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Summary  

Mitochondrial dysfunction is a hallmark of neurodegenerative diseases such as Leigh 
syndrome (LS) and Huntington’s disease (HD). The inherent species-specific mechanisms 
driving the human pathology hinder the discovery of disease-modifying therapies using 
animal models. Human induced pluripotent stem cells (iPSC) technology facilitates 
disease modeling by enabling patient-specific studies of human neuronal pathology.  

Emerging evidence suggests that mitochondrial dynamics and bioenergetics are key 
drivers of neuronal morphogenesis, an event that is disrupted in LS and HD patient-derived 
neural models. Here, I used iPSC-derived 2D neurons and midbrain organoids to 
investigate mechanistic insights into HD pathology and to explore neuronal 
morphogenesis as a molecular target for drug discovery in LS.  

In the context of HD, I unveiled how mutant huntingtin (mHTT) impacts midbrain organoid 
development by promoting early neuronal fate commitment and reducing the pool of 
neuronal progenitor cells (NPCs). Transcriptomic studies highlighted the dysregulation of 
CHCHD2 (coiled-coil-helix-coiled-coil-helix domain containing 2), a transcription factor 
involved in mitochondrial integrated stress response whose altered expression was 
associated with abnormal mitochondrial morpho-dynamics.  This project uncovered how 
mHTT disrupts human neurodevelopment by altering neurometabolic programming via 
dysregulation of CHCHD2.  

In LS, mutations in SURF1, an assembly factor of respiratory complex IV of the 
mitochondrial electron transport chain, lead to defective neurometabolic programming of 
NPCs, resulting in inefficient neurite outgrowth. Here, I developed a high-content imaging 
pipeline to measure neuronal morphogenesis to explore the potential of this phenotype for 
compound discovery. In combination with in silico and yeast in vitro compound screens, I 
identified two compounds that pharmacologically rescued neuromorphogenesis in iPSC-
derived induced neurons: Talarozole and Sertaconazole.  

I furthermore validated the efficacy of these compounds in reversing key disease-specific 
features in patient-derived midbrain organoid models of LS. Both compounds reduced 
organoid size, diminished the excess of lactate released into the media, and ameliorated 
the overall neuronal arborization. Talarozole and Sertaconazole showed similar chemical 
structures and docking features, suggesting pleiotropic effects with certain similarities in 
their mode-of-action. 

Altogether, this study highlights the use of human iPSC-derived neuronal models to identify 
key molecular mechanisms driving disease pathology in neurodevelopmental alterations. 
Beyond disease modeling, my work underscores the potential of these models as drug 
discovery platforms for rare diseases like LS, for which animal models have failed to 
recapitulate the complexity of the human disease.  This work unveiled two potential drug 
compounds for the treatment of LS and opened new avenues of investigation of new 
molecular targets to develop effective treatments. 
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Zusammenfassung  

Mitochondriale Dysfunktion ist ein Kennzeichen neurodegenerativer Erkrankungen wie z.B 
des Leigh-Syndroms (LS) und der Huntington-Krankheit (HD). Der artspezifische 
Mechanismus, der der menschlichen Pathologie zugrunde liegt, erschwert die Entdeckung 
krankheitsmodifizierender Therapien anhand von Tiermodellen. Die Technologie der 
humanen induzierten pluripotenten Stammzellen (iPSC) erleichtert die Modellierung von 
Krankheiten, indem sie patientenspezifische Studien der menschlichen neuronalen 
Pathologie ermöglicht.   

Neue Erkenntnisse deuten darauf hin, dass die mitochondriale Dynamik und Bioenergetik 
die neuronale Morphogenese entscheidend beeinflussen - ein Vorgang, der in neuronalen 
Modellen von LS- und HD-Patienten gestört ist. Hier verwende ich von iPSC-abgeleitete 2D-
Neuronen und Organoide des Mittelhirns, um mechanistische Einblicke in die Pathologie 
der Huntington-Krankheit zu gewinnen und die neuronale Morphogenese als molekulares 
Ziel für die Entdeckung von Medikamenten bei LS zu untersuchen.   

Im Zusammenhang mit der Huntington-Krankheit habe ich herausgefunden, wie die 
Huntingtin-Mutante (mHTT) die Entwicklung von Mittelhirn-Organoiden beeinflusst, 
indem   es die frühe neuronale Differenzierung fördert und den Pool an neuronalen 
Vorläuferzellen (NPCs) reduziert. Transkriptomische Studien haben die Dysregulation von 
CHCHD2 (coiled-coil-helix-coiled-coil-helix domain containing 2) aufgezeigt, einem 
Transkriptionsfaktor, der an der integrierten mitochondrialen Stressantwort beteiligt ist und 
dessen veränderte Expression mit einer abnormalen mitochondrialen Morphodynamik in 
Verbindung gebracht wurde.  In diesem Projekt wurde aufgedeckt, wie mHTT die 
menschliche Neuroentwicklung stört, indem es die neurometabolische Programmierung 
über die Dysregulation von CHCHD2 verändert.   

In LS führen Mutationen in SURF1, einem  Assemblierungsfaktor des Atmungskomplexes 
IV der mitochondrialen Elektronentransportkette, zu einer fehlerhaften 
neurometabolischen Programmierung von NPCs, was zu einem ineffizienten 
Neuritenwachstum führt. Hier habe ich eine High-Content-Imaging-Pipeline zur Messung 
der neuronalen Morphogenese entwickelt, um das Potenzial dieses Phänotyps für die 
Entdeckung von Wirkstoffen zu untersuchen. In Kombination mit In-silico- und In-vitro-
Screens von Hefewirkstoffen habe ich zwei Wirkstoffe identifiziert, die die 
Neuromorphogenese in iPSC-abgeleiteten induzierten Neuronen pharmakologisch 
gerettet haben: Talarozol und Sertaconazol.   

Darüber hinaus habe ich die Wirksamkeit dieser Wirkstoffe bei der Umkehrung wichtiger 
krankheitsspezifischer Merkmale in von Patienten abgeleiteten Organoidmodellen des 
Mittelhirns von LS validiert. Beide Substanzen verringerten die Größe der Organoide, 
sowievden Überschuss an Laktat, der in das Medium abgegeben wird, und verbesserten 
die allgemeine neuronale Verzweigung. Talarozol und Sertaconazol wiesen ähnliche 
chemische Strukturen und Docking-Merkmale auf, was auf pleiotrope Effekte mit gewissen 
Ähnlichkeiten in ihrer Wirkungsweise schließen lässt.  
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Insgesamt unterstreicht diese Studie die Verwendung humaner von iPSC-abgeleiteter 
neuronaler Modelle zur Identifizierung molekularer Schlüsselmechanismen, die die 
Krankheitspathologie bei neuroentwicklungsbezogenen Veränderungen bestimmen. Über 
die Modellierung von Krankheiten hinaus unterstreicht meine Arbeit das Potenzial dieser 
Modelle als Plattformen für die Entdeckung von Medikamenten für seltene Krankheiten wie 
LS, für die Tiermodelle die Komplexität der menschlichen Krankheit nicht wiedergeben 
können.  Diese Arbeit brachte zwei potenzielle Wirkstoffe für die Behandlung von LS ans 
Licht und eröffnete neue Wege zur Erforschung neuer molekularer Ziele für die Entwicklung 
wirksamer Behandlungen.   
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Abbreviations 

 

2-DG 2-Deoxyglucose 

3-NP 3-Nitropropionic Acid 

AAV Adeno-Associated Virus 

Acetyl-Coa Acetyl Coenzyme A 

ACSF Artificial Cerebrospinal Fluid 

AD Alzheimer's Disease 

ADP Adenosine Diphosphate 

AMP Adenosine Monophosphate 

AMPK AMP-Activated Protein 
Kinase 

ATP Adenosine Triphosphate 

ASD Autism Spectrum Disorder 

BMP Bone Morphogenetic Protein 

Ca2+ Calcium Ion 

CBD Cannabidiol 

CHCHD2 Coiled-Coil-Helix-Coiled-
Coil-Helix Domain 
Containing 2 

CNS Central Nervous System 

COX Cytochrome C Oxidase 

COX15 Cytochrome C Oxidase 
Subunit 15 

CRISPR Clustered Regularly 
Interspaced Short 
Palindromic Repeats 

CYP26A/B1 Cytochrome P450 Family 26 
Subfamily A/B1 

CYP51A1 Cytochrome P450 Family 51 
Subfamily A1 

D1 Dopamine Receptor D1 

D2 Dopamine Receptor D2 

DAPI 4',6-Diamidino-2-
Phenylindole 

DNA Deoxyribonucleic Acid 

DNM1L Dynamin 1-Like 

DRP1 Dynamin-Related Protein 1 

EMA European Meidicines Agency 

ETC Electron Transport Chain 

F-actin Filamentous Actin 

FADH2 Flavin Adenine Dinucleotide 
(Reduced) 

FDA Food and Drug 
Administration 

GPi Globus Pallidus Internus 

GPe Globus Pallidus Externus 

GRP75 Glucose-Regulated Protein 
75 

HCA High Content Analysis 

HCI High Content Imaging 

HD Huntington's Disease 

HIF1α Hypoxia-Inducible Factor 1 
Alpha 

HTT Huntingtin 

IGF-1 Insulin-Like Growth Factor 1 

IMM Inner Mitochondrial 
Membrane 

iNs Induced Neurons 

iPSC Induced Pluripotent Stem 
Cells 

KD Knockdown 

KIF5 Kinesin Family Member 5 

KLF4 Krüppel-Like Factor 4 

LC3 Microtubule-Associated 
Protein 1A/1B-Light Chain 3 

LHON Leber's Hereditary Optic 
Neuropathy 

LS Leigh Syndrome 

MAP2 Microtubule-Associated 
Protein 2 
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mDANs Midbrain dopaminergic 
neurons 

MEA Multi-Electrode Array 
 

MELAS Mitochondrial 
Encephalomyopathy, Lactic 
Acidosis, and Stroke-like 
Episodes 

MERRF Myoclonic Epilepsy with 
Ragged Red Fibers 

MFN1 Mitofusin 1 

MFN2 Mitofusin 2 

mHTT Mutant Huntingtin 

MICOS Mitochondrial Contact Site 
and Cristae Organizing 
System 

MIRO1 Mitochondrial Rho GTPase 1 

MILS Mitochondrial DNA-Related 
Leigh Syndrome 

MMP Matrix Metalloproteinase 

MO Midbrain Organoid 

MRI Magnetic Resonance 
Imaging 

MT-ATP6 Mitochondrial ATP Synthase 
Subunit 6 

mtDNA Mitochondrial DNA 

mtUPR Mitochondrial Unfolded 
Protein Response 

NAD+ Nicotinamide Adenine 
Dinucleotide (oxidized form) 

