pathways. We cannot exclude a different
involvement of these three pathways depending on the type of
OPA1 mutation (Fig. 9A). Overall, comparing the ORMs effects on
our DOA cell models, we suggest tolfenamic acid as the most
promising compound to be used for drug repurposing in clinical
trial for DOA or other neurodegeneration associated with OPA1
mutations.

Materials and Methods
Yeast studies

Yeast strains, plasmids and media. The strain used in this study
is W303-1B Amgm1 (MAT« leu2-3 trp1-1 can1-100 ura3-1 ade 2-
1 his3-11 mgm1:KanR) transformed with either MGM1 wild-type
(wt) or mutant alleles cloned under their natural promoter in the
plasmid pFL39 or with CHIM3 wt or mutant alleles cloned under
the TETOFF promoter (40). Mutations were introduced in MGM1
or CHIM3 through the overlap PCR technique, using the oligonu-
cleotides reported in Supplementary Material, Table S1. Plas-
mid were introduced in yeast through the quick LiAc/SS carrier
DNA/PEG transformation protocol (80). YP medium contained
0.5% yeast extract (Formedium) and 1% peptone (Formedium);
YPA medium was YP 2x supplemented with 40 mg/ml adenine
base (Formedium). Carbon sources were added as indicated.
Medium was solidified by adding 2% agar (Formedium).

Screening of the chemical libraries in yeast. The primary
screening was performed with two chemical libraries: the
NCI Bioservices Diversity Set IV, which contains 1596 different
compounds (http://www.fisherbioservices.com/, catalog num-
ber Div40ct2014), and the Selleck FDA-approved Drug Library,
which contains 1018 compounds (http://www.selleckchem.co
m/, catalog number L1300, version 2014). The screening was
carried out as reported by Lasserre et al. (81). Specifically, strain
harboring mgm15??" mutant allele was grown at 28°C in YP
supplemented with 2% ethanol until the early stationary phase
was reached. 6 x 10° cells were plated on 120 x 120 mm square
Petri dishes (Greiner Bio-One) containing 90 ml of solid YP
medium supplemented with 2% ethanol. 32 sterile 6-mm disks
of 3MM paper (Whatman) were placed on each plate. Each disk
was soaked with 2.5 pl of each drug at a concentration of 10 mm
in DMSO, except for two disks, which were soaked with 2.5 pl of
DMSO. Plates were incubated at 36.5°C and pictures were taken
after 4-5 days. Molecules were considered as positive hits if they
enhanced the growth around the paper disk.

The secondary screening was performed on positive hits
from the primary screening in the same conditions, except that
4 disks were plated on each plate, among which one soaked
with DMSO.

The tertiary screening was performed using W303-1B Amgm1
strain transformed with chim3%4L. After growth in solid YP
supplemented with 2% ethanol and 2% glycerol for three days,
2 x 10° cells were plated on the same square Petri dishes contain-
ing 90 ml of YP supplemented with 2% ethanol and 0.5% glycerol.
For each positive hit deriving from the secondary screening, 3
disks were soaked with 2.5 pl of a drug dissolved in DMSO at
different concentrations depending on the compound, and one
disk was soaked with DMSO.

In silico analysis of OPA1 missense mutations
and construction of the chim3 mutant alleles

The 63 missense mutations available at https://databases.lovd.
nl/shared/genes/OPA1 were analyzed through 8 in silico predic-
tion tools used to foresee their pathogenicity by different algo-
rithms and parameters as reported in supplementary Material
and Methods (Supplementary Material, Table S2). Based on the
prediction of each tool, a ‘consensus’ score ranging from 0 to 16
was given to each of the missense mutations analyzed. Consid-
ering that all the mutations studied so far have a ‘consensus’
score > 11, in most cases 15 or 16, and that all were found highly
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deleterious in yeast, we focused our attention on mutations
having lower ‘consensus’ score, ranging from 5 to 11. Selected
mutations were introduced in a YEPlac112-borne CHIM3 allele
cloned under the TETOFF promoter through the overlap PCR
technique using the oligonucleotides reported in Supplementary
Material, Table S1, and the mutant plasmids were introduced in
W303-1B Amgml1 as previously reported (40).

Drug dilution and stock solutions

Positive drugs from the Selleck Chemical Library were purchased
from different distributors as reported in Table 1, whereas drugs
from the NCI Bioservices Diversity set IV (Table 2), most of which
were not commercially available, were a kind gift of the National
Cancer Institute. All drugs were diluted in DMSO at concen-
trations ranging from 5 to 100 mM depending on the maximal
solubility. Maximal solubility in YP medium was defined as the
concentration at which no pellet was observed after centrifuga-
tion of YP medium supplemented with the drug at 15000g for
10 min.

Spot assay, respiratory activity, growth inhibition and petite fre-
quency in yeast. Oxidative growth was evaluated by spotting
serial cell dilutions (5 x 10%, 5 x 103, 5 x 10% and 5 x 10! cell/spot),
in a total volume of 5 pl, on solid YP medium, supplemented with
2% glucose, 2% glycerol or 2% ethanol.

To measure the respiratory activity, strains were pre-grown
in YP supplemented with 2% ethanol to counter select petite
cells. Cells were inoculated at a final concentration of 0.08 OD/ml
in SC supplemented with 0.5% glucose and grown until glucose
was exhausted for approximately 18 h. Petite frequency was
lower than 10% in each case. The oxygen consumption rate
was measured on whole cells at 30°C using a Clark-type oxygen
electrode (Oxygraph System Hansatech Instruments England) as
described previously (82).

