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SUMMARY
Leber’s hereditary optic neuropathy (LHON), a disease associated with a mitochondrial DNA mutation, is
characterized by blindness due to degeneration of retinal ganglion cells (RGCs) and their axons, which
form the optic nerve. We show that a sustained pathological autophagy and compartment-specific mitoph-
agy activity affects LHON patient-derived cells and cybrids, as well as induced pluripotent-stem-cell-derived
neurons. This is variably counterbalanced by compensatorymitobiogenesis. The aberrant quality control dis-
ruptsmitochondrial homeostasis as reflected by defective bioenergetics and excessive reactive oxygen spe-
cies production, a stress phenotype that ultimately challenges cell viability by increasing the rate of
apoptosis. We counteract this pathological mechanism by using autophagy regulators (clozapine and chlo-
roquine) and redox modulators (idebenone), as well as genetically activating mitochondrial biogenesis
(PGC1-a overexpression). This study substantially advances our understanding of LHON pathophysiology,
providing an integrated paradigm for pathogenesis of mitochondrial diseases and druggable targets for
therapy.
INTRODUCTION

Leber’s hereditary optic neuropathy (LHON) is among the most

frequent mitochondrial disorders (Bargiela et al., 2015; Yu-Wai-

Man et al., 2016) and, over three decades ago, was the first to

be associated with maternally inherited missense mutations

affecting mitochondrial DNA (mtDNA) (Wallace et al., 1988).
This is an open access article und
This blinding disease is peculiar, as it very selectively affects

only retinal ganglion cells (RGCs), which are the terminal retinal

neurons providing the axons to the optic nerve. RGCs undergo

a catastrophic wave of neurodegeneration, leading to subacute

optic nerve atrophy and severe loss of central vision (Carelli et al.,

2004; Yu-Wai-Man et al., 2011). Usually, one of three common

LHONmtDNA mutations, all affecting the NADH dehydrogenase
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(ND) subunits of complex I, are found in the homoplasmic state

(100% of mtDNA is mutated) in all individuals from the maternal

lineage. However, only a subset of individuals becomes affected

(incomplete penetrance), most frequently young males (gender

prevalence) (Carelli et al., 2004; Yu-Wai-Man et al., 2011). Com-

plex I dysfunction induced by LHON mutations is reflected in

decreased efficiency of oxidative phosphorylation (OXPHOS)

(Baracca et al., 2005; Korsten et al., 2010) and increased reactive

oxygen species (ROS) production (Beretta et al., 2004; Floreani

et al., 2005; Lin et al., 2012). In vitro, if cells are forced to rely

on OXPHOS for energy production by switching the culture me-

dium carbon source from glucose to galactose, a loss of viability

is observed, due to increased apoptosis (Ghelli et al., 2003;

Zanna et al., 2005). Furthermore, ex vivo (blood cells, muscle bi-

opsies), postmortem (retinal and optic nerve specimens), and

in vitro (fibroblasts) evidence pointed to increased mitobiogene-

sis as a compensatory strategy to counteracting the defective

phenotype induced by LHON mutations (Giordano et al., 2014).

In LHON, the remarkable tissue specificity has been proposed

to depend on the unique characteristic of RGC axons, which are

unmyelinated in the long initial stretch of their intra-retinal tract

and only then become myelinated as they cross the lamina cri-

brosa at the optic nerve head (Carelli et al., 2004; Yu-Wai-Man

et al., 2011). This myelination pattern implicates an asymmetric

energy dependence reflected by the different mitochondrial den-

sities and dynamics needed to correctly distribute the organelles

along the RGC axons. Thus, the compensatory increase of mito-

biogenesis must be considered in this context. In fact, small

RGCs with thin axons are the most sensitive to the defective

mitochondrial metabolism present in LHON (Pan et al., 2012;

Sadun et al., 2000), and a larger optic disc is a protective

factor (Ramos Cdo et al., 2009). The major modifying effect

driving the two unexplained features of male prevalence and

incomplete penetrance may depend on divergent efficiency in

promoting the compensatory mitobiogenesis (Giordano et al.,

2014). In particular, estrogens activate mitobiogenesis, protect-

ing females (Giordano et al., 2011), and, aside from gender, the

efficient activation of mitobiogenesis that some LHON mutation

carriers display predicts the risk for developing the disease,

allowing these carriers to be unaffected for their entire lives (Gior-

dano et al., 2014). The degree of mitobiogenesis is most likely

determined by specific, still unknown, genetic variants (Carelli

et al., 2003) but is also highly modified by interactions with envi-

ronmental factors, such as tobacco and alcohol exposure (Care-

lli et al., 2016; Giordano et al., 2015). More recently, some ge-

netic variants have been proposed as modifiers in LHON

penetrance, and these involve different pathways occurring

only in specific subgroups of families (Jiang et al., 2016; Yu

et al., 2020). Overall, the scenario of LHON penetrance remains

extremely complex and only partially understood.

New evidence continues to link mitobiogenesis to a wider

master program, regulating mitochondrial homeostasis and life

cycle (Giorgi et al., 2021; Twig and Shirihai, 2011). The counter-

part of mitobiogenesis is mitochondrial clearance, with the elim-

ination of damaged mitochondria by autophagy, i.e., mitophagy

(Patergnani and Pinton, 2015). The execution of mitophagy, its

role in LHON pathogenesis, and how mitophagy coordinates

with compensatory mechanisms remain largely unknown,
2 Cell Reports 40, 111124, July 19, 2022
prompting the current study, which is aimed at elucidating how

mitochondrial homeostasis is disturbed by LHON-related com-

plex I dysfunction, thus paving the road for new druggable ther-

apeutic targets. Our results suggest that pathologically

increased mitophagy prevails in LHON-affected individuals as

opposed to efficient biogenesis, which characterizes the suc-

cessful compensation in LHON carriers. The latter is driven by

the nuclear background, whereas the pathological quality con-

trol is directly dependent on the mutant mtDNA, as supported

by cybrid experiments, and this general paradigm applies across

cell models, from fibroblasts to neuronal cells, and may be tar-

geted by pharmacological interventions.

RESULTS

Autophagy is pathologically increased in cells from
LHON-affected patients but not in those from
unaffected mutation carriers
Our starting point was to investigate how autophagy may be

affected by LHON mutations in patient-derived fibroblasts,

induced pluripotent stem cell (iPSC)-derived neuronal cell lines,

peripheral blood mononuclear cells (PBMCs), and sera samples.

To this end, we thoroughly analyzed the two most frequent ho-

moplasmic LHON mutations, the m.3460G>A/MT-ND1 and the

m.11778G>A/MT-ND4 (herein called, for the sake of brevity,

3460 and 11778 mutations).

Light chain 3 (MAP1LC3, hereafter referred to as LC3) is a spe-

cific marker for monitoring autophagy. During autophagy, the

cytoplasmic form of this protein (LC3-I) is cleaved and lipidated

into the membrane-bound form (LC3-II), which is localized to the

autophagosome (Thukral et al., 2015) and correlates with the

number of autophagosomes. As an additional autophagy

marker, we used the protein SQSTM1/p62, which is inversely

correlated with autophagy activity (Katsuragi et al., 2015). We

found that in basal conditions, comparedwith control cells, fibro-

blasts from an LHON-affected patient (herein abbreviated as

LHON-affected) with the 3460mutation, considered themost se-

vere for biochemical dysfunction (Carelli et al., 1997), presented

a sustained autophagy activation (Figure 1A). To further validate

these results, we used nutrient-starvation conditions, known to

promote the activation of the autophagy machinery (Chen

et al., 2014). Under these conditions, autophagy was signifi-

cantly activated in control fibroblasts, whereas the magnitude

of this response was attenuated in LHON-affected fibroblasts,

suggesting that, from their high basal autophagy activity, the ca-

pacity to further increase did not exceed the top level of controls

(Figure 1A). Fluorescence microscopy measurements of auto-

phagy with the GFP-LC3 probe, in basal conditions and after

starvation, confirmed these findings (Figure 1B). Autophagy

levels in control fibroblasts (n = 4) used for this study were com-

parable (Figures S1A and S1B), confirming that the differences

observed with LHON-affected were dependent on the mtDNA

LHON mutations.