NADH Nicotinamide Adenine 
Dinucleotide (reduced form) 

NAC N-Acetylcysteine 

NARP Neurogenic Ataxia with 
Retinitis Pigmentosa 

NDUFS1 NADH Dehydrogenase 
(ubiquinone) Fe-S Protein 1 

NDUFS4 NADH Dehydrogenase 
(ubiquinone) Fe-S Protein 4 

nDNA Nuclear DNA 

NEUN Neuron-Specific Nuclear 
Protein 

NESTIN Neural Stem Cell Marker 

NGN2 Neurogenin 2 

 

NR 

 

Nicotinamide Riboside  

NRF2 Nuclear Factor Erythroid 2-
Related Factor 2 

NSC Neural Stem Cell 

NPCs Neural Progenitor Cells 

NURR1 Nuclear Receptor-Related 1 
Protein 

ODD Orphan Drug Designation 

OCT3/4 Octamer-Binding 
Transcription Factor ¾ 

OMM Outer Mitochondrial 
Membrane 

OPA1 OPA1 Mitochondrial 
Dynamin-Like GTPase 

OXPHOS Oxidative Phosphorylation 

PDE5 Phosphodiesterase 5 

PD Parkinson’s Disease 

PFO Perfringolysin O 

PGC-1α Peroxisome Proliferator-
Activated Receptor Gamma 
Coactivator 1 Alpha 

PPAR Peroxisome Proliferator-
Activated Receptor 

PPARy Peroxisome Proliferator-
Activated Receptor Gamma 

PPRE Peroxisome Proliferator-
Response Element 

Q Glutamine 

RA Retinoic Acid 

RAR Retinoic Acid Receptor 

RC Respiratory Chain 

RNA Ribonucleic Acid 
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ROS Reactive Oxygen Species 

RXR Retinoid X Receptor 

SCO2 Shunted Cytochrome Oxidase 

scRNA-seq Single-cell RNA sequencing 

SHH Sonic Hedgehog 

SIRT1 Sirtuin 1 

SNPH Syntaphilin 

SOX2 SRY-Box Transcription Factor 
2 

SURF1 Surfeit 1 

SYBU Syntabulin 

TGF-β Transforming Growth Factor 
Beta 

TALEN Transcription Activator-Like 
Effector Nuclease 

TIM23 Translocase of the Inner 
Membrane 23 

TFAM Mitochondrial Transcription 
Factor A 

TH Tyrosine Hydroxylase 

Wnt Wingless-Int Pathway 

WT Wild-type 

TRAK2 Trafficking Kinesin Binding 
Protein 2 
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1.1. MITOCHONDRIA AND THE BRAIN 

Mitochondria are best known for being the powerhouse of eukaryotic cells, but their role 
extends far beyond energy production (Picard & Shirihai, 2022). This organelle is essential 
for maintaining calcium and reactive oxygen species homeostasis, regulating stemness, 
and controlling apoptosis (Picard & Shirihai, 2022). Given their involvement in these vital 
functions, it is not surprising that mitochondrial dysfunction is linked with a variety of 
human diseases (Suomalainen & Nunnari, 2024) 

This is particularly evident for neurological disorders, where mitochondrial alterations have 
been reported in neurodevelopmental conditions such as autism spectrum disorder, Rett’s 
and Fragile X syndromes (Khaliulin et al., 2025; Rojas-Charry et al., 2018; Valenti & Vacca, 
2023). Mitochondrial dysfunction is also associated with psychiatric disorders, including 
depression (Jiang et al., 2024) and schizophrenia (Rajasekaran et al., 2015), as well as 
neurodegenerative diseases like Alzheimer’s, Parkinson’s, and Huntington’s disease 
(Schon & Przedborski, 2011). Moreover, mutations affecting mitochondrial functions are 
causative of neurological disorders (DeBrosse & Parikh, 2012; Turnbull et al., 2010). 

This highlights the crucial role of mitochondrial health in the proper development, function, 
and survival of the brain. Neurons, in particular, are highly vulnerable to mitochondrial 
dysfunction due to their reliance on mitochondrial oxidative phosphorylation to sustain 
membrane potential and synaptic function (Devine & Kittler, 2018). 

Recognizing the fundamental role of mitochondria in neuronal development and function, 
research has increasingly focused on investigating the contribution of this organelle to 
brain health and disease, with growing interest in developing mitochondria-targeted 
therapies as a potential strategy for neurological disorders, resurfacing the so-called 
mitochondrial medicine  (Picard et al., 2016). 

1.1.1. Basic concepts of mitochondria  

Mitochondria are double-membrane organelles composed of an outer mitochondrial 
membrane (OMM) and inner mitochondrial membrane (IMM), separated by an 
intermembrane space. The OMM is integral for trafficking proteins and the association of 
mitochondria with other organelles, such as the endoplasmic reticulum. The IMM, instead, 
plays a vital role in cellular energy production by housing a series of protein complexes 
within membrane invaginations called mitochondria cristae.  

Mitochondrial cristae are folded structures of the IMM that extend into the mitochondrial 
matrix. Mitochondrial cristae house the mitochondrial respiratory chain complexes (RC) 
and enzymes that compose the electron transport chain (ETC) and are involved in 
adenosine triphosphate (ATP) synthesis. The highly folded architecture of mitochondrial 
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cristae maximizes energy output without increasing mitochondrial size, which is 
particularly important in energy-demanding cells like neurons and muscle fibers. 
Mitochondrial cristae allow the efficient organization of the molecular machinery required 
for energy production, ensuring that mitochondria function as the cell’s primary 
powerhouse.  

To obtain energy, nutrients such as glucose or lipids are metabolized in a series of cytosolic 
reactions where electrons are stripped off and fixed as Nicotinamide Adenine Dinucleotide 
(NADH) and Flavin Adenine Dinucleotide (FADH2) coenzymes, which ultimately start an 
electron flow through the RC. The energy these reactions release is used by RC I, RC III and 
RC IV of the ETC to pump protons into the intermembrane space, generating an 
electrochemical gradient or mitochondrial membrane potential (MMP). This proton-
derived energy is used by the mitochondrial ATP synthase (RC V) to phosphorylate ADP+Pi 
into ATP through a rotation-driven mechanism (Figure 1), a process known as oxidative 
phosphorylation (OXPHOS) (Alberts, 2002). 

 

Figure 1. Schematic representation of the electron transport chain (ETC) and the respiratory complexes 
(RC) involved. The ETC is composed of RC I-IV, a series of protein complexes involved in the final stage of 
cellular energy production during aerobic respiration. In mitochondrial oxidative phosphorylation (OXPHOS), 
high-energy electrons (2e-) derived from previous metabolic reactions are shuttled along the RCs. The energy 
provided by the electron transfer is used to pump protons (H+) from the mitochondrial matrix into the 
intermembrane space, creating an electrochemical proton gradient, the mitochondrial membrane potential 
(MMP). This electrochemical gradient drives the ATP synthase to catalyze the synthesis of ATP. Numbers 
below show the number of subunits within each complex that are encoded by mitochondrial or nuclear DNA. 
This illustration was adapted from Biorender.  



Introduction 
 

19 

Each RC is formed by different protein subunits that require the orchestrated action of 
assembly factors to function properly (Vercellino & Sazanov, 2022). Mutations affecting 
either the generation of these structural proteins or their respective assembly factors can 
lead to dysfunctions in mitochondrial OXPHOS and defective energy production. These 
mutations can occur at the nuclear genome, where most structural and assembly proteins 
are encoded, or affect the small portion of DNA that remains in the mitochondria and that 
encodes for a small amount of ETC proteins (Vercellino & Sazanov, 2022).  

The mitochondrial DNA (mtDNA), located in the mitochondrial matrix, is a double-stranded 
circular DNA comprising 16.5 kb in mammals that exists in multiple copies within the cell. 
Its full-length sequence was first determined by Anderson et al 1981 (Anderson et al., 
1981), revealing that mtDNA encodes for 13 core subunits of the RC complexes (Figure 1), 
22 tRNAs and 2 rRNA genes, which provide the RNA components for the translation of 
mtDNA-encoded proteins (Taanman, 1999). Hence, the vast majority of the mitochondrial 
proteome (around 1500 proteins) is encoded by nuclear genes, which are translated in the 
cytosol and further imported into the mitochondria (Calvo & Mootha, 2010). 

The existence of these two genomes demands a tight cross-talk between the nuclear DNA 
(nDNA) and the mtDNA for the generation of new mitochondria (Scarpulla, 2008), a process 
called mitochondrial biogenesis (Figure 2). Mitochondrial biogenesis is a complex process 
that involves mtDNA transcription and translation, the import of nuclear-encoded proteins 
into the mitochondria, and inter-organelle transport of newly synthesized lipids (Pfanner et 
al., 2019), with the ultimate goal of ensuring an optimal mitochondrial mass in the cell. 

Maintaining an optimal mitochondrial mass is crucial to sustaining energy production and 
overall cellular homeostasis. For this, the mitochondrial content within the cell is tightly 
regulated by equilibrating the synthesis and removal of this organelle in a process called 
mitophagy (Figure 2). Mitophagy is a vital quality control mechanism to avoid cell death, 
which can occur upon severe mitochondrial damage, such as in cases of pathological 
situations leading to oxidative stress (Ashrafi & Schwarz, 2013). 

Mitochondrial OXPHOS is a major source of reactive oxygen species (ROS), highly reactive 
molecules capable of damaging proteins, nucleic acids, and lipids. Under physiological 
conditions, ROS act as signaling molecules involved in cell proliferation, development, 
immunity, apoptosis, among others (Antonucci et al., 2021). However, excessive ROS 
production can lead to oxidative stress, causing irreversible cellular damage, including 
lipid peroxidation, DNA modifications, and mitochondrial energy production failure, which 
are commonly observed in brain disorders (Angelova & Abramov, 2018).  

ROS levels are tightly regulated by intracellular antioxidant enzymes, including glutathione 
peroxidase, superoxide dismutase or peroxiredoxin (Antonucci et al., 2021). Mutations 
affecting the ETC can lead to excessive ROS production that overwhelms these 
intracellular pathways (Hayashi & Cortopassi, 2015; Lake et al., 2015).   
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Upon oxidative stress, accumulation of misfolded or damaged proteins in the mitochondria 
can trigger an additional quality control mechanism: the mitochondrial unfolded protein 
response (UPRmt). The UPRmt activates a transcriptional program that enhances 
mitochondrial proteostasis by increasing chaperone and protease expression, ultimately 
preserving mitochondrial function under stress conditions (Shadel & Horvath, 2015). 