Petite frequency without drugs was measured on liquid SC
medium as previously reported (83). In the case of measurement
with ORMs, a growth inhibition curve was performed by growing
chim3%¢%¢L in YP supplemented with 2% glucose and each ORM
at a concentration ranging from 256 pM (or the maximum con-
centration at which the drug did not precipitate in the medium)
to 125 nM, or DMSO as control. 5 x 10° cells were inoculated,
and cell density was measured after 24-h growth at 28°C. Petite
frequency of strain harboring mgm13??M allele was performed
as previously reported (40), using, for each ORM, concentrations
ranging from the concentration which inhibits the growth by 10-
20% to concentration 2-, 4- and 8-fold lower. If a decrease of the
petite frequency was observed, lower concentrations were tested.

Studies in mouse and human cells

Cells and culture conditions. MEFs stably expressing wt OPA1iso-
forms 1 or OPA1lisoform 1 bearing the R445H or D603H mutations
were previously described (27,84).

Skin fibroblasts were derived, after having obtained informed
written consent, from five healthy donors and two DOA patients
carrying the heterozygous R445H and D603H OPA1l mutations,
respectively, as previously described in (27).

MEFs and fibroblasts were grown in DMEM (Gibco, Life Tech-
nologies, 21969035) containing 25 mm glucose supplemented
with 10% fetal bovine serum (FBS, South America, Gibco, Life
Technologies, 10270-106), 2 mM L-glutamine (Gibco, Life Tech-
nologies, 15140-122), 100 U/ml penicillin and 100 pg/ml strep-
tomycin (Gibco, Life Technologies, 25030-024), in an incubator
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with a humidified atmosphere of 5% CO, at 37°C. For some
experiments, cells were grown in glucose-free DMEM (Gibco,
Life Technologies, 11966025) supplemented with 5 mMm galactose
(Merck, 825V622860), 5 mM sodium pyruvate (Sigma, P2256) and
5% FBS (DMEM-galactose). For evaluation of autophagic flux,
MEFs were treated with 1 pm rapamycin (Sigma, R0395) for 24 h
and with 80 pM chloroquine diphosphate salt (Sigma, C6628) for
2h.

MEFs and fibroblasts were grown on Falcon plastic ware
(flasks, dishes, multiwells).

Cell viability. MEFs were seeded in 24-well plates and the day
after incubated with DMEM-galactose for 24 h in the absence
or presence of the ORMs. Cell viability was determined by the
sulforhodamine B (SRB) assay (85). Data are expressed as percent
of the SRB absorbance measured in DMEM before the incubation
to DMEM-galactose (zero time).

Cellular ATP content. MEFs were incubated in DMEM for 24 h
and then in DMEM-galactose for other 24 h, in the absence or
presence of the ORMs. The ATP content was measured by using
the luciferin/luciferase assay, as previously described (86). Data
are expressed as percent of the ATP content measured in each
cell line in DMEM before switching to DMEM-galactose (zero
time).

Mitochondrial network morphology. Mitochondrial network mor-
phology was analyzed as previously described (13).

mtDNA content

Quantification of mouse mtDNA copy number relative to nuclear
DNA (nDNA) was carried out amplifying a mitochondrial gene
(mt-Nd1) and a nuclear gene (8-Globin).

Quantification was performed using the AA C(t) method and
mtDNA copy number was normalized on the reference nuclear
gene B-Globin.

Western blotting

Cell lysates were prepared as previously described (49,87).
Aliquots were separated on 8%, 10%, 12% or 15% SDS-PAGE,
or on pre-cast NUPAGE 4-12% and 12% Bis-Tris Glycine gels
(Life Technologies) and then transferred on nitrocellulose
membranes (Bio-Rad). The chemiluminescence signals were
measured with Gel Logic 1500 Imaging System, Biosense.
The fluorescence signals were detected wtih Licor Odyssey
instrument.

Reagents

Antibodies: DRP1(H00010059-M01) and MFN2 (H00009927-M01)
from Abnova; OPA1l (612607) and TIM23 (611222) from BD
Biosciences; HSP60 (SC-13966) from Santa Cruz; ATGS (12994),
ATG?7 (8558), DRP1-phosphoS616 (3455), and TOM20 (42406) from
Cell signaling; NDUFA9 (ab14713), SDHA (ab14715), UQCRC2
(ab14745), COX IV (ab14744), ATPSA (ab1801) and CS (ab129095)
from Abcam; GAPDH (MAB374) from Millipore; LC3 (L7543),
ACTIN (SAB00001) and TUBULIN (T6557) from Sigma-Aldrich;
Mitotracker CMX Ros (M7512) from ThermoFisher Scientific.
Horseradish peroxidase-conjugated secondary antibodies from
Jackson Immuno Research (Mouse 115-035-146, Rabbit 111-035-
144). ECL western blotting kit from Biorad or Thermo Scientific
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Pierce. Fluorescent secondary antibodies anti-rabbit (926-32210)
or anti-mouse (926-68071) from Licor.

Statistical analysis

All numerical data are expressed as mean =+ SD or SEM, as indi-
cated. Number of biological replicates in independent experi-
ments is detailed in each figure legend. For yeast data, statis-
tical analyses were performed using a one-way ANOVA followed
by a Bonferroni’s post-hoc test. For mammalian cell models
data, the student’s t-test was used, unless otherwise indicated.
Differences were considered statistically significant for P < 0.05.
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Supplementary material is available at HMG online.
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