To confirm that increased autophagy is a key feature of patients

affected by LHON, we also evaluated fibroblasts from two LHON-

affected and the respective two brothers, unaffected mutation

carriers (herein abbreviated as LHON-carrier), all harboring the

most frequent but biochemically milder 11778 mutation (Carelli
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et al., 1997). While significantly reduced p62 level and increased

LC3-II amount were confirmed in the LHON-affected

(Figures 1C–1F, respectively, for the first and second pairs of

LHON-affected/carrier siblings), as seen for the 3460 mutation,

the LHON-carriers had an autophagy activity similar to controls,

despite the presence of the homoplasmic 11778 mutation.

As LHON is primarily characterized by the subacute degener-

ation of RGCs, we sought to test a neuronal cell model. To this

aim, we generated different transgene-free iPSC clones by using

Sendai-virus-mediated expression of the four Yamanaka’s fac-

tors (OCT3/4, SOX2, c-MYC, and KLF4) to reprogram the fibro-

blasts of two patients carrying the 3460 and the 11778 LHON

mutations, respectively, and two controls. Then, we obtained

neural precursor cells (NPCs) through embryoid body formation

and generated terminally differentiated neurons (Figure S1C).

We assessed autophagy activity in 35-day-old iPSC-derived

neurons (herein abbreviated as idNeurons) expressing specific

markers such as bIII-tubulin, Map2, and NeuN (Figure S1D),

and again we observed a significant reduction of p62 and a par-

allel increase of LC3-II in both LHON-affected carrying the 3460

and the 11778 mutations (Figure 1G).

Autophagosome accumulation, and thus increased levels of

LC3, may also occur due to impaired autophagosome degrada-

tion (Mizushima et al., 2010). To assess this alternative scenario,

we performed autophagy flux analysis in the presence of bafilo-

mycin A1 (Baf-A1) (100 nM for 2 h), which inhibits the late phase

of autophagy (Klionsky et al., 2021). We found that Baf-A1 treat-

ment induced abundant cleaved LC3 accumulation in all the fi-

broblasts analyzed (Figures S1E for 3460 mutation and S1F for

11778 mutation), indicating that the autophagy response is unaf-

fected in our experimental conditions.

To verify if pathological activation of autophagy also charac-

terizes LHON patients, we evaluated ex vivo LC3-II amounts in

PBMCs derived from controls, LHON-affected, and LHON-

carrier homoplasmic for the 11778 mutation (Figure 1H). Due

to a widespread variability and a limited number of samples,

we failed to observe a significant increase of LC3-II in

LHON-affected compared with controls and LHON-carriers

(Figure 1H). The ELISA detection of autophagy markers in

blood samples represents a more sensible and reliable

method to assess autophagy activity in biological samples

(Patergnani et al., 2018, 2021a; Xue et al., 2020). Thus, we

also evaluated serum levels of the autophagy markers ATG5

and ATG7, highlighting their significant increase only in

LHON-affected (Figures 1I and 1J).

Taken together, all these results demonstrated that the auto-

phagy machinery is intrinsically activated in LHON-affected,
Figure 1. Autophagy is pathologically increased in cells from LHON-af

(A–F) Detection of autophagy activity through immunoblot and GFP-LC3 puncta c

the latter, the autophagy levels were also analyzed in fibroblasts obtained from th

indicated, the representative western blots come from couple #2, while the histo

indicated, cells were starved (STARV.) for 1 h.

(G) Autophagy levels were also detected in idNeurons harboring LHON mutation

(H) Finally, autophagic levels were measured by immunoblot in ex vivo PBMCs ob

LHON-carrier (n = 14) (the representative image shown has been cropped to inv

(I and J) ELISA was performed on serum samples from CTRLS (n = 10), LHON-car

Data are presented as means ± SEM. n = at least 3 independent experiments for w

for GFP-LC3 experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.
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whereas a compensatory mechanism must be active in LHON-

carrier cells, which behaved more similarly to controls.

Selective autophagy of mitochondria (mitophagy)
follows the same pattern of autophagy
Autophagy also exists in selective forms, which, in the case of

mitochondria, removes damaged organelles through the tar-

geted process of mitophagy. We assessed mitophagy by the

simultaneous labeling of mitochondria with MitoTracker green

and of autophagolysosomes by LysoTracker red (Kanki andOka-

moto, 2014; Patergnani and Pinton, 2015). As shown in

Figures 2A and 2B, mitophagy was significantly increased in

LHON-affected fibroblasts with both 3460 and 11778 mutations,

whereas itwasnot activated in theLHON-carrierswith 11778mu-

tation, displaying an activity similar to control cells. Upon acute

mitochondrial dysfunction, the PINK1-Parkin pathway is acti-

vated by Parkin recruitment from the cytosol to themitochondrial

surface, ultimately leading to mitophagy (Narendra et al., 2010;

Vives-Bauza et al., 2010). By using fluorescent microscopy tech-

niques, we investigated Parkin recruitment to mitochondria,

finding that LHON fibroblasts displayed a higher co-localization

rate between Parkin and mitochondria than both control and

LHON-carrier samples (Figure 2C). The assessment of mitoph-

agy in idNeurons carrying either 3460 or 11778 mutations paral-

leled the fibroblasts results, displaying a significant increase in

LHON-affected compared with controls (Figures 2D and 2E).

Recent investigations suggested that during neurodegeneration,

the excessive mitochondrial removal characterizing the neuronal

cells might be region specific (Zaninello et al., 2020). We investi-

gated this aspect by comparing themitophagy activitymeasured

in the body and in the axonal-dendrites regions in our massive

neuronal culture. This specific growth condition prevented us

from clearly identifying the axonal hillock region. Nevertheless,

our analysis unveiled elevated mitophagy levels in the soma of

the neurons, which also includes the axonal hillock. Although

this region-specificmitophagywasacommon feature sharedbe-

tween control and LHON-affected neurons (Figure 2F), the latter

showed an extremely elevated mitophagy removal of mitochon-

dria compared with control neurons.

Further support to the increased mitophagy activity is pro-

vided by the ex vivo assessment of Parkin and Optineurin in

serum from circulating blood of LHON-affected patients

(Figures 2G and 2H).

We attempted to conduct a transmission electron microscopy

(TEM) assessment of RGCs in postmortem retinas from LHON-

affected carrying either the 3460 or 11778 mutation; these tis-

sues are not only difficult to collect, but they are processed
fected patients but not in unaffected mutation carriers

ount in LHON fibroblasts carrying 3460 (A and B) and 11778 mutations (C–F). In

e two unaffected mutation-carrier brothers (identified as #1 and #2). Where not

grams represent the average of the data from the two pairs #1 and #2. Where

s.

tained from healthy individuals (CTRLS) (n = 17), LHON-affected (n = 10), and

ert the order of samples loading).

rier (n = 9), and LHON-affected (n = 7) patients to detect ATG5 (I) and ATG7 (J).

estern blots or 5 visual fields per at least 3 independent samples per condition
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several hours after death, thereby making it difficult to have a

sufficient number for reliable quantification of the cellular

events observed as well as a high resolution and quality of

the samples imaged. However, acquisitions with qualitative

images are available at Mendeley Data: https://doi.org/10.

17632/83vvm47z2f.1.

Overall, this set of experiments documented that the increase

of autophagy activity is also reflected on mitophagy, which was

enhanced in LHON-affected in cultured cell models, including id-

Neurons. Again, the LHON-carrier did not display this pheno-

type, behaving much more closely to controls.
Pathological autophagy and mitophagy is transferred to
cybrids with the LHON mutant mtDNA independently
from the affected/carrier status
To establish whether the pathological increase in autophagy and

mitophagy observed in the previous experiments is primarily

driven by the mutant mtDNA, we evaluated these readouts in a

cytoplasmic trans-mitochondrial hybrid (cybrid) cell model, a

valuablemodel for investigatingmtDNA-dependent phenotypes,

removing the influence of the original nuclear background of the

patient (King and Attardi, 1989; King et al., 1992; Vergani et al.,

1995).