In addition to mitochondrial biogenesis and mitophagy, the quality and quantity of 
mitochondria can be modulated through mitochondrial dynamics (Figure 2).  Mitochondria 
are highly dynamic organelles that continuously undergo processes of fission and fusion to 
maintain the mitochondrial network and respond to stimuli (Chan, 2006). For example, 
during conditions of high energy demand, the fusion of mitochondria allows the exchange 
of gene products and metabolites that enhance their overall respiratory function (Liesa & 
Shirihai, 2013). Instead, mitochondrial fission allows the release of damaged components 
for autophagy or the release of cytochrome C during apoptosis.  

 

Figure 2. Mitochondrial quality control mechanisms. Upregulation of the master regulator of 
mitochondrial biogenesis PGC-1α and associated transcription factors (TFs) leads to the transcription of 
nuclear-encoded mitochondrial proteins. Among these, TFAM is imported into the mitochondria to 
upregulate the expression of mitochondrial-encoded ETC subunits, resulting in increased oxygen 
consumption, ATP synthesis, and mitochondrial content. Changes in mitochondrial morphology are under 
the control of fusion (MFN1, MFN2, OPA1) and fission (DNM1L) proteins. These factors upregulate 
mitochondrial turnover by facilitating the dilution and clearance of damaged organelles. Mitochondrial 
components are eventually recycled through a specialized autophagic pathway known as mitophagy. 
DNM1L, dynamin 1-like protein; LC3, microtubule-associated proteins 1A/1B light chain 3; MFN1, mitofusin 
1; MFN2, mitofusin 2; NRF1, nuclear respiratory factor 1; NRF2, nuclear factor erythroid 2-related factor 2; 
OPA1, mitochondrial dynamin-like 120 kDa protein; PGC-1α, proliferator-activated receptor-γ co-activator 
1α; ROS, reactive oxygen species; TFAM: mitochondrial transcription factor A. Illustration created with 
Biorender, adapted from (Picca et al., 2018) 
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Importantly, these dynamic processes are accompanied by remodeling of the 
mitochondrial cristae. This remodeling process is regulated by key structural and 
functional components, such as mitochondrial contact site and cristae organizing system 
(MICOS), OPA1, the F1Fo ATP synthase, and the local lipid microenvironment. Changes in 
cristae architecture and local fluctuations in MMP at the level of individual cristae are 
predicted to have major consequences for mitochondrial functions such as OXPHOS, 
calcium homeostasis, and apoptosis (Kondadi et al., 2020). 

Maintaining a balance of these processes is essential for sustaining the multifaceted 
nature of mitochondria in cellular homeostasis. Overall, a healthy and efficient 
mitochondrion requires nuclear-mitochondrial cross-talk to obtain numerous molecular 
components (e.g. proteins, lipids) that can correctly interact with one another to perform 
specific enzymatic activities (e.g. ETC activity) or generate intrinsic properties (e.g. MMP) 
that combined finally result on several mitochondrial functions (e.g. OXPHOS, calcium 
homeostasis) (Monzel et al., 2023). 

These mitochondrial functions have evolved to adapt to the specific needs of different cell 
types, by diversifying their composition, organization and physiology, and giving rise to the 
existence of distinct intracellular and intercellular mitotypes (Menacho & Prigione, 2020; 
Suomalainen & Nunnari, 2024). Hence, it is becoming increasingly relevant to investigate 
their specialized roles and characteristics in distinct cell types to understand how these 
contribute to specific cellular vulnerabilities upon mitochondrial dysfunction. 

1.1.2. Neuronal mitochondria 

The human brain consumes approximately 20% of the total energy expenditure of the body 
although representing only 2% of the body weight, with even higher metabolic 
requirements during development (Goyal et al., 2014; Kuzawa et al., 2014). The brain’s high 
energy demand is primarily needed to support neuronal activity, namely the generation of 
action potentials, the repolarization of the membrane potential, and the maintenance of 
synaptic activity (Attwell & Laughlin, 2001).  

To meet such great energy requirements, neurons depend on a continuous influx of 
substrates from blood to locally and instantly generate ATP. To fuel these functions, 
neurons use glucose as their primary energy source, although alternative fuels such as 
ketone bodies and lactate can be utilized in specific circumstances, such as intense 
physical activity, fasting, or during developmental stages (Camandola & Mattson, 2017).  

In neurons, glucose is metabolized via glycolysis and the pentose phosphate pathway, a 
necessary balance important for sustaining the availability of nicotinamide adenine 
dinucleotide phosphate (NADPH) and safeguarding neurons from oxidative stress and cell 
death (Herrero-Mendez et al., 2009). The glycolytic process metabolizes glucose to 
pyruvate, which can be actively transported into the mitochondria to be converted to acetyl 
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coenzyme A (acetyl-CoA), which is further processed via the Krebs cycle and ultimately 
fueling OXPHOS (Camandola & Mattson, 2017).  

Neurons are therefore predominantly oxidative and heavily rely on mitochondrial OXPHOS 
for energy production. Given that ATP has a limited diffusion capacity, mitochondria need 
to be actively transported and docked in specific subcellular locations to support the high 
energetic neuronal needs (Devine & Kittler, 2018).  

In this regard, neurons are highly polarized cells with unique structures, such as the axon 
and dendrites, designed to process and transmit electrochemical signals. Dendrites 
emanate from the cell body (neuronal soma) and bifurcate repeatedly to recreate complex 
tree-like structures, while the axon is typically a long, slender projection that transmits 
action potentials away from the soma towards the axon terminal, where presynaptic 
buttons loaded with neurotransmitters are released to communicate with surrounding 
neurons (Richards et al., 2018) 

Importantly, axons and dendrites are distinguished not only by their morphology and 
function but also by the expression of specific molecular markers. For instance, Tau protein 
is enriched in axons, whereas MAP2 is predominantly localized to dendrites, allowing for 
their molecular identification during development and in experimental studies (Kirkpatrick 
LL & Brady ST, 1999). 

Mature neurons have highly diverse and complex dendritic arborization, displaying 
differences in neurite length, the degree of neurite branching, and its spatial distribution. 
These structures determine how current flows into and through the cell and, therefore, 
modulate how information is received, processed, encoded, and further transmitted to 
other cells (Nicholls et al., 2012). Thus, proper development and maintenance of neuronal 
morphology and arborization are crucial for the correct functioning of neuronal synaptic 
transmission (Richards et al., 2018). Structural changes in neuronal cytoarchitecture can 
profoundly impact neural circuit formation, synaptic connectivity, and brain function, as 
commonly observed in neurodevelopmental and psychiatric disorders (Forrest, Parnell & 
Penzes, 2018). 

Neurons with highly ramified dendritic structures and long axons can cover vast areas, 
playing a central role in communication over long distances and contacting thousands of 
synapses, requiring a distinctive spatiotemporal energy distribution. In this context, 
mitochondrial transport and docking are vital for the development and maintenance of 
neuronal morphology and arborization (Sheng & Cai, 2012), as well as regulating synaptic 
activity (Rangaraju et al., 2014; Vaccaro et al., 2017) (Figure 3). 
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Figure 3. Mitochondrial transport ensures proper spatiotemporal energy distribution that fuels 
neuronal branching and synaptic activity. Neurons have three distinct functional and structural domains: 
the soma, the axon, and the ramified dendritic arbors. Through specialized cellular mechanisms, 
mitochondria can be transported and remain stationary in these strategic domains to sustain their high 
energy demand and calcium homeostatic plasticity. Long-range mitochondrial transport from the soma to 
distal axonal and dendritic regions depends on neuronal microtubules. In axons, dynein motors are 
responsible for returning mitochondria to the soma, while kinesin motors of the KIF5 family drive anterograde 
mitochondrial transport to distal axonal regions and synaptic terminals, and syntaphilin (SNPH) mediates the 
recruitment of this organelle to stationary pools. Mitochondria docking ensures that mitochondria are 
adequately distributed within axons and synapses, allowing neurite branching and energy production on-site. 
In presynaptic terminals, small, punctate mitochondria fuel synaptic activity and control calcium 
homeostasis. Instead, long and tubular mitochondria at dendritic spines regulate calcium levels via 
mitochondria-endoplasmic reticulum contacts (not shown) to fuel local protein translation, aiding synaptic 
plasticity.  Illustration created with Biorender, adapted from (Sheng & Cai, 2012). 

To reach these specific subcellular locations, distinct molecular mechanisms governing 
mitochondrial motility and anchoring are described in axons and dendrites (Figure 3). For 
example, Syntaphilin (SNPH) has been described as an axonal-specific mitochondrial 
anchor protein (Kang et al., 2008). The reduction or deletion of SNPH increases 
mitochondrial motility in axons, decreasing axonal branching (Courchet et al., 2013), and 
impairing mitochondria positioning at synapses, affecting synaptic function (Kang et al., 
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2008). Instead, overexpression of SNPH leads to increased mitochondrial anchoring with 
enhanced axonal branching (Courchet et al., 2013). However, the aberrant expression of 
SNPH in dendrites causes neurodegeneration (Joshi et al., 2019), revealing this differential 
regulatory mechanism. Similarly, the mitochondrial transport protein Miro1 (Mitochondrial 
Rho GTPase 1) is crucial for regulating the development and maintenance of the dendritic 
arbor in neurons but is not involved in the mitochondrial distribution along the axon (López-
Doménech et al., 2016). 

Although the molecular mechanisms behind the localized recruitment of mitochondria are 
still being elucidated, mitochondrial calcium signaling plays a pivotal role in regulating 
mitochondrial positioning in synapses via energy-sensing molecular mechanisms (Li et al., 
2020). Functioning as high-capacity calcium buffers, mitochondria regulate calcium 
homeostasis in neurons (Figure 3). During synaptic transmission, the depolarization of the 
neuronal membrane causes an influx of calcium that allows the fusion of synaptic vesicles 
and the release of neurotransmitters. At the same time, calcium levels in synaptic 
mitochondria increase, leading to enhanced mitochondrial ATP production to fuel synaptic 
vesicle recycling  (Rangaraju et al., 2014). This, in turn, buffers cytosolic calcium, and 
regulates synaptic activity, preventing excitotoxicity  (Vaccaro et al., 2017).  

Altogether, the strategic location and morphological adaptability of mitochondria are 
essential to meet their function as key regulators of calcium homeostasis and energy 
supply in neurons (Rangaraju et al., 2019).  

Beyond their role in neuronal morphogenesis and function, mitochondrial dynamics and 
metabolism are emerging as key regulators of neurogenesis (Iwata & Vanderhaeghen, 
2021). Neurogenesis is the process in neural development by which stem cells stop self-
renewing and dividing to commit, exit the cell cycle, and become postmitotic neurons. 
Many intrinsic and extrinsic cues, such as transcription factors and morphogens, are 
known drivers of neurogenesis (Bonnefont & Vanderhaeghen, 2021; Villalba et al., 2021), 
but recent studies highlight the role of mitochondria in this event.  