We assessed autophagy in LHON cybrids carrying either the

3460 or 11778 mutation but also the milder m.14484T>C/MT-

ND6 (herein 14484) mutation, generated from LHON-affected fi-

broblasts compared with mtDNA haplogroup-matched control

cybrids. Furthermore, the same experiments were also per-

formed in cybrids generated from a pair of discordant brothers

(from #2 independent fibroblast cell lines) carrying the same

11778 homoplasmic mutation, compared with mtDNA hap-

logroup-matched control cybrids.

In LHONcybrids, we confirmed the results previously obtained

in LHON-affected fibroblasts. LHON mutations significantly

increased autophagy activity (Figures 3A–3D, S2A, and S2B),

and similar results were also obtained with cybrids carrying the

mildest 14484 mutation (Figures S2C and S2D). In addition, the

assessment of mitophagy activity in LHON cybrids carrying

the 3460 or 11778 mutation also showed significantly increased

mitophagy (Figures 3E, 3F, and S2E). Differently, the results

obtained in LHON-carrier cybrids were discordant from those

previously achieved in fibroblasts. Indeed, LHON-carrier cybrids

had both autophagy (Figures 3C and 3D) and mitophagy

(Figures 3F and S2E) comparable to the LHON-affected cybrids.
Figure 2. LHON disease is characterized by excessive mitophagy leve

(A, B, D, and E) Confocal microscopy assessment of mitophagy respectively in fibr

mutations were performed by loading cells with LysoTracker red and MitoTracke

(C) Mitophagy levels were analyzed by detecting the amount of fluorescent YFP

affected patient carrying the 11778 mutation and of the non-affected (carrier) bro

(F) A similar methodological approach with LysoTracker red andMitoTracker gree

cific regions of the idNeurons (soma and axon-dendrite (Ax-De) regions). ###p < 0

soma.

(G and H) Increased levels of mitophagymarker Parkin (G) and Optineurin (H) were

with CTRLS (n = 10) and 11778 LHON-carriers (n = 9).

Data are presented as means ± SEM. n = at least 5 visual fields per at least 3 indep

region-specific mitophagy were obtained from 78 regions of interest (ROIs) for iPS

ROIs for iPSC-derived 11778 neurons and analyzed using one-way ANOVA. *p <

6 Cell Reports 40, 111124, July 19, 2022
Autophagy flux analysis, also performed by fluorescence mi-

croscopy with the tandem mCherry-GFP-LC3 construct,

confirmed again that this process was unaffected and that auto-

phagosomes were properly degraded (Figures S3A–S3C).

To further dissect the molecular mechanisms leading to

altered autophagy in LHON cells, in particular all potential factors

that impinge upon global mitochondrial homeostasis and that

co-regulate mitophagy, we investigated the pathways involved

in the mechanistic target of rapamycin (mTOR) kinase complex

and 50 adenosine monophosphate-activated protein kinase

(AMPK) axis. The mTOR pathway, through phosphorylation

events, strongly suppresses autophagy (Missiroli et al., 2016;

Xue et al., 2020). Thus, we evaluated whether LHON mutations

alter the mTOR/AMPK pathway by assessing AMPK phosphory-

lation levels and the regulation of mTOR-downstream targets,

including the phosphorylation/inactivation of the mRNA transla-

tion repressor 4E-binding protein (4EBP1) and the autophagy

regulator Unc-51 like autophagy activating kinase (ULK1), a

serine/threonine (Ser/Thr) kinase that plays a specific role in

clearing mitochondria (Egan et al., 2011). mTOR and AMPK-

dependent ULK1 phosphorylation regulates the activity of this

pathway (Kim et al., 2011) and the accumulation of dysfunctional

mitochondria upon mitophagy induction (Wu et al., 2014) (Fig-

ure S3D). As shown in Figure S3E, in LHON cells, sustained auto-

phagy involved AMPK activation and concomitant mTOR

pathway inhibition, as evidenced by increased AMPK-mediated

phosphorylation of ULK1 in Ser 317 and of acetyl-coenzyme A

(CoA) carboxylase (ACC) and decreased phosphorylation of

acetyl-eukaryotic translation initiation factor 4EBP1.

In summary, the phenotype of dysfunctional autophagy and

mitophagy is tightly associated with the LHON mutations, as it

was faithfully transferred with mutant mtDNA in the constant nu-

clear background of the cybrid cell model and separated from

the influence of the original nuclear background of the patient.

This phenotype was correlated with the modulation of the

mTOR/AMPK pathway.

Pathological autophagy and mitophagy in LHON reflects
a mitochondrial stress phenotype
Complex I dysfunction is commonly associated with increased

ROS production, specifically superoxide (Fiedorczuk and Saza-

nov, 2018; Hirst and Roessler, 2016).We assessed ROS by using

MitoSOX Red, a fluorogenic dye specifically targeted to mito-

chondria in live cells. All LHON-affected cells (fibroblasts and cy-

brids) carrying either the 3460 (Figures 4A and 4B) or the 11778
ls

oblasts and 35-day-old idNeurons carrying 3460 (A and D) and 11778 (B and E)

r green to visualize lysosomes and mitochondria, respectively.

-Parkin localized on the mitochondrial surface in fibroblasts from one LHON-

ther carrying the same 11778 mutation.

n was used to investigate whether mito-autophagosomes were present in spe-

.001 to CTRL soma, xxxp < 0.001 to CTRL Ax-De, ***p < 0.001 Ax-De to its own

detected in serum samples of 11778 LHON-affected patients (n = 7) compared

endent samples per condition for colocalization experiments. Data to evaluate

C-derived control neurons, 297 ROIs for iPSC-derived 3460 neurons, and 225

0.05, **p < 0.01, and ***p < 0.001.

https://doi.org/10.17632/83vvm47z2f.1
https://doi.org/10.17632/83vvm47z2f.1
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(Figures 4C and 4D) mutation presented increased ROS levels,

and a state of nutrient deprivation increased ROS (Figures 4A–

4D), corroborating that starvation-induced autophagy is regu-

lated by ROS (Li et al., 2013). Moreover, while ROS production

in the LHON-carrier fibroblasts was equivalent to control cells

(Figure 4C), excessive ROS levels characterized LHON-carrier

cybrids, comparable to LHON-affected cells (Figure 4D).

Notably, a harmful ROS production may be highly dependent

on the electrochemical gradient that forms across the inner mito-

chondrial membrane and sustains mitochondrial membrane po-

tential (Jm) (Giorgi et al., 2018b; Suski et al., 2012). As shown in

Figures 4E and 4F, we found that in 3460 LHON-affected fibro-

blasts and cybrids, Jm appeared significantly increased. More-

over, starvation increased theJm in controls to levels compara-

ble to LHON cells at resting conditions, whereas it failed to affect

LHON fibroblasts, which remained hyperpolarized, similar to

resting conditions (Figures 4E and 4F). Comparable findings

were observed in fibroblasts and cybrids carrying the 11778 mu-

tation (Figures 4G and 4H). Consistent with the ROS results, the

LHON-carrier fibroblasts had Jm equivalent to controls (Fig-

ure 4G), while LHON-carrier cybrids displayed values compara-

ble to the LHON-affected cybrids (Figure 4H).

Overall, these results demonstrate thatmitochondria present a

stress phenotype in LHON-affected cells characterized by

increased ROS and hyperpolarization of Jm. These features

were conserved in LHON-carrier cybrids but wereminimal or ab-

sent in LHON-carrier fibroblasts, which displayed fairly normal

ROS levels andJm similar to controls (Figures 4C and 4G), indi-

cating again an efficient compensatory response to the LHON

mutations.

Therapeutic strategies reverse the pathologic
phenotype of LHON-affected cells, balancing
mitochondrial homeostasis
LHON pathogenic mutations ultimately cause impaired cell

viability and increased rate of mitochondria-dependent

apoptosis in cybrids, particularly when cells are pushed into a

stress condition, such as in galactose medium (Ghelli et al.,

2003; Zanna et al., 2005). Besides cybrids, increased propensity

to apoptosis has been reported to occur also in iPSC-derived

RGCs carrying an unusual combination of LHON mutations

(Wong et al., 2017).

We confirmed here that LHON mutations reduce the growth

rate of LHON-affected fibroblasts compared with controls

(Figures S4A and S4B), and this effect was transferred in cybrids

(Figures S4C and S4D). This was paralleled by a significant in-

crease in apoptosis of both fibroblasts and cybrids, as evi-

denced by the increased cleavage of poly (ADP-ribose) polymer-
Figure 3. Autophagy and mitophagy results increased in cybrids

(A–D) Autophagy detection by immunoblot (A) and fluorescent microscopy (B) w

from one LHON-affected patient carrying the 11778 mutation and of the non-a

indicated, the cells were STARV. for 1 h.

(E) Confocal microscopy assessment of mitophagy in control and mutant cybrid

(F) Similar experiments were achieved in LHON-affected cybrids carrying the 117

mutation.

Data are presented as means ± SEM. n = at least 3 independent experiments for w

for fluorescent microscopy experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.
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ase 1 (PARP) and caspase 3 (CASP3) (Figures S4E and S4F). The

increased propensity to apoptosis also characterized the id-

Neurons of LHON-affected carrying the 11778 and 3460 muta-

tions, compared with controls (Figure S4G).

Growing evidence points to an intimate relationship linking

apoptosis and autophagy (Bialik et al., 2018), suggesting that

the activation of autophagy and mitophagy pathways observed

in LHON mutant cells may, in turn, also modulate the apoptotic

machinery. Thus, we hypothesized that by modulating the auto-

phagy andmitophagy pathways to limit their excessive activation,

we could impinge therapeutically on the LHON pathogenic mech-

anism, correcting the apoptotic loss of cell viability. Autophagy

can be finely adjusted with pharmacological interventions target-

ing either the early or late stages of this process (Choi et al., 2013).

The most used inhibitor targeting the early stages is

3-methyladenine (3-MA); for later stages, chloroquine (CQ) and

its derivatives are the most commonly used. Recently, a novel

class of drugs has been added, i.e., antipsychotic and antidepres-

sant drugs such as clozapine (CL), which acts as potent late-stage

autophagy inhibitor (Park et al., 2012; Patergnani et al., 2021b).

We tested the efficacy of these drugs for their capacity to inter-

fere with the autophagymachinery, aware of possible re-purpos-

ing for some of these molecules. The autophagy inhibitor treat-

ments significantly reduced the autophagy activity, assessed

as LC3-II content, in both LHON-affected fibroblasts and cybrids

carrying the 11778 mutation (Figures 5A and 5B). Indeed, the

early-stage autophagy inhibitor 3-MA significantly decreased

the LC3-II levels, whereas CQ and CL, which interfere with lyso-

some/autophagosome fusion, led to accumulation of LC3-II. Un-

der these treatment conditions, we also found that the extent of

apoptosis induction was significantly limited, as evidenced by

reduced levels of both cleaved PARP and cleaved CASP3

(Figures 5C and 5D), ultimately increasing cell viability of fibro-

blasts and cybrids (Figures 5E and 5F). We did not observe

any cytotoxic effect of the compounds tested in either control fi-

broblasts or cybrids (Figure S4H).

Another therapeutic strategy in LHON is the administration of

redox modulators, such as the short-chain benzoquinone idebe-

none (Gueven et al., 2021). Currently, idebenone is the only dis-

ease-specific drug approved by the European Medicine Agency

(EMA) for LHON treatment (Amore et al., 2020). We tested idebe-

none, in its reduced form that exerts the therapeutic effect (Yu-

Wai-Man et al., 2017), in LHON-affected fibroblasts (Figures 6A

and 6B) and idNeurons (Figures 6C and 6D), observing a marked

reduction of autophagy activity and apoptotic death in the

LHON-affected cells. Idebenone administration also resulted in

a concomitant reduction of ROS production (Figure 6E) and

Jm (Figure 6F). All these results were also confirmed in the cybrid
as performed in cybrids carrying 3460 and in cybrids derived from fibroblasts

ffected (carrier) brother carrying the same 11778 mutation (C and D). Where

s harboring 3460 LHON mutations.

78 mutation and of the non-affected (carrier) brother carrying the same 11778

estern blots or 5 visual fields per at least 3 independent samples per condition
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Figure 4. Complex I deficiency leads to altered mitochondrial function in LHON-affected individuals, which is compensated in carriers

(A–D) Measurements of mitochondrial ROS production in LHON-derived 3460 fibroblasts (A) and cybrids (B) and in 11778 fibroblasts (C) and cybrids (D) by using

MitoSOX red probe.

(E–H) The mitochondrial transmembrane potential (Jm) of 3460 and 11778 fibroblasts and cybrids was detected by using theJm-sensitive probe TMRM. When

indicated, the cells were STARV. for 30 min before TMRM loading.

Data are presented as means ± SEM. n = at least 5 visual fields per at least 3 independent samples per condition. *p < 0.05, **p < 0.01, and ***p < 0.001.
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cell model (Figures 6G–6J). Again, we did not observe any idebe-

none-related cytotoxic effect in control fibroblasts and cybrids

(Figure S4I).

Finally, increased mitochondrial biogenesis has been docu-

mented to be a key spontaneous compensatory program acti-

vated in LHON-carriers, contributing to their lifelong unaffected

state and incomplete penetrance (Giordano et al., 2014).
We assessed protein expression of mitochondrial transcription

factor A (TFAM) and cytochrome c oxidase (COX)-IV subunit as

markers of mitochondrial mass in ex-vivo-collected PBMCs and

in fibroblasts from a pair of discordant brothers carrying the

11778 mutation. Our results re-confirmed that LHON-carriers

are the most efficient in compensatory mitobiogenesis

(Figures S5A and S5B). Experiments aimed at detecting the
Cell Reports 40, 111124, July 19, 2022 9
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Figure 5. Compensatory therapeutic approaches targeting autophagy reverts LHON cells’ predisposition to apoptotic death

(A and B) 11778 fibroblasts (A) and cybrids (B) harboring LHON mutations were treated with different autophagic inhibitors (3-MA [inhibitor of autophagy at early

steps], chloroquine [CQ], and clozapine [CLOZ] [inhibitors of autophagy at late steps]). After 48 h, detection of autophagic activity through immunoblot technique

was performed.

(C and D) Detection of apoptotic process activity on 11778 LHON fibroblasts (C) and cybrids (D) treated with anti-autophagic agents by immunoblotting with

antibodies against PARP and CAS3 apoptotic markers.

(E and F) Cell viability in fibroblasts (E) and cybrids (F) pretreated with anti-autophagy compounds was performed at different time points.

Data are presented as means ± SEM. n = at least 3 independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.
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amount of mtDNA confirmed the immunoblot results on mito-

chondrial mass (Figure S5C). Consistently, LHON-carrier fibro-

blasts also exhibited increased amounts of the

‘‘master regulator’’ of mitochondrial biogenesis peroxisome

proliferator-activated receptor gamma, coactivator 1 a

(PGC1-a) (Scarpulla, 2011) compared with LHON-affected

samples (Figure S5D). We then asked whether this compensa-

tory biogenesis could re-establish an optimal mitochondrial

turnover and, as consequence, a healthy and functional mito-

chondrial pool in LHON-carriers. To visualize mitochondrial

turnover, we used the fluorescent protein MitoTimer, whose

fluorescence shifts from green to red as the mitochondrial pop-

ulation ages (Hernandez et al., 2013). The fluorescence analysis

demonstrated that mitochondria present in LHON-affected fi-

broblasts were older and less functional than mitochondria of

control fibroblasts, as well as of LHON-carrier fibroblasts (Fig-

ure S5E). Differently, cybrids generated from the same pair of
10 Cell Reports 40, 111124, July 19, 2022
LHON discordant brothers had comparable amounts of

TFAM, COX-IV, and PGC1-a proteins and mtDNA content

(Figures S5F and S5G), indicating that the crosstalk between

mtDNA and specific nuclear backgrounds drives the compen-

sation in LHON-carrier individuals. Noticeably, the 11778

mutation in the osteosarcoma nuclear background seems to

have an opposite effect on mtDNA content compared with

fibroblasts, since LHON-affected cybrids showed significantly

lower mtDNA levels compared with wild-type cybrids, as previ-

ously observed in Giordano et al., 2011. Moreover, LHON-car-

rier cybrids displayed an age of mitochondrial population (Fig-

ure S5H) similar to that of LHON-affected cybrids, being both

significantly older than in controls.