In the developing mouse cortex, mitochondrial fission varies across neurogenic stages: 
stem cells exhibit mostly fused mitochondria, more committed progenitor cells show 
fragmented mitochondria, and newborn neurons display even smaller mitochondria 
(Figure 4) (Iwata et al., 2020; Khacho et al., 2016).  

Genetic manipulations that promote mitochondria fusion and fission proved that these 
morphological changes actively regulate the neuronal differentiation. In this context, 
disruption of well-known proteins involved in mitochondrial fusion, such as OPA1 (optic 
atrophy 1) and MFN1/2 (mitofusin 1 and 2), led to decreased stem cell self-renewal and 
increased neuronal differentiation; whereas disruption of mitochondrial fission via 
manipulation of DRP1 (dynamin-related protein1) led to increased self-renewal and 
decreased neurogenesis (Iwata et al., 2020; Khacho et al., 2016). 
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Figure 4. Schematic representation of changes in mitochondrial structure and function during 
embryonic neurogenesis. During neurogenesis, cells progress from stem cells towards more committed 
progenitor cells and onto neurons, becoming progressively more dependent on OXPHOS while relying less 
on glycolysis. The transition from stem cell to committed progenitors also involves the production of ROS, 
which are involved in proliferation, self-renewal and cell survival signaling. Additionally, mitochondrial 
morphology undergoes dynamic changes during differentiation, becoming more fragmented during the NPC 
phase and then elongated again during differentiation into neurons. Illustration created with Biorender, 
adapted from (Khacho et al., 2019). 

Mitochondrial dynamics are tightly linked to metabolism via the regulation of 
mitochondrial cristae, where ETC complexes are located. Differentiating cells exhibit 
distinct metabolic profiles (Figure 4): stem cells predominantly rely on aerobic glycolysis 
for their fast kinetics, whereas mature neurons heavily depend on OXPHOS for energy 
production as the most efficient way to generate ATP (Iwata & Vanderhaeghen, 2021). Thus, 
neurogenesis requires a metabolic shift towards OXPHOS, coupled with mitochondrial 
morphological remodeling, to support neuronal morphogenesis and functionality (Brunetti 
et al., 2021; Iwata & Vanderhaeghen, 2021).    

The findings above-mentioned pose mitochondria as keepers of neuronal synaptic 
function and plasticity in the adult brain, while revealing their emerging role in neuronal 
commitment and development (involved in neurogenesis, neuritogenesis, and 
synaptogenesis). Understanding the mechanisms linking mitochondrial dysfunction to 
early neural defects is therefore crucial. In this thesis, these mechanisms will be explored 
in the context of Huntington’s disease (HD) and Leigh syndrome (LS)  
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1.2. HUNTINGTON'S DISEASE 

Huntington’s disease (HD) (OMIM #143100) is a genetic neurodegenerative disorder 
characterized by a combination of motor, psychiatric, and cognitive symptoms (Walker, 
2007). Clinically, HD presents a range of involuntary movements, including chorea, 
dystonia, and bradykinesia, alongside progressive cognitive decline ultimately leading to 
dementia (Walker, 2007).  

The disease primarily affects the basal ganglia, a group of subcortical nuclei located 
beneath the outer cortical layer of the cerebral cortex that controls movement (Figure 5A). 
The basal ganglia regulate posture, counteract tremors, and maintain steady muscular 
contractions throughout a highly interconnected and complex functional circuitry involving 
glutamatergic, GABAergic and dopaminergic neurons (Figure 5B).  

 

Figure 5. The basal ganglia circuitry. A The main functional components of the basal ganglia include the 
striatum (formed by the caudate nucleus and putamen), the globus pallidus (external and internal (GPe and 
GPi, respectively) divisions), the subthalamic nucleus and the substantia nigra (located in the midbrain). B 
Dopaminergic neurons of the substantia nigra can have a differential impact on medium spiny neurons of the 
striatum, depending on the expression of dopaminergic receptors (D1 or D2). D1-expressin medium spiny 
neurons are involved in the direct pathway, and they inhibit GABAergic neurons of the internal globus pallidus, 
resulting in a net excitation of the thalamus that projects to the cortex and facilitates motor actions. D2-
expressing medium spiny neurons involved in the indirect pathway, by which they inhibit GABAergic neurons 
of the external globus pallidus, indirectly inhibiting the thalamus and therefore resulting in global motor 
inhibition and termination of responses (Nicholls et al., 2012). In HD, medium spiny neurons of the striatum 
are particularly vulnerable to dysfunction and neurodegeneration, firstly affecting those involved in the 
‘indirect pathway’ early in the course of the disease, while affecting those involved in the ‘direct pathway’ at 
later stages. Remarkable, most interneurons located in the striatum remain largely spared, eliciting a special 
vulnerability of certain neuronal subtypes (Han et al., 2010). Illustration created with Biorender.  
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Structurally, the basal ganglia sit below the cortex and above the midbrain region, which 
holds important structures such as the substantia. The midbrain and the basal ganglia are 
strongly connected through afferent and efferent connections that form a complex 
feedback circuitry that regulates movement (Nicholls et al., 2012).  

In HD, neurodegeneration primarily affects the dorsal striatum and the substantia nigra, 
eventually extending to cortical regions (Reiner et al., 1988). The observed 
neurodegeneration is accompanied by neuroinflammation, characterized by the activation 
of astrocytes and microglia (Ghosh & Tabrizi, 2018).  

The genetic cause of HD is the expansion of CAG repeats in exon 1 of the huntingtin (HTT) 
gene, located on chromosome 4. The CAG repeats encode for the N-terminal 
polyglutamine segment of the HTT protein that contains 6-35 glutamine (Q) residues in its 
wild-type form. The pathogenic form of HTT (also known as mutant HTT, mHTT) is defined 
when a threshold of >40Q is exceeded. The onset and clinical severity of the disease are 
proportional to the number of CAG repeats, with longer repeats leading to more severe 
symptoms occurring earlier in life  (The Huntington’s Disease Collaborative Research 
group, 1993).  

The prevailing hypothesis in the field is that excessive elongation of the polyQ tail causes 
mHTTprotein aggregation, leading to aberrant interaction with other proteins and the 
disruption of multiple cellular functions, conferring it a toxic gain-of-function (Jones & 
Hughes, 2011).  

An alternative or complementary hypothesis posits that HD pathogenesis also involves a 
loss of function of wild-type HTT (Cattaneo et al., 2005). Human wild-type HTT is a 
ubiquitous protein, highly expressed in the brain (Sharp et al., 1995). In neurons, HTT is 
essential for development and survival (Reiner et al., 2003) and has been implicated in 
mitochondrial and vesicular transport (Gauthier et al., 2004; Trushina et al., 2004), synaptic 
function (Buren et al., 2016; Usdin et al., 1999), and gene regulation (Kegel et al., 2002). 
HTT portrays an extensive interactome, comprising over 200 known proteins (Li & Li, 2004), 
and its full functional overview remains incomplete. Thus, the lack of a functional HTT 
protein may impair cellular physiological, leading to cellular dysfunction and neuronal 
degeneration.  

This dual mechanism—gain of toxic function and loss of physiological function—likely 
contributes to the complex molecular pathology of HD. However, the precise interplay 
between these processes and the mechanism by which they lead to selective vulnerability 
and neurodegeneration of striatal medium spiny neurons and dopaminergic neurons, while 
sparing other neuronal subtypes, remains a subject of ongoing investigation. 
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1.2.1. Mitochondrial dysfunction 

Mitochondrial dysfunction is a hallmark of HD pathology  (Carmo et al., 2018). HTT has 
been described to be involved in mitochondrial function and early studies identified 
mitochondrial alterations as a hallmark of HD, linking mitochondrial pathology to striatal 
neurodegeneration and promoting extensive research into its role as driver of disease 
pathology (Bossy-Wetzel et al., 2008; Jurcau & Jurcau, 2023).  

In 1978, the first study describing ultra-structural abnormalities in mitochondrial 
morphology in a post-mortem brain sample of an individual suffering from HD was released 
(Goebel et al., 1978). A few years later, one of the first animal models of HD was achieved 
by administering the RC II reversible inhibitor 3-NP, which caused HD-like locomotor 
symptoms and striatal cytotoxicity (Beal et al., 1993; Brouillet et al., 1995; Kodsi & 
Swerdlow, 1997).  

Since then, extensive research has documented mitochondrial alterations in various 
models, ranging from human samples to animal studies, at different stages of the disease 
– both preclinical and clinical (Carmo et al., 2018). These studies report defects in 
mitochondrial metabolism, mitochondrial calcium handling, mitochondrial biogenesis, 
dynamics, mitophagy, and apoptosis, highlighting the widespread nature of mitochondrial 
dysfunction throughout the disease (Figure 6).  

 

 

Figure 6. Timeline with key discoveries involving mitochondria in HD pathogenesis. Major discoveries 
depicting mitochondrial dysfunction in HD, from dysfunctional glycolysis and deficiency of respiratory chain 
complexes in HD patients, to later discoveries describing direct interactions between mHTT and 
mitochondria. All studies are indicated in the reference list. Illustration created with Biorender, adapted from 
(Carmo et al., 2018). 
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Notably, latest research has been able to report direct links between mHTT and 
mitochondrial dysfunction, thereby placing mitochondrial dysfunction as a key process in 
the neuropathological cascade in HD (Bossy-Wetzel et al., 2008; Jurcau & Jurcau, 2023). 

Importantly, targeting mitochondrial alterations has been shown to stop disease 
progression and have neuroprotective effects. A pivotal study by Yano et al. revealed that 
mHTT inhibits mitochondrial protein import via the interaction with TIM23, a mitochondrial 
protein import complex (Yano et al., 2014). This alteration occurred even in a 
presymptomatic mouse model of HD, and restoring TIM23-mediated protein import into 
the mitochondria mitigated neuronal death (Yano et al., 2014).  

This study suggests that mitochondrial dysfunction is not a mere consequence of the 
disease but rather a critical upstream element in the cascade of events leading to neuronal 
pathology, emphasizing the therapeutic potential of mitochondrial-based therapies for HD. 

In addition to the toxic gain-of-function mechanism, the loss of physiological functions of 
HTT could lead to mitochondrial dysfunction. Wild-type HTT has been implicated in 
multiple cellular functions, including vesicle trafficking, autophagy regulation, and 
mitochondrial dynamics (Cattaneo et al., 2005; Ross & Tabrizi, 2011). Accordingly, loss of 
these physiological functions can lead to defective mitochondrial trafficking and 
distribution within neurons, increased mitochondrial fission, reduced ATP production, and 
increased oxidative stress, ultimately impairing neuronal survival (Costa et al., 2010; Knott 
et al., 2008; Reddy & Shirendeb, 2012; Song et al., 2011). 