We thus evaluated whether an increase of mitobiogenesis

might re-establish mitochondrial homeostasis in LHON cybrids.

Overexpression of PGC1-a increased mitochondrial mass (Fig-

ure S6A) and lowered ROS production (Figure S6B) and Jm
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(legend on next page)
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(Figure S6C), reducing LC3 lipidation (Figure S6D) and protecting

against apoptosis (Figure S6E).

DISCUSSION

The current study provides compelling evidence of a profound

deregulation that targets autophagy removal of mitochondria,

occurring in LHON-affected cell models, under basal conditions

of cell culture, as well as in ex vivo LHON patient serum. This im-

plicates a cellular stress phenotype documented by increased

ROS production and Jm, ultimately resulting in a propensity to-

ward apoptosis, undermining cell viability. We also show that this

phenotype may be corrected by differently targeted therapeutic

strategies including autophagy inhibitors acting at different

stages of the autophagy mechanism (Choi et al., 2013; Park

et al., 2012), redox modulators such as the EMA-approved ide-

benone (Amore et al., 2020; Gueven et al., 2021), and by genet-

ically activating the mitobiogenesis program overexpressing the

master regulator PGC1-a (Scarpulla, 2011). Individually, each of

these therapeutic strategies was effective in our cellular models.

Remarkably, all our experiments indicated that asymptomatic

LHON-carriers have a naturally occurring compensation, which

appears to be tightly dependent on the individual nuclear back-

ground, as this phenotype vanishes in cybrids. Ultimately, this

compensatory phenotype makes LHON-carriers close to con-

trols in all readouts analyzed despite the same LHON homoplas-

mic mutation as affected maternal relatives. The higher PGC1-a

expression that we found only in LHON cells carrying the carrier

nuclear background promotes mitochondrial biogenesis, allow-

ing for alternative routes bypassing complex I impairment, as

well as increasing the antioxidant machinery, globally compen-

sating for the impaired OXPHOS (Giordano et al., 2014). Further-

more, the activation of the PPAR-g/PGC1-a pathway through

the induction of uncoupling protein 2 (UCP2) may also impinge

on mitochondrial decoupling, reducingJm and ROS production

and ultimately limiting oxidative damage and propensity to un-

dergo apoptosis of LHON cells (Andrews et al., 2005). To

reach such compensation, we envisage a better maintenance

of mitochondrial homeostasis by shifting toward prevalent mito-

biogenesis, which efficiently counterbalances the autophagy

and mitophagy excessive activity determined by the mutant

mtDNA. This highlights how these spontaneous compensatory

mechanisms in RGCs, possibly prompted by yet unelucidated

modifying nuclear genetic factors, are key to further refine the

pathways that can be targeted therapeutically.

Our understanding that autophagy pathways are highly regu-

lated cellular mechanisms has progressed impressively (Bialik

et al., 2018; Choi et al., 2013). Not surprisingly, abnormalities

of both autophagy and mitophagy occur in many human dis-
Figure 6. Oxidative stress modulation contributes to decrease in LHO

(A–D) After treatment with reduced idebenone (IDEB.) (10 mM for 3 h), fibroblasts

autophagic marker LC3 and against apoptotic markers PARP and CAS3.

(E and F) Measurements of mitochondrial ROS production (E) and mitochondrial

(G–J) The same idebenone treatment was repeated in cybrids, where autopha

potential (J) were detected.

Data are presented as means ± SEM. n = at least 3 independent experiments for w

for fluorescent microscopy experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.
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eases. Despite this, it remains unclear as to whether thesemech-

anisms are adaptive or maladaptive in some human pathologies.

In neurodegeneration, an excessive number of autophagosomes

may turn toxic for neuronal cells (Choi et al., 2013). As shown by

previous studies and current results, the quality control of mito-

chondria is deeply integrated into a larger homeostatic program,

balancing mitophagy and mitobiogenesis (Carelli et al., 2015a),

strictly regulated by sensing OXPHOS efficiency and demand

(Mishra et al., 2014). This in turn is tightly related to ROS produc-

tion and retrograde signaling systems, key to coordinating the

crosstalk of mtDNA and nuclear genome (Quiros et al., 2016).

In LHON, this crosstalk may lead to very different outcomes as

exemplified by the asymptomatic LHON-carriers when

compared with LHON-affected brothers, which likely is deter-

mined by the context of the nuclear genetic background, lost

in cybrids where only the mtDNA-related phenotype is trans-

ferred. This different cellular fate, previously centered only on

the efficiency of mitochondrial biogenesis (Giordano et al.,

2011, 2014), is now further elucidated by our current findings tak-

ing also into account autophagy and mitophagy. Their deregula-

tion, in particular the increased basal levels of mitophagy and

reduced reservoir to further activate this quality control program,

as after starvation, becomes counterproductive for the neuronal

homeostasis in RGCs. Recently, modeling of optic atrophy type

1 (OPA1) deficiency in mouse, worms, and cells demonstrated

the detrimental impact that excessive autophagy andmitophagy

may have on neuronal architecture and suggested that an

increased removal of mitochondria, particularly at the axonal hill-

ock, depletes axons and synapses of these organelles, leading

to neurodegeneration (Zaninello et al., 2020). Remarkably, our

results from LHON idNeurons show a similar phenotype, with

mitochondria undergoing excessive mitophagy in the soma.

The increase of basal autophagy and mitophagy is a common

theme in mitochondrial diseases, in particular in those with optic

atrophy, as documented by others and our own studies of

different mtDNA mutations affecting ND subunits of complex I

(Dombi et al., 2016; Granatiero et al., 2016), and OPA1-related

syndromes (Carelli et al., 2015b; Liao et al., 2017). Only one study

reported results partially in contrast to this. It suggested a

reduced activation of the autophagy program in LHON cybrids

under stress conditions and that rapamycin was able to correct

the pathologic phenotype of LHON cells (Sharma et al., 2019).

The experimental design in this study differed from ours, as their

data were gathered in a stressmodel of LHON cybrids elicited by

galactose as carbon source. Intriguingly, this study reported a

higher content in lysosomes of LHON cybrids in glucose culture

conditions, which actually mirrors our increased autophagy and

mitophagy basal levels of LHON-affected cells compared with

controls, and LHON-carriers.
N cells’ autophagic activity and apoptotic death

(A and B) and iNeurons (C and D) were harvested and immunoblotted for the

transmembrane potential (F) were studied in IDEB.-treated 11778 fibroblasts.

gy (G), apoptosis (H), ROS production (I), and mitochondrial transmembrane

estern blots or 5 visual fields per at least 3 independent samples per condition
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It remains challenging to clarify the mechanism leading to the