Additionally, HTT has been linked to transcriptional regulation of genes involved in 
mitochondrial biogenesis and function, suggesting that mHTT-mediated transcriptional 
dysregulation may contribute to the energy deficits observed in HD (Cui et al., 2006; Gines 
et al., 2003). 

Current perspectives on neurodegenerative diseases suggest that neuronal dysfunction 
begins early in disease progression, even in asymptomatic individuals. Over time, the 
accumulation of cellular damage leads to selective neurodegeneration and the 
manifestation of the known symptomatology (Walker, 2007). Developing early 
pharmacological strategies to treat the disease in the prodromal phase, before extensive 
neuronal loss occurs, would be highly effective (Tabrizi et al., 2022).  

To achieve this, it is essential to elucidate the pathophysiological mechanisms by which 
mutations in HTT lead to early neuronal dysfunction (Makeeva et al., 2023). Moreover, given 
the newly found roles of mitochondria in driving neuronal development and the link 
between mHTT and mitochondria, the impact of mHTT in neuronal development needs to 
be assessed to understand how this can contribute to early neuronal dysfunction seen in 
HD patients.  
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1.3. MITOCHONDRIAL DISEASES: LEIGH SYNDROME 

Mitochondrial diseases encompass a diverse group of progressive, genetically transmitted, 
multisystemic disorders caused by impaired mitochondrial function (Gorman et al., 2016). 
These disorders can manifest at any age and affect virtually any organ, particularly those 
highly dependent on aerobic metabolism, such as the brain, muscles, and heart (Gorman 
et al., 2016; McFarland et al., 2010). Current treatments for mitochondrial diseases focus 
on symptomatic management and no disease-modifying therapies exist for the vast 
majority of mitochondrial disorders (Kornblum et al., 2023). 

Mutations in either nDNA or mtDNA cause mitochondrial disorders. Nuclear mutations 
may affect a wide range of proteins involved in mitochondrial functions, such as assembly 
factors of RC complexes, proteins involved in mtDNA replication, maintenance, and 
transcription, as well as proteins responsible for mitochondrial dynamics, mitophagy, 
apoptosis, and OXPHOS homeostasis (Koopman et al., 2013). mtDNA mutations, instead, 
directly affect RC complexes. These mutations can be homoplasmic, when all copies of 
mtDNA carry the mutation, or heteroplasmic, when mutant mtDNA coexists with wild-type 
mtDNA (DeBrosse & Parikh, 2012).  

While homoplasmic mutations lead to disease in all cases, the clinical presentation of 
heteroplasmic mutations may vary depending on the mutation load (DeBrosse & Parikh, 
2012). For instance, patients with the m.8993T>G mutation in the MT-ATP6 gene may 
present mild symptoms and be diagnosed with NARP syndrome (Neurogenic weakness, 
Ataxia, and Retinitis Pigmentosa) when the level of heteroplasmy is lower than 80%, and 
usually manifest more severe symptoms and be diagnosed with LS when the level of 
mutation exceeds 80-90% of heteroplasmy (Rahman, 2023). 

Therefore, in addition to the extensive genetic heterogeneity, the clinical presentation of 
mitochondrial diseases can be highly heterogeneous, displaying tissue-specific 
manifestations even when mutations affect the same mitochondrial complex, showing 
limited genotype-phenotype correlation with a wide range of clinical manifestations 
(Gorman et al., 2016; Lake et al., 2016).  

The most common manifestation of a primary mitochondrial disorder is Leigh syndrome 
(LS), first described as subacute necrotizing encephalomyelopathy by David Leigh  (Leigh, 
1951). 

LS (OMIM #256000) is a rare, inherited neurological disorder that affects approximately 1 in 
40,000 live births (Rahman et al., 1996). The disease typically presents in infants who may 
suddenly face a situation of metabolic decompensation (such as an infection or illness) 
that prompts the appearance of symptoms, often during the first year of their life. Initial 
symptomatology includes poor feeding, vomiting, and failure to thrive, followed by more 
pronounced neurological deficits such as developmental delay, hypotonia, ataxia, and 
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dystonia. As the disease progresses, patients may experience further neurological 
deterioration, including optic atrophy, nystagmus, and epilepsy (Rahman, 2023). 

While LS predominantly affects the CNS, some patients may also display extra-
neurological symptoms, including cardiac, hepatic, or renal involvement, depending on the 
specific genetic mutation and clinical course (Mancuso, 2023). Given the complex 
interplay between genetic factors, tissue-specific expression, and environmental triggers, 
the severity and progression of symptoms can vary widely, even among individuals with the 
same genetic mutation (Lake et al., 2016). 

LS has been reported to be caused by defects of 16 mitochondrial genes and approaching 
100 nuclear genes (Rahman, 2023). Among these, mutations in the nuclear gene SURF1, 
involved in the assembly and stabilization of RC IV, are one of the most frequently identified 
causes of the disease (Rahman, 2023; Stenton et al., 2022).  

1.3.1. SURF1 gene mutations 

The SURF1 gene, located on the long arm of chromosome 9 (Zeviani et al., 1999), encodes 
a highly conserved 300 amino acids protein involved in the early stages of assembly of RC 
IV (also known as cytochrome C oxidase, COX) of the mitochondrial ETC. In the ETC, RC IV 
catalyzes the oxidation of cytochrome C while simultaneously reducing oxygen to water, 
using the energy released by the reaction to pump protons across the mitochondrial 
membrane. Therefore, as the terminal enzyme of the ETC, RC IV acts as a rate-limiting 
enzyme that controls the MMP and the overall mitochondrial respiration (Dalmonte et al., 
2009; Villani et al., 1998).  

Mammalian RC IV (from bovine heart) consists of 14 subunits, with 11 encoded by nDNA 
and 3 of them (MT-COX1, MT-COX2 and MT-COX3) by mtDNA (Soto et al., 2012). Although 
the RC IV biogenesis process is not entirely clear, it is known that MT-COX1 and MT-COX2 
constitute the hydrophobic catalytic core of the enzyme, whereas the remaining subunits 
stabilize the catalytic core and its activity (Wikström & Sharma, 2018). The assembly of RC 
IV requires more than 30 known assembly factors, which are conserved from yeast to 
humans, underscoring the evolutionary conservation of the process (Barrientos et al., 
2009; Williams et al., 2004). However, the exact function of SURF1 in RC IV assembly 
process remains poorly understood (Soto et al., 2012). 

Over 80 mutations in the SURF1 gene have been documented, and nearly 40% of these are 
pathogenic (Lee & Chiang, 2021; Ruhoy & Saneto, 2014) (Figure 7). These mutations – 
nonsense mutations, aberrant splicing, or frameshift deletions – can lead to mRNA 
instability or the production of truncated forms of the SURF1 protein that are rapidly 
degraded, ultimately leading to impaired assembly of RC IV (Kovářová et al., 2012; Pecina 
et al., 2003).   
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Figure 7. Distribution of SURF1 mutations based on published literature. Reproduced from ( Lee & Chiang, 
2021). 

An impaired assembly of RC IV would affect the overall energy production and alter ROS 
homeostasis. Being the terminal enzyme of the ETC and regulating the MMP, RC IV 
deficiency would have far-reaching implications given the role of MMP on import of nuclear-
encoded proteins, synthesis of iron-sulfur clusters, the regulation of mitochondrial 
dynamics, and maintenance of cristae integrity (Youle & Van Der Bliek, 2012; Zorova et al., 
2018). Additionally, these molecular defects would activate distinct compensatory 
mechanisms in the cell to reestablish balance and meet the energetic needs, such as 
changes in protein expression or a shift towards alternative metabolic pathways. 

RC IV activity and the expression of the different subunits and cofactors are dynamic, 
varying between tissues with different metabolic demands (Kovářová et al., 2012; Sinkler 
et al., 2017). This tissue-specific regulation of RC IV may partially explain the differential 
impact of mutations in various genes.  For example, mutations in SCO1 tend to primarily 
affect the liver, while mutations in SCO2 or COX15 more commonly affect the heart (Böhm 
et al., 2006). Mutations in SURF1, however, are most often associated with neurological 
impairment, particularly affecting the brain (Böhm et al., 2006; Ruhoy & Saneto, 2014).  

Additionally, the extent of the functional impairment may vary depending on the degree of 
RC IV subunit assembly disruption and the compensatory mechanism employed by the 
affected cell (Kovářová et al., 2012). For instance, despite the lack of SURF1 protein, 
different degrees of residual assembly and function of RC IV have been observed in 
different tissues and animal models, pointing towards a variable dispensability of SURF1 
protein in the assembly of RC IV and the possibility of compensatory mechanisms that 
replace the function of the missing protein in certain cases (Brischigliaro & Zeviani, 2021).  
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Given the high tissue-specific dispensability of SURF1 protein in RC IV assembly and the 
variable cellular response to specific mitochondrial insults, it is imperative to study the 
molecular consequences of SURF1 mutations in a relevant cellular context for the disease. 
Mutations in SURF1 are most often associated with severe neurological impairment, 
particularly affecting the brain basal ganglia (Böhm et al., 2006; Ruhoy & Saneto, 2014). 
Neurons, especially in regions with high energy demands such as the basal ganglia, may 
become more vulnerable to mitochondrial dysfunction, potentially leading to selective 
neurodegeneration that gives rise to the symptomatology of LS caused by SURF1 
mutations. 

1.3.2. Neuropathology and biochemistry of SURF1-LS 

The diagnosis of LS was initially based on the presence of post-mortem neuropathological 
lesions consisting of bilateral subacute necrotizing encephalomyopathy (Leigh, 1951). Pre-
mortem diagnosis became feasible only with the advent of computed tomography and 
magnetic resonance imaging (MRI). Neuroimaging of LS is characterized by symmetric, 
focal necrotic lesions - observed as hyperintense lesions on T2-weighted imaging in MRI - 
predominantly affecting the basal ganglia (Bonfante et al., 2016; Distelmaier & Klopstock, 
2023). These symmetric lesions are an identifying characteristic of the disease. Still, 
significant interpatient heterogeneity exists regarding lesion distribution and severity of the 
lesions. 

Identified as one of the most frequent causes of LS, defects in SURF1 lead to impaired RC 
IV assembly and consequent ATP depletion (Tiranti et al., 1998). Clinically, patients with 
SURF1 mutations frequently present with lesions at the basal ganglia and the midbrain 
(Bonfante et al., 2016; Kose et al., 2020; Wedatilake et al., 2013). Additional involvement of 
other brain regions such as the thalamus or the brainstem may occur in some cases 
(Bonfante et al., 2016; Kose et al., 2020; Wedatilake et al., 2013).  

Histologically, these brain lesions are characterized by necrosis accompanied by 
demyelination and gliosis, with some areas of relative neuronal preservation (Lake et al., 
2015). This pattern of partial neuronal preservation within areas of significant 
neurodegeneration is a remarkable feature of LS. Although the functional status of these 
preserved neurons remains unclear, histopathological reports suggest a selective neuronal 
vulnerability in the basal ganglia and midbrain regions in patients with SURF1 mutations 
(Lake et al., 2015).  