observed autophagy dysregulation in LHON. All common LHON

pathogenic mutations (11778, 3460, and 14484) impair complex

I-driven ATP synthesis (Baracca et al., 2005). This was also as-

sessed in vivo by phosphorus-31 magnetic resonance spectros-

copy of the maximum rate of ATP production in skeletal muscle

(Lodi et al., 1997). Yet, the precise biochemical consequences

of LHON pathogenic mutations remain controversial (Carelli

et al., 2004; Fiedorczuk and Sazanov, 2018; Yu-Wai-Man et al.,

2011). There are likely multiple mechanisms to bypass the com-

plex I impairment. The prevalent pathological mechanism in

LHON is currently ascribed to increased ROS production rather

than a failure of bioenergetics (Beretta et al., 2004; Floreani

et al., 2005; Lin et al., 2012). Furthermore, the paradoxical in-

crease of Jm has been explained by the low levels of complex

II-driven O2 consumption and may be prevented by coinhibition

of complex II, III, or IV activity (Forkink et al., 2014). Remarkably,

a deregulation in Ca2+ homeostasis was also found in LHON, as

in other mitochondrial diseases (Haroon et al., 2007; Wong and

Cortopassi, 1997), providing another mechanism affecting the en-

ergetic balance of cells. Either mitochondrial Ca2+ accumulation

(Danese et al., 2017; Giorgi et al., 2018a) or a decrease in ATP/

ADP ratio, as well as an increased production of superoxide

(O2
.) and hydrogen peroxide (H2O2), the two major ROS species,

can lead to AMPK induction (Rabinovitch et al., 2017; Zmijewski

et al., 2010), which ultimately orchestrates the stress response

(Toyama et al., 2016). In fact, we found an increase in the active

form of AMPK, strongly suggestive that the AMPK pathway is

instrumental to re-establish the correct levels of ATP.Remarkably,

AMPK is also strictly linked to the execution of autophagy andmi-

tophagy (Giorgi et al., 2018a). In particular, AMPKphosphorylation

of ULK1 is required to activate autophagy and targeting of mito-

chondria to lysosomes. Compatibly, we found in LHON-affected

cells an increased concentration of the pro-autophagy phosphor-

ylated form of ULK1, associated with excessive autophagy levels

and mitochondrial removal. Our results link the AMPK sensing of

cellular bioenergetic impairment and ROS overproduction in

LHON with the activation of autophagy and mitophagy.

The pathogenic mechanism here delineated may shed light on

themassive and near synchronous death of RGCs, which occurs

in LHON (Carelli et al., 2004; Yu-Wai-Man et al., 2011). There is

mounting evidence that associates the autophagy pathways

with cell-death programs (Galluzzi et al., 2018; Tsujimoto and

Shimizu, 2005). In the RGCs, this translates into excessive levels

ofmitophagy thatmay become lethal for neuronal cells (Zaninello

et al., 2020). How RGCs’ sudden decompensation occurs during

the conversion from asymptomatic LHON-carrier to -affected,

generating a wave of rapidly propagating cell death that charac-

terizes the subacute phase of LHON (Coussa et al., 2019; Pan

et al., 2012; Sadun et al., 2000), remains under scrutiny.

Fine-tuning of the balance between mitobiogenesis and mi-

tophagy possibly distinguishes LHON-affected from -carriers

and might also be the key in cases of therapeutic success. We

showed that genetically boosting mitochondrial biogenesis

by overexpressing PGC1-a rescued the mitochondrial

stress phenotype, ultimately balancing autophagy and limiting

apoptosis. Interestingly, idebenone, known for bypassing com-

plex I, thus reducing ROS production and restoring downstream
respiration, similarly mitigated autophagy and limited apoptosis.

On the opposite side of the mitochondrial homeostatic balance,

therapeutic agents directly hampering the autophagic activity by

different mechanisms, such as 3-MA, CQ, and CL, resulted in a

similar protective effect.

In conclusion, we provide convincing evidence of a compre-

hensive mechanism for LHON implicating a stress phenotype

that results from altered balance of mitochondrial biogenesis

and the quality control cycle. This is mediated by AMPK sensing

of the primary biochemical defect that comes from complex I

dysfunction and results in lowered bioenergetics efficiency com-

bined with increased ROS levels, ultimately leading to increased

propensity to apoptosis. This was evident in primary patient-

derived cells such as fibroblasts but also transferred to cybrids,

certifying the driving role of mtDNA LHONmutations, and, for the

first time, was demonstrated in idNeurons, indicating the rele-

vance of this mechanistic pathway in the cell type targeted in

LHON. Remarkably, the compensatory phenotype displayed

by LHON-carriers was shown to be driven by the nuclear individ-

ual background, as was lost in cybrid experiments. This

compensatory phenotype derives from prevalent mitobiogene-

sis counteracting excessive mitophagy and globally rebalancing

the stress phenotype. Finally, we provided proof of principle that

manipulating, genetically or pharmacologically, this mechanistic

pathway efficiently corrects the key readouts of pathology.

These results cast hope for a rapid translation into clinical trials

with LHON patients, as many of the drugs proposed can be re-

purposed to exploit these therapeutic strategies.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-LC3B Sigma Aldrich CST: 2775; RRID: AB_796155

anti-LC3B Novus Biological NB100-2220; RRID: AB_10003146

anti-GAPDH Cell Signaling CST: 2118; RRID: AB_561053

anti-GAPDH Sigma Aldrich G8795; RRID: AB_1078991

anti-TUBB Sigma Aldrich T5201; RRID: AB_609915

anti-ACTN Sigma Aldrich A1978; RRID: AB_476692

anti-p62/SQSTM1 Sigma Aldrich P0067; RRID: AB_1841064

anti- bIII-Tub Thermo Fisher Scientific MA1-118; RRID: AB_2536829

anti-ACC Cell Signaling CST: 3662; RRID: AB_2219400

anti-p-ACC Cell Signaling CST: 11818; RRID: AB_2687505

anti-ULK1 Cell Signaling CST: 8054; RRID: AB_11178668

anti-p-ULKser317 Cell Signaling CST: 12753; RRID: AB_2687883

anti-AMPK Cell Signaling CST: 2352; RRID: AB_330331

anti-p-AMPK Cell Signaling CST: 2531; RRID: AB_330330

anti-4EBP1 Thermo Fisher Scientific AHO1382; RRID: AB_2536336

anti-p-4EBP1 Thermo Fisher Scientific 700238; RRID: AB_2532302

anti-PARP Cell Signaling CST: 9542; RRID: AB_2160739

anti-CASP3 Cell Signaling CST: 9662; RRID: AB_331439

anti-PGC1 a Thermo Fisher Scientific PA5-38021; RRID: AB_2554625

anti-COXIV Thermo Fisher Scientific 20E8C12; RRID: AB_2535839

anti-TFAM Abcam ab47517; RRID: AB_945799

anti-NEUN Millipore MAB377; RRID: AB_2298772

anti-MAP2 Cell Signaling CST: 4542S; RRID: AB_10693782

anti- bIII-Tub GenScript A01627; RRID: AB_2622164

Chemicals, peptides, and recombinant proteins

Clozapine Sigma Aldrich C6305

Chloroquine Sigma Aldrich C6628

3-methyladenine Sigma Aldrich M9281

bafilomycin A1 Sigma Aldrich B1793

Idebenone Sigma Aldrich I5659

Lipofectamine reagent Thermo Fisher Scientific 15338100

MitoTracker Green FM Thermo Fisher Scientific M7514

LysoTracker Red DND-99 Thermo Fisher Scientific L7528

MitoSOX Red Thermo Fisher Scientific M36008

Tetramethylrhodamine, Methyl Ester, Perchlorate (TMRM) Thermo Fisher Scientific T-668

Critical commercial assays

ELISA KIT ATG5 My Biosource MS7209535

ELISA KIT Parkin My Biosource MBS732278

ELISA KIT Optineurin My Biosource MBS2704623

ELISA KIT ATG7 My Biosource MBS062423

NucleoSpin Tissue Macherey-Nagel REF 740952.50

Experimental models: Cell lines

Detailed information of cell used in this Research Article are

reported in Table S1 and in STAR Methods at the section

experimental model and subject details

N/A N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

GFP-LC3 (Patergnani et al., 2013) N/A

mCherry-GFP-LC3 (Patergnani et al., 2013) N/A

YFP-Parkin Addgene Plasmid #23955; RRID: Addgene_23955

mitochondrial (mt)-Cherry Addgene Plasmid #55102; RRID: Addgene_55102

pTRE-tight-MITO TIMER Addgene plasmid # 50547; RRID: Addgene_50547

Software and algorithms

Graphpad Prism v9.3.1 GraphPad RRID: SCR_002798

FiJi (ImageJ) https://imagej.net/software/fiji/ RRID: SCR_002285

EndNoteX9 EndNote RRID: SCR_014001

Biorender https://biorender.com/ RRID: SCR_018361

Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact: Paolo

Pinton (paolo.pinton@unife.it).

Materials availability
This work did not generate any unique reagents.