Beyond these neuropathological features, certain alterations are hallmarks of LS (Rahman, 
2023). Patients with SURF1 mutations commonly present metabolic acidosis and elevated 
lactate levels in blood, urine, and cerebrospinal fluid (Kose et al., 2020; Stenton et al., 
2022; Wedatilake et al., 2013). Their histochemical studies frequently show RC IV 
deficiency, with increased lipid accumulation and type I fiber predominance in muscle 
biopsies. Moreover, ultrastructural analysis of patient samples reveals the presence of 
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swollen mitochondria with abnormal mitochondrial cristae, although biopsies and 
ultrastructural studies are often not required for diagnosis (Kose et al., 2020; Stenton et al., 
2022; Wedatilake et al., 2013).   

The high inter-patient variability in LS complicates the diagnosis and the discovery of 
disease-modifying treatments for this mitochondrial disorder. Despite these challenges, 
the biochemical and neuropathological features of LS provide critical insights to develop 
representative models of the disease. However, understanding the key molecular 
mechanisms driving the disease pathology are essential to find effective therapeutical 
interventions. 

1.3.3. Animal models of SURF1 gene defects 

Several in vivo animal models have been generated to study the alterations caused by the 
lack of SURF1 protein (summarized in Table 1). The first animal model ever generated was 
the Surf1 knockout mouse (Surf1KO)  (Agostino et al., 2003). Here, the transduction of Surf1 
gene was disrupted by inserting a neomycin cassette and replacing exons 5 to 7. This 
knockout model led to embryonic lethality in most mice, probably due to the high toxicity 
of the neomycin cassette rather than being an actual effect of the mutation. The surviving 
animals showed a deficiency in RC IV activity only in selected tissues, such as the liver and 
muscle, but not the heart or the brain (Agostino et al., 2003). Consequently, these mice had 
altered motor skills but did not develop any neuropathology.  

The second mouse model targeted exon 7 of the Surf1 gene. These Surf1KO mice showed a 
prolonged lifespan with no signs of neuropathology despite presenting reduced RC IV 
activity in the brain and exhibiting metabolic alterations such as higher glucose utilization 
and increased lactate production (Dell’Agnello et al., 2007; Lin et al., 2013). In fact, these 
Surf1KO mice were resistant to neurodegeneration upon treatment with kainic acid, a 
seizure-causing agent. Kainic acid is a glutamate receptor agonist that induces calcium-
mediated excitotoxicity and neuronal death in wild-type mice. Nevertheless, primary 
neurons of Surf1KO mice exhibited higher mitochondrial calcium buffering capacity that 
protected them against the calcium-mediated neurotoxic effects of kainic acid, conferring 
neuroprotection against this insult (Lin et al., 2013).  

Despite presenting mitochondrial alterations (Table 1), Surf1KO mice developed normally, 
besides presenting mild motor deficits (Dell’Agnello et al., 2007) and decreased adiposity 
(Deepa et al., 2013). In these mice, RC IV dysfunction prompted a shift in substrate 
utilization (such as increased fatty acid oxidation) and metabolic changes (such as altered 
insulin sensitivity) that may be linked to the prolonged lifespan (Deepa et al., 2013).   

A prolonged lifespan was also observed in C. elegans and a Drosophila model with specific 
Surf1 knockdown (KD) in the central nervous system (CNS). Targeted silencing of sft-1 (the 
SURF1 homologue in C. elegans) by RNA interference produced a model with deficiencies 
in RC IV activity that led to increased longevity, which was also linked to the insulin pathway 



Introduction 
 

35 

(Maxwell et al., 2013). These nematodes did not present any neuromuscular problems and 
developed normally, only exhibiting reduced reproductive capacity, likely due to distinct 
species-specific RC IV distribution and energy utilization (Maxwell et al., 2013) 

Drosophila harboring CNS-specific Surf1 KD (Surf1 CNS-KD) exhibited reduced RC IV activity 
in the brain, resulting in a prolonged lifespan with abnormal development of visual 
pathways but with no signs of neurodegeneration (Zordan et al., 2006). Instead, ubiquitous 
and muscle-specific KD of Surf1 in drosophila models showed 100% egg-to-adult lethality, 
highlighting the distinct tissue-specific dependency on RC IV activity (Da-Rè et al., 2014; 
Zordan et al., 2006).  

The tissue-specific dependency on COX activity may vary between species, giving rise to 
heterogeneous phenotypes. For instance, while Surf1KO mice and C.elegans developed 
normally, CNS-restricted Surf1 defects in drosophila and ubiquitous Surf1 deficiency in 
two different zebrafish models led to visual abnormalities (Table 1). 

The first zebrafish model was created using antisense morpholino oligonucleotides, which 
allowed for a dose-dependent loss of function by impeding the translation of the Surf1 
homologue in these animals  (Baden et al., 2007). Using this model, zebrafish developed 
an abnormal head shape and microphthalmia with reduced swimming capacity and a 
strong cardiovascular pathology that eventually led to death. In addition, severe 
impairment of the development of secondary motor neurons, with the absence of axons 
and a reduced number of neuronal cell bodies was reported (Baden et al., 2007).   

A more recent model in zebrafish using CRISPR-mediated KD showed reduced RC IV 
protein expression and activity with increased lactate level in tissue with no significant 
neuropathology (Haroon et al., 2023). Instead, these animals exhibited some eye 
abnormalities with respiratory defects and exercise intolerance, while neurodegeneration 
was only observed upon treatment with RC IV inhibitor sodium azide (Haroon et al., 2023). 

Finally, given the lack of success of small animal models in faithfully reproducing the 
neuropathological signs observed in patients with SURF1 mutations, a bigger animal 
model was generated by knocking down SURF1 gene in pigs (Quadalti et al., 2018). SURF1KO 
piglets presented high lethality with severe phenotype at birth, with animals having 
difficulties in swallowing, presenting poor body weight gain, and failure to thrive (Table 1). 
They exhibited a general reduction of mitochondrial ETC complexes in skeletal muscle with 
impaired motor response, but no significant difference in RC IV activity in the brain or in 
lactate in blood. At the neuropathological level, SURF1KO piglets did not present any gross 
neurodegeneration but exhibited a reduction in cortical thickness with cytoarchitectural 
defects and increased presence of immature neurons (Quadalti et al., 2018).  
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ANIMAL 
MODEL 

CLINICAL 
PHENOTYPE 

BIOCHEMICAL AND 
MOLECULAR FEATURES 

NEUROPATHOLOGY 

PIG 
 

(Quadalti et 
al., 2018) 

▪ ↓ Lifespan 
▪ Failure to thrive 
▪ Impaired reflexes 

(suckling or 
rooting) 

▪ Facial 
dysmorphism 

▪ Respiratory 
problems 

▪ Muscle weakness  

▪ ↓ COX activity (M) 
▪ ↓ RC expression and 

function (M) 
▪ ↓ CIV-containing 

supercomplex (M)  
▪ Ø Accumulation of 

assembly intermediates (M) 

▪ ↓ Cortical thickness 
▪ Aberrant layering 

(↑immature neurons) 
▪ Abnormal glia markers 

distribution 
▪ Ø Neurodegeneration 

 
MOUSE 

 
(Deepa et 
al., 2013; 

Dell’Agnello 
et al., 2007; 

Lin et al., 
2013; 

Pulliam et 
al., 2014) 

 

▪ ↑ Lifespan 
▪ Mild motor 

defects 
▪ ↓ Adiposity 
 

▪ ↓ COX activity (B,M, H) 
▪ ↓ RC expression and 

function (M) 
▪ ↓ CIV-containing 

supercomplex  
▪ Accumulation of assembly 

intermediates (L) 
▪ = ATP levels (B,M,H) 
▪ ↑ Lactate (B,H) 
▪ ↑ Glucose metabolism 

(B,H) 
▪ ↑ Fatty acid oxidation (A) 
▪ = ROS (M, H) 
▪ ↓ Mitochondrial Ca2+  

uptake (B) 
▪ ↓ MMP (H) 
▪ ↑UPRmt (M) 
▪ ↑ Biogenesis (A, M) 

 

ZEBRAFISH 
 

(Baden et 
al., 2007) 

 

▪ Severe 
developmental 
defects 

▪ Strong 
cardiovascular 
pathology 

▪ Muscle weakness  

▪ ↓ COX activity (50%) 
▪ = ATP levels 
▪ ↑ Lactate  

▪ ↑ ROS 
 

▪ Apoptotic cells in 
head region and 
neuronal tube 

▪ Impair development of 
2ry motor neurons 
(axon projection) 

 

ZEBRAFISH 
 

(Haroon et 
al., 2023) 

 

▪ Reduced 
swimming 
capacity 

▪ Abnormal ocular 
morphology 

▪ Exercise 
intolerance 

▪ ↓ COX expression and 
activity (70-85%) 

▪ Increased lactate 
▪ Similar supercomplexes 

levels 
▪ Normal ATP levels 

 

 

Table 1. Summary of animal models harboring SURF1 mutations. 
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ANIMAL 
MODEL 

CLINICAL 
PHENOTYPE 

BIOCHEMICAL AND 
MOLECULAR FEATURES 

NEUROPATHOLOGY 

DROSO-
PHILA 

 
(Zordan et 
al., 2006) 

Ubiquitous KD: 
▪ 100% egg-to-

adult lethality  
▪ Altered 

locomotion 

CNS-specific KD: 
▪ Prolonged 

lifespan 
▪ Altered 

locomotion  

Ubiquitous KD: 
▪ Altered mitochondrial 

morphology (M) 
 
CNS-specific KD: 

▪ ↓ COX activity  
 

▪ Ø Neurodegeneration 
▪ Abnormal visual 

pathways 

 
DROSO-

PHILA 
 

(Da-rè et al., 
2014) 
 

Ubiquitous KD: 
▪ 100% egg-to-

adult lethality  
▪ Altered 

locomotion 

Muscle-specific 
KD: 

▪ 100% egg-to-
adult lethality  

▪ Impaired muscle 
development 

Ubiquitous KD: 
▪ ↓ MRC activity 
▪ Transcriptomic 

downregulation of energy-
related pathways 

Muscle-specific KD – (M): 
▪ ↓ MRC activity 
▪ ↓ Mitochondrial Ca2+ 

uptake  
▪ Altered mitochondrial 

morphology 

CNS-specific KD– (B): 
▪ ↓ COX activity  

 

C.ELEGANS 
 

(Maxwell et 
al., 2013) 
 

▪ ↑ Lifespan 
▪ ↓ Germ cell 

production 
 

▪ ↓ COX activity  
▪ Similar response to 

oxidative stress 

 

 

Table 1. Summary of animal models harboring SURF1 mutations (continued).  
SURF1 disease models (first column) with described clinical phenotypes, biochemical defects, and 
neuropathological alterations (when reported). Original publications for each animal model are referenced 
on the first column. Symbols and abbreviations: CNS: central nervous system; KD: knockdown; (B): brain; 
(M): muscle; (H): heart; (A): adipose tissue; ↑: increased, ↓: decreased; Ø: none; =: normal. 
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Altogether, the different animal models developed so far have failed to reproduce the 
pathological signs of LS in humans. In many of these animals, lack of Surf1 leads to 
increased lifespan with no sign of neuronal pathology, while in others, it leads to embryonic 
lethality. These dramatic differences highlight the remarkable specifies-specific role of 
Surf1 on RC IV assembly, despite being a highly conserved protein in eukaryotic species 
(Poyau et al., 1999). 