Data and code availability
This paper does not report original code. All software utilized is freely or commercially available and is listed in the key resources

table. All data reported in this paper will be shared by the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human samples
LHON patients, initially diagnosed by restriction fragment length polymorphism (RFLP) analysis, and healthy individuals were re-

cruited at the IRCCS Istituto delle Scienze Neurologiche di Bologna (Bologna, Italy) for blood samples collection. The study is

part of a research project approved by the institutional ethical board (Comitato Etico di Area Vasta Emilia Centro-CE-AVEC,

code CE 19072), and all participants gave informed written consent. All procedures were performed according to the Declaration

of Helsinki. Fibroblasts cell lines were previously generated as part of a research project (Comitato Etico dell’Azienda Ospeda-

liero-Universitaria di Bologna, Policlinico Sant’Orsola Malpighi, number 123/2006/U/Sper). The generation of LHON iPSCs was

approved by the Institutional ethical board (number 43-2013, date 26/6/2013) of Fondazione IRCCS Istituto Neurologico Carlo Besta.

Fibroblasts
Fibroblast lines were established from skin biopsies of four control individuals (two males of 22 and 35 years, two females of 29 and 32

years), three affected patients (twom.11778G>Amales of 36 and 55 years, and onem.3460G>A female of 19 years) and two unaffected

mutation-carriers (m.11778G>Amales of 38 and 46 years), the respective brothers of the affected patients with the samemutation (see

Table S1). Cells were grown in DMEM (EuroClone, Milano, Italy) containing 25 mMglucose supplemented with 10% fetal bovine serum

(FBS), 2 mM L-glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin and were maintained at 37�C in a humidified atmosphere

with 5% CO2. Functional experiments were carried out on sub-confluent cell cultures with a comparable number of passages (10–20).

Induced pluripotent stem cells (iPSC)
Transgene-free induced pluripotent stem cells (iPSC) were generated, from control (male of 34 years) and two affected patient fibro-

blasts (one m.3460G>A female of 19 years and one m.11778G>A male of 26 years), as previously described (Peron et al., 2020).

Briefly, iPSC were generated by a CytoTune-iPS 2.0 Sendai Reprogramming Kit (Orellana et al., 2016), introducing the four transcrip-

tion factors proposed by Yamanaka: OCT4, SOX2, KLF4 and c-MYC. Pluripotency of iPSC was characterized by alkaline phospha-

tase, PCR and immunofluorescence for the pluripotent markers Sox2, Rex1, Tra1-60, Nanog and Oct4. Integrity of nuclear andmito-

chondrial genomes was verified by Comparative Genomic Hybridization (CGH) array (Galizia et al., 2012) and complete mtDNA

sequence by NGS, as previously described (Caporali et al., 2018).
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Cybrids cell lines
Cybrid cell lines were generated as previously described in (Cock et al., 1998; Floreani et al., 2005; Ghelli et al., 2003; Zanna

et al., 2005) by using enucleated fibroblasts as the mitochondria donor, and from the osteosarcoma (143B.TK�)-derived 206

cell line (female, 13 years), as the acceptor rho0 cell line (see Table S1). Cybrid cell lines were grown in DMEM supplemented

with 10% FBS, 2 mM L-glutamine, 100 units/mL penicillin, 100 mg/mL streptomycin, and 0.1 mg/mL bromodeoxyuridine. For

experiments, cells were seeded at 4 x 105 cells/cm2 and incubated in DMEM containing 25 mM glucose supplemented with

10% FBS, 2 mM L-glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin at 37�C in an incubator with a humidified

atmosphere of 5% CO2.

Peripheral blood cells isolation and processing
Ten ml of venous blood was collected in EDTA from 17 healthy controls (8 females and 9 males, with average age 47.5 years (SD =

14.5) and 38.5 years (SD= 13.9), respectively), 10 LHON-affected (8maleswith average age 38.8 years (SD= 11.6) and two females of

age 49 and 59 years) and 14 LHON-carriers patients, all carrying the 11778 homoplasmic mutation (7 females and 7 males, with

average age 46.4 years (SD = 10.7) and 26.1 years (SD = 5.9), respectively). PBMCs were isolated using a density gradient cell sep-

aration medium (Sigma Aldrich: Histopaque-1077), following manufacturer’s instructions. Proteins were extracted from PBMCs with

RIPA buffer containing proteases inhibitors cocktail (Roche: 11697498001), following standard procedures, and protein content was

assessed with Bradford method.

Serum levels of ATG5, ATG7, optineurin and parkin determination
Peripheral blood from ten healthy controls (3 females and 7males, with average age 37.6 years (SD = 17.5) and 38.1 years (SD = 15.9)

respectively), seven LHON-affected (1 female of 59 years and 6males, with average age 39 years (SD = 21.8)) and nine LHON-carriers

(4 females and 5 males, with average age 35.5 years (SD = 17.3) and 37.2 years (SD = 15.5) respectively), all carrying the 11778 ho-

moplasmic mutation, was collected in Serum Separation Tubes and centrifuged 15 min at 2900 x g. Serum samples were aliquoted

and stored at -80�C until processing. Concentrations of ATG5, ATG7, Parkin and Optineurin were determined by using commercially

available enzyme-linked immunosorbent assay (ELISA) kits (My Biosource, San Diego, California, USA; MS7209535 for ATG5,

MBS062423 for ATG7, MBS732278 for Parkin and MBS2704623 for Optineurin) following the manufacturer’s instructions as previ-

ously published (Patergnani et al., 2018).

METHOD DETAILS

Immunoblotting
For immunoblotting, cells were scraped into ice-cold phosphate–buffered saline and lysed in modified 10 mM Tris buffer (pH 7.4)

containing 150 mM NaCl, 1% Triton X-100, 10% glycerol, 10 mM EDTA and protease inhibitor cocktail. After lysis on ice, homoge-

nates were cleared via centrifugation at 12,000 g at 4�C for 10 min. Protein extracts were quantified using the Lowry assay (Bio-Rad

Laboratories).

Protein extracts (20 mg for cells and 30 ug for PBMCs) were separated on 4–12% or 12% bis-Tris acrylamide gels (Life technolo-

gies: NP0323, EC6026, and NP0341) and electrotransferred to PVDF or nitrocellulose membrane according to standard procedures.

Nonspecific binding sites were saturated by incubating membranes with TBS-Tween 20 (0.05%) supplemented with 5% non-fat

powderedmilk for 1 h. Next, membranes were incubated overnight with primary antibodies and then were assessed with appropriate

HRP-labeled secondary antibodies and chemiluminescent substrate, or with fluorescent secondary antibodies.

Mitochondrial DNA content assessment and next generation sequencing
Total DNA was isolated from cell pellets using the commercial kit NucleoSpin Tissue (Macherey-Nagel, REF 740952.50). MtDNA

quantification was performed by a Real Time-PCR assay based on hydrolysis probe chemistry previously used (Giordano et al.,

2014). Briefly, an mtDNA fragment (MT-ND2 gene) and a nuclear DNA fragment (FASLG gene) were coamplified by multiplex

PCR, and their concentration was determined by absolute quantification through a standard curve made with serial dilutions of a

plasmid containing a copy of the two amplicons. Primers, probes, and conditions have been previously published (Mussini et al.,

2005). The presence of LHON homoplasmic mutations, in both fibroblasts and cybrids, was assessed by complete mtDNA

sequencing as previously reported (Caporali et al., 2018). The protocol consists in two overlapping long PCR amplicons (9.1 kb

and 11.2 kb), amplified with PrimeSTARMax DNA Polymerase (Takara), following the manufacture instructions. The library was con-

structed by xGen DNA Lib Prep EZ (IDT) and sequenced on MiSeq System (Illumina). Reads were aligned to the human reference

mitochondrial genome (NC_012920.1) and variants were called by Mitoverse. The mtDNA haplogroup affiliations were assigned us-

ing HaploGrep2.4.0, according to PhyloTree Build 17 (www.phylotree.org). MtDNA haplogroups and private variants for each cell line

are reported in Table S1.