The different dependency of Surf1 on RC IV assembly, as well as the existence of species-
specific redundant factors, may explain the different degrees of residual RC IV activity 
observed in different animals. For instance, Surf1KO mice and piglets showed only 30-50% 
reduction of RC IV activity depending on the tissue (Dell’Agnello et al., 2007; Quadalti et 
al., 2018), while in humans, patients retain only 5-15% of COX activity (Tiranti et al., 1998). 
Thus, the inability to reduce RC IV activity below a sufficiently severe residual threshold 
may prevent animal models from reproducing the severity of the human phenotype.  

These species-specific differences add complexity to the tissue-specificity of RC IV 
assembly (Kovářová et al., 2012, 2016). Different tissues may display different thresholds 
of tolerable RC IV impairment and cellular energy requirements, which could fluctuate and 
vary between species. For example, in nematodes, RC IV deficits were most prominent in 
the gonads since most of the energy is required for reproduction, but this is not seen in 
other animal models nor in humans. 

Therefore, for the study of SURF1 mutations, it is becoming imperative to assess the 
specific molecular pathomechanisms in a relevant cellular context and a species-specific 
manner.  This thesis will focus on exploring the development of novel human models of LS, 
understanding how SURF1 mutations contribute to the disease mechanisms, and on 
investigating potential therapeutic strategies.  

 

1.3.4. Experimental therapies to treat LS 

LS remains an incurable disease, with current treatments only providing supportive care to 
mitigate associated complications. For instance, antiepileptic drugs are used to manage 
seizures, while other symptomatic interventions may address respiratory, cardiovascular, 
and neuromuscular dysfunctions (Kornblum et al., 2023).  

In the past decade, significant research efforts have accelerated the development of 
experimental therapies to treat LS (Bottani et al., 2020; Russell et al., 2020; Viscomi & 
Zeviani, 2023). Among the most promising strategies are gene therapy and 
pharmacological interventions aimed at modulating mitochondrial biogenesis and 
oxidative stress.   
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a) Gene therapy 

A definitive cure for mitochondrial diseases like LS will likely come from gene therapy. Gene 
therapy has been a medical breakthrough for rare diseases like β-thalassemia, sickle cell 
disease, and Duchenne muscular dystrophy, several of which have received approval from 
the U.S. Food and Drug Administration (FDA).   

In mitochondrial diseases, gene therapy or gene replacement therapy would restore 
normal protein function by delivering the wild-type form of the defective gene, effectively 
correcting the cellular problem (Di Donfrancesco et al., 2022). Adeno-associated viral 
(AAV) vectors are the leading delivery system due to their favorable safety profile, stable 
gene expression, and ability to transduce post-mitotic cells, including neurons (Wang et 
al., 2019).  

However, many preclinical studies are still required to optimize safety and therapeutical 
efficacy before reaching the bedside (Corrà et al., 2022; Di Meo et al., 2017; Ling et al., 
2021; Silva-Pinheiro et al., 2020). To achieve widespread clinical applicability, challenges 
such as immune responses, tissue targeting specificity, and the need for long-term 
expression must be addressed. 

In the context of LS, a multisystemic disease, preclinical studies must determine the best 
route of administration, the optimal AAV serotype, and vector titration to reach 
effectiveness in the maximum number of cells (Bottani et al., 2020; Di Donfrancesco et al., 
2022; Viscomi & Zeviani, 2023). 

In the context of SURF1 mutations, one promising study demonstrated that a single 
intrathecal administration of AAV serotype 9 (AAV9) vector carrying the human SURF1 gene 
partially restored RC IV activity in a Surf1KO mouse (Ling et al., 2021). However, the lack of 
pathological symptoms in this animal model limited the evaluation of this therapy’s 
effectiveness. 

Conventional gene therapy approaches can be employed for mutations in nuclear genes 
(e.g. SURF1, NDUFS4). However, mitochondrial diseases may face higher technical 
challenges for precise gene editing mtDNA (Tolle et al., 2023). New strategies such as the 
double-stranded DNA cytosine base editor (ddCBE) approach, together with 
mitochondrial-targeted zinc finger nucleases, TALENs and CRISPR-free base editing are 
under investigation with promising results in preclinical models (Cho et al., 2022; 
Gammage et al., 2018; Lee et al., 2023; Mok et al., 2020). 

Beyond technical limitations, the clinical translation of gene therapy faces significant 
obstacles, including high production costs, regulatory requirements, and challenges in 
achieving widespread distribution to affected tissues, particularly the brain. Future 
advances in this therapeutic avenue will be crucial in overcoming these barriers and 
making gene therapy a viable option for LS patients.  
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b) Experimental pharmacological interventions 

The growing recognition of mitochondria as central regulators of cellular signaling has 
paved the way for pharmacological approaches targeting key mechanisms disrupted by 
mitochondrial dysfunction. Two major strategies have emerged: enhancing mitochondrial 
biogenesis and mitigating oxidative stress. 

Antioxidants for modulating oxidative stress 

Antioxidant drugs offer potential benefits for various mitochondrial disorders. While they 
do not correct the underlying mitochondrial dysfunction, antioxidants can mitigate ROS-
mediated toxicity and improve the overall cellular energy metabolism (Bottani et al., 2020; 
Viscomi & Zeviani, 2023). 

Several antioxidant compounds- such as Sonlicromanol (De Haas et al., 2017; Klein 
Gunnewiek et al., 2021), Idebenone (Heitz et al., 2012; Morvan & Demidem, 2018), or N-
acetyl cysteine (NAC) (Viscomi et al., 2010)- have shown promising results in preclinical 
models of mitochondrial diseases and are currently undergoing clinical trials (Karaa & 
Klopstock, 2023). Among these, Idebenone stands out as the only antioxidant therapy 
approved in the European Union for the treatment of Leber’s hereditary optic neuropathy 
(LHON). Additionally, Sonlicromanol has gained recognition for its therapeutic potential, 
receiving an orphan drug designation (ODD) by the European agencies for the treatment of 
mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) 
syndrome (EU/3/19/2168). 

However, most antioxidant treatments tested in the context of LS have failed to 
demonstrate significant clinical efficacy (Viscomi & Zeviani, 2020). In addition to their 
limited benefits, these interventions blunt ROS indiscriminately and may interfere with the 
physiological role of ROS in cellular signaling (Lennicke & Cochemé, 2021; Shadel & 
Horvath, 2015) and differentiation (Chakrabarty & Chandel, 2021). 

Activation of mitochondrial biogenesis 

Mitochondrial diseases are characterized by defective ATP production, yet clinical 
symptoms often manifest upon metabolic stress when mitochondrial activity drops below 
a critical threshold. Stimulating mitochondrial biogenesis has been proposed as a 
therapeutic approach to enhance the number of functional mitochondria (Bottani et al., 
2020). However, this strategy carries potential risks, including increased ROS production 
and mtDNA damage.  

Mitochondrial biogenesis is controlled by a complex signaling cascade requiring 
coordination between nuclear and mitochondrial genomes (Popov, 2020). The master 
regulator of this process is PGC-1α (peroxisome proliferator-activated receptor gamma 
coactivator 1-alpha), which integrates external and internal stimuli (e.g., cold, exercise, 
nutrition) to adjust mitochondrial mass according to cellular energy needs (Bottani et al., 
2020). Preclinical models overexpressing PGC-1α have demonstrated promising outcomes 
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in disease rescue. For example, PGC-1α overexpression in Surf1KO mice induced 
mitochondrial proliferation and increased RC IV activity in skeletal muscle (Viscomi et al., 
2011). Similarly, in human neural models with SURF1 mutations, PGC-1α overexpression 
improved OXPHOS bioenergetics and neuronal morphology (Inak et al., 2021). 

Given these findings, several pharmacological strategies are being developed to activate 
PGC-1α and stimulate mitochondrial biogenesis (Figure 8). The regulation of PGC-1α 
activity is highly complex, modulated by multiple post-translational modifications, 
including phosphorylation by AMP-activated protein kinase (AMPK) and deacetylation by 
deacetylation by sirtuin 1 (SIRT1), both of which represent potential pharmacological target 
(Popov, 2020).  

 

 

Figure 8. Schematic representation of pathways regulating mitochondrial biogenesis. External factors 
(exercise, caloric restriction) or drugs such as bezafibrate, thiazolidinediones, nicotinamide riboside (NR), 
and CBD upregulate the expression of PGC-1α, which in turn activates essential mitochondrial genes. Black 
thick arrows indicate positive regulations, “P” indicates phosphorylations and “-AC”, deacetylations. 
Illustration created with Biorender, adapted from (Bottani et al., 2020). 

The activation of PGC-1α via SIRT1 deacetylation is a nicotinamide adenine dinucleotide 
(NAD+)-dependent process (Cantó et al., 2015). Mitochondrial dysfunction often results in 
NAD+ depletion and a reduced NAD+/NADH ratio, leading to pyruvate accumulation and 
excessive lactate production, a hallmark of mitochondrial disease (Russell et al., 2020). 
Supplementation with NAD+ precursors, such as nicotinamide riboside (NR), has been 
shown to enhance mitochondrial biogenesis via the SIRT1/PGC-1α axis (Cantó et al., 2015). 
In preclinical models, NR supplementation improved motor performance in mitochondrial 
disease mouse models and has shown promising results in clinical trials for mitochondrial 
myopathies (Khan et al., 2014). 
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Another approach to modulating PGC-1α involves targeting peroxisome proliferator-
activated receptors (PPARs), a family of nuclear receptors that regulate lipid metabolism 
and mitochondrial function (Popov, 2020). This family includes three isoforms—PPARα, 
PPARβ/δ, and PPARγ—each with distinct physiological roles and tissue distributions (Mirza 
et al., 2019). Upon activation, the PPARγ can form heterodimers with the retinoid X receptor 
(RXR) and bind to PPAR response elements (PPRE) in gene promoters, leading to 
transcriptional activation of metabolic genes, including PGC-1α (Jamwal et al., 2021). 