Fluorescence microscopy and quantitative analysis of GFP-LC3 puncta
Fibroblast and cybrid cells were cultured on 24-mm glass coverslips and, at 50% confluence, were transfected with Lipofectamine

reagent (Thermo Fisher Scientific: 15338100) and 1 mg of plasmid DNA (GFP-LC3). After 36 h, images were taken on aNikon LiveScan
e3 Cell Reports 40, 111124, July 19, 2022
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Swept Field Confocal Microscope (SFC) Eclipse Ti equipped with NIS-Elements microscope imaging software and on a confocal

laser scanning microscopy Olympus FV3000 both equipped with a 633 oil immersion objective (N.A. 1.4). For each condition, the

GFP-LC3 puncta were counted in at least 25 independent visual fields.

Mitophagy assessment with LysoTracker Red and MitoTracker Green
Mitophagy experiments were performed in fibroblasts, cybrids and 35 days old idNeurons. Cells were incubated with MitoTracker

Green FM (1 mM final concentration) (Thermo Fisher Scientific: M7514) for 30 min at 37�C and then extensively washed with PBS.

LysoTracker Red DND-99 (1 mM final concentration) (Thermo Fisher Scientific: L7528) was then added, and cells were immediately

observed on a Nikon LiveScan Swept Field Confocal Microscope (SFC) Eclipse Ti equipped with NIS-Elements microscope imaging

software and on a confocal laser scanningmicroscopy Olympus FV3000 both equipped with a 633 oil immersion objective (N.A. 1.4).

The green and red signal colocalization rate was evaluated using the colocalization counter JACOP available in Fiji software. For each

condition, the colocalization of these two signals was also determined bymanual counting of fluorescent puncta. For the region-spe-

cific mitophagy levels into idNeurons, Region Of interest (ROI) of soma and axon-dendrites regions, considering the entire length of

the latter, were created and analyzed by the colocalization plug-in Coloc2 available in Fiji software. For each ROI the Manders’

parameter was calculated.

Mitophagy assessment with YFP-Parkin and mitochondrial (mt)-Cherry
Fibroblasts and cybrid cells were cultured on 24-mm glass coverslips and, at 50% confluence, were transfected with Lipofectamine

reagent (Thermo Fisher Scientific: 15338100) and 2 mg of plasmid DNA (1 mg YFP-Parkin (Addgene plasmid # 23955) (Narendra et al.,

2008) and 1 ug mt-Cherry (Addgene plasmid # 55102) (Olenych et al., 2007)). After 36 h, images were taken on a confocal laser scan-

ning microscopy Olympus FV3000 equipped with a 633 oil immersion objective (N.A. 1.4). The number of Parkin dots on mitochon-

dria per cell and the representative images were generated by using NIH ImageJ software.

MitoTimer measurements
Cells were transfected with the pTRE-tight-MITO TIMER plasmid (Addgene plasmid # 50547) (Hernandez et al., 2013). After 36h, cells

were imaged using excitation at 490 nm and 550 nm and emission of green (500–540 nm) and red (580–640 nm) fluorescence signals

by using a Zeiss LSM510 confocal microscope and an Olympus scanning microscope equipped of 633 oil immersion objective (N.A.

1.4). The ratio of the fluorescence signal intensity in the red and green channels and the representative images were generated by

using NIH ImageJ software as previously reported in (Morciano et al., 2021).

Autophagy induction and inhibition
The autophagy process in vitrowas triggered through serumdeprivation (EBSS, 30min). The pharmacological inhibition of autophagy

was performed by treating cells with 3-MA, (Merck:M9281) (2,5 mM), CL (Merck: C6305) (1 mM) or CQ (Merck: C6628) (1 mM) in DMEM

supplemented with 10% FBS. After treatment, cells were fixed or lysed to detect the amount of autophagosome vesicles by fluores-

cence microscopy with immunoblot analysis (using an anti-LC3 antibody).

mROS measurements
Total ROS release from mitochondria was estimated fluorometrically by MitoSOX Red probe oxidation (Thermo Fisher and TaliTM

Image-Based Cytometer). Fluorescence was measured using 510 ± 10 nm and 595 ± 35 nm excitation and emission wavelengths,

respectively.

Measurement of Jm

The Jm was measured by labeling cells with 20 nM TMRM (Life Technologies: T-668) for 30 min at 37�C. Images were taken on an

inverted microscope (Nikon LiveScan Swept Field Confocal Microscope (SFC) Eclipse Ti equipped of with Elements microscope im-

aging software). TMRMwas excited at 560 nm, and the emission signal was collected through a 590–650-nm bandpass filter. Images

were taken every 5 s with a fixed 20 ms exposure time. Carbonyl cyanide p- trifluoromethoxyphenylhydrazone (FCCP, 10 mM), an

oxidative phosphorylation uncoupler, was added after 12 acquisitions to completely collapse the electrical gradient established

by the respiratory chain.

Cell proliferation and viability assay
Cells were seeded at 15,000 cells per well in 6-well plates. Cells were seeded on 5 plates; one plate for each day. Every 24 h after

seeding, cells were washed oncewith PBS and fixed in 4%paraformaldehyde in PBS for 15min. Cells were stained with 0.1% crystal

violet for 20min and then washed thrice with water. To each well, 500 mL of 10% acetic acid was added, and the cells were incubated

for 20 min with shaking (extraction). Absorbance was measured at 590 nm.

Cell transfection
Where indicated, cybrid cell lines were transfected with Lipofectamine reagent (Thermo Fisher, 15338100) and 1 mg of plasmid DNA.

Cells were analyzed after at least 36 h of expression.
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Neural precursor cells (NPC)
NPCs were obtained by multiple steps. Embryoid body suspensions were cultured for 5 days and then plated on Matrigel-coated

plates to generate neuro-ectodermal rosette structures. After 5-7 days, rosettes were picked and plated on polyornithine/laminin

to generate and maintain NPC cultures [modified from (Brafman, 2015)]. NPCs were characterized after passage 3, by PCR and

immunofluorescence for expression of neural precursor markers (Sox1, Pax6, Nestin) and absence of pluripotent markers (Oct4

and Nanog).

To obtain iPSC-derived neurons (idNeurons), NPCs were plated on glass supports in polyornithine/laminin-coated plates. The next

day, neuronal differentiation medium (DMEM/F-12, 13N2 supplement, 13B27 supplement, 30 ng/mL BDNF, 30 ng/mLGDNF, 1 mM

DAPT, 13 penicillin/streptomycin, 13 glutamine and 13 non-essential amino acids) was added to the cells and then was changed

every other day. After 35 days, the idNeurons were characterized and utilized in all the experiments here reported. Characterization

was performed by immunofluorescence to verify the specific expression of typical neuronal markers such as NEUN (Millipore,

MAB377), MAP2 (Cell Signaling, #4542S) and bIII-TUBULIN (GenScript, A01627). The following dilutions were used: anti-NEUN

1:1000; anti-MAP2 1:200; anti-bIII TUBULIN 1:500.

Quantitative analysis of autophagy flux
LHON fibroblasts cultured on 24-mm glass coverslips were transfected with Lipofectamine reagent (Thermo Fisher Scientific:

15338100) and 1 mg of plasmid DNA (mCherry-eGFP-LC3). After 36 h of transfection, cells were imaged at 603 magnification

with a Nikon LiveScan Swept Field Confocal Microscope (SFC) Eclipse Ti equipped with NIS-Elements microscope imaging soft-

ware. Obtained puncta images were merged to compare RFP and GFP signals using ImageJ software. For each condition, the co-

localization of these two signals was determined by manual counting of fluorescent puncta in at least 20 independent visual fields.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed by Prism 8 (GraphPad Software Inc.). Unless otherwise specified, data are representative of at least three

biologically independent experiments. The comparison between three groups by means of the one-way ANOVA test followed by Tu-

key’s multiple comparisons test, while the comparison between two groups using the unpaired t test of Student. p values < 0.05 were

considered statistically significant and marked with asterisks (*p < 0.05; **p < 0.01; ***p < 0.001), as indicated in Figure legends. All

data collected are represented as mean ± s.e.m. The p values of histograms that did not reach statistical significance in any of the

conditions examined are reported in Table S2.
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