Overexpression of PGC-1α in the skeletal muscle of Surf1KO mouse showed robust 
induction of mitochondrial biogenesis and increased mitochondrial respiratory chain 
activities, including a rescue of RC IV activity  (Viscomi et al., 2011).  

Pharmacological induction of PGC-1α was attempted using Bezafibrate, a pan-PPAR 
agonist, that initially showed promise in cell models of mitochondrial dysfunction. In these 
models, bezafibrate increased the mitochondrial ETC complex activities and improved ATP 
production (Bastin et al., 2008; Casarin et al., 2012; Douiev et al., 2020). In human neural 
models carrying SURF1 mutations, bezafibrate treatment enhanced mitochondrial 
respiration, ATP production, mtDNA copy number, and neuronal morphology, significantly 
upregulating PGC-1α expression (Inak et al., 2021). 

However, preclinical in vivo studies yielded mixed results, failing to induce mitochondrial 
biogenesis (Viscomi et al., 2011; Yatsuga & Suomalainen, 2012). Additionally, a small 
clinical study revealed a significant metabolic imbalance that questions its long-term 
safety despite some improvements in muscle and cardiac function in patients (Steele et 
al., 2020).  

An alternative strategy involves activating PPARγ with thiazolidinediones. In the context of 
mitochondrial disease, Leriglitazone has been recently used in a Ndufs4KO model 
effectively prolonging the lifespan and mitigating disease symptoms (Puighermanal et al., 
2024). Notably, this study identified Cannabidiol (CBD) as a potential therapeutic agent, 
demonstrating its beneficial effects in a mouse model of mitochondrial RC I deficiency via 
partial activation of PPARγ (Puighermanal et al., 2024). CBD has already obtained the ODD 
by the European regulatory agencies as adjunctive therapy for the treatment of certain 
pediatric forms of epilepsy occurring in Lennox-Gastaut syndrome or Dravet syndrome 
under the commercial name of Epidyolex (EMEA/H/C/004675). Most recently, CBD 
obtained the ODD for the treatment of LS (EU/3/23/2800). 

While both antioxidant therapies and mitochondrial biogenesis stimulation offer promising 
avenues for mitigating mitochondrial dysfunction, neither approach directly addresses the 
underlying genetic defect. Antioxidants can help alleviate oxidative stress and protect 
cellular components, while pharmacological induction of mitochondrial biogenesis may 
enhance energy production in compromised cells. However, further research is essential 
to refine these strategies, improve efficacy, and assess long-term safety.  
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1.4. DISEASE MODELING AND DRUG DISCOVERY USING 

INDUCED PLURIPOTENT STEM CELLS (iPSCs) 

1.4.1. iPSC-derived neural models 

In 2006, Shinya Yamanaka and Kazutoshi Takahashi discovered that the ectopic expression 
of four exogenous factors (OCT3/4, SOX2, KLF4 and c-MYC) enabled the reprogramming of 
somatic cells into induced pluripotent stem cells (iPSC) (Takahashi & Yamanaka, 2006). 
iPSCs have the capacity for self-renewal and differentiation and can be generated from 
human skin fibroblasts or other somatic cells, such as blood cells. Thus, this 
groundbreaking technology holds the power to study human-specific molecular processes 
in tissues that are otherwise difficult to access for disease modeling, such as the brain.  

Since its discovery, there has been great advancement in the generation of human in vitro 
models to study the human brain, from two-dimensional (2D) neural progenitor cells 
(NPCs) and neurons to more complex three-dimensional (3D) brain organoids (Figure 9).  

NPCs are lineage-restricted, mitotically active cells derived from stem cells. These 
multipotent stem cells are capable of differentiating into neurons, astrocytes, and 
oligodendrocytes while remaining proliferative, offering a scalable and cost-effective 
model for drug discovery applications (Heilker et al., 2014).  

In the context of mitochondrial dysfunction, NPCs have been proposed to be a key cellular 
type for disease modeling and drug discovery. Mitochondria within NPCs acquire an 
elongated morphology with defined cristae and dense matrices, a morphological change 
that is accompanied by a metabolic shift towards OXPHOS metabolism that is impaired in 
mitochondrial diseases (Brunetti et al., 2021). Thus, NPCs acquire morpho-functional 
characteristics that resemble mitochondria of differentiated iPSC-derived neurons while 
holding a proliferative phenotype (Lorenz et al., 2017). 

The efficient generation of NPCs from iPSCs can be achieved using a combination of small 
molecules based on dual SMAD inhibition. The dual SMAD inhibition is based on the use of 
bone morphogenic protein (BMP) and transforming growth factor beta (TGFβ) inhibitors that 
drive the formation of early NPCs within 10 days, leading to relevant neuronal subtypes 
within 20 days (Reinhardt et al., 2013).  

Nevertheless, the use of small molecules gives rise to a mixed neuronal culture with little 
control over the exact cellular composition. To overcome this high variability, directed 
neuronal differentiation protocols that induce specific neural lineages were developed to 
ensure a more homogeneous cell population. An example of this approach is the protocol 
developed by Zhang et al. in 2013 based on the overexpression of Neurogenin 2 (NGN2) 
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transcription factor to obtain a highly homogeneous population of glutamatergic excitatory 
neurons from iPSCs (Zhang et al., 2013).  

Overexpression of NGN2 has proven to be a highly efficient and cost-effective approach for 
generating induced neurons in under two weeks (Zhang et al., 2013). NGN2, a master 
regulator of neurogenesis, allows the generation of neurons from fibroblast, iPSC, neural 
progenitors, and even the trans-differentiation of glial cells with high reproducibility (Hulme 
et al., 2022). Its robustness and easy-to-use approach have made iNs widely used in 
neurodevelopmental and disease modeling, high-throughput drug screening, and neuron 
replacement therapies (Hulme et al., 2022).  

Additionally, the differentiation of specific neuronal subtypes (dopaminergic, inhibitory) as 
well as astrocytes and oligodendrocytes from human iPSCs has also been possible using 
transcription factor-based and small molecules-based approaches with different degrees 
of efficiency (Caiazzo et al., 2011; Canals et al., 2018; Tanabe et al., 2022). 

While 2D models have been instrumental in studying neural differentiation, they fail to 
capture the cellular and spatiotemporal development of the structural complexity of the 
brain, leading to the generation of 3D organoid models. Lancaster et al were the first to 
develop a protocol to generate self-organize 3D brain organoids from iPSC without the use 
of growth factors. This protocol enabled the generation of a wide variety of brain regions 
representative of the dorsal cortex, ventral forebrain, hippocampus, choroid plexus, and 
retina  (Lancaster et al., 2013).  

Brain organoids exhibit a similar gene expression profile and epigenomic signatures when 
compared to fetal brains, even recapitulating the timing of human neurodevelopment in 
vitro (Camp et al., 2015; Cheroni et al., 2022). Therefore, brain organoids have become 
useful models for studying human neurodevelopmental processes such as early 
neurogenesis, species-specific spatiotemporal differences, or achieving a better 
understanding of the effect of specific mutations on human neurodevelopment (Pașca, 
2018). For instance, in the case of autism spectrum disorder (ASD), brain organoids have 
been used to understand key developmental differences in cases of idiopathic ASD 
(Jourdon et al., 2023; Mariani et al., 2015; Paulsen et al., 2022; Pigoni et al., 2023) and more 
recently to screen for genetic risk genes and create a gene regulatory network (Li et al., 
2023). In addition, combined with functional readouts such as electrophysiological 
recordings or calcium analysis, organoids can shed some light on the functional 
imbalances occurring in ASD (Paulsen et al., 2022). 

The study of neurodevelopmental disorders using iPSC-derived models has underscored 
the importance of the human genomic context in fine-regulating certain processes 
(Paulsen et al., 2022). While phenotypic trends remain consistent across cell lines, their 
expressivity can be influenced by the individual genomic context. Therefore, these studies 
highlight the need for the use of isogenic lines when modeling neural disorders.  
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Isogenic human iPSC models, which share the same genetic background, provide a 
powerful tool for dissecting disease mechanism. By introducing or correcting mutations in 
an identical genomic context, these models allow for precise genotype-phenotype 
correlations, reducing variability and improving reproducibility. Therefore, when modeling 
neural disorders, it is essential to consider this fact to properly design the modeling 
strategies and not only use engineered cell lines in a control background but also add the 
complexity of using patient-derived cell lines. 

 

 

Figure 9. Brain Organoid Based Models to Identify Human-Specific Processes of Brain Development.  
Scheme outlining methods for establishing iPSC-based neural models and downstream analysis to compare 
resulting phenotypes. Control and patient-derived skin samples can be used to generate reprogrammed 
induced pluripotent stem cells (iPSCs), which can then be genetically engineered to obtain isogenic lines. 
Human iPSCs can be differentiated into different cell types from the ectodermal layer (such as neurons, 
astrocytes and oligodendrocytes) as well as other cell types present in the human brain with different 
embryonic origins, including microglia or endothelial cells. Three-dimensional (3D) unguided and regional-
specific neural organoids can be produced from iPSCs and be further combined into assembloids to observe 
neuronal migratory patterns and brain connectivity. Integration of non-ectodermal cell types into brain 
organoids elevates the biological relevance of the system, allowing the study of neuro-vascular and neuro-
immune interactions that are crucial for certain diseases.  Resulting organoids are useful tools to study 
human specific phenotypes, including complex, functional assays such as micro-electrode arrays (MEA) 
cytoarchitectural differences during development or differentially expressed genes with high-throughput 
omic analyses like single-cell RNA-sequencing. Illustration created with Biorender. 
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Brain organoids hold immense potential to study human brain development and disease; 
however, they currently face some limitations that the field is rapidly evolving to overcome. 
The generation of brain organoids is highly variable, time-consuming, and requires 
expertise. Efforts to enhance the robustness and reproducibility of the system have led to 
the development of more guided protocols for generating regionalized brain organoids 
(Kelley & Pașca, 2022).  

Generation of regionalized human organoids resembling the cerebral cortex (Mariani et al., 
2015; Paşca et al., 2015; Qian et al., 2016), striatum (Miura et al., 2020), cerebellum 
(Muguruma et al., 2015) or midbrain (Jo et al., 2016; Monzel et al., 2017; Qian et al., 2016) 
regions has been possible using bath application of morphogens that achieve a similar 
cellular composition of the target tissue.  Whilst this improves reproducibility, it reduces 
the overall complexity of the system. To address this, different regionalized organoids can 
be assembled into so-called “assembloids” to obtain a complex system with different 
neuronal subtypes that allow the study of functional networks (Onesto et al., 2024).  

Despite their increased complexity, brain organoids are still an imperfect system. Brain 
organoids are obtained by directing iPSC differentiation towards the neuroectodermal 
lineage, and then further differentiated to follow a trajectory of brain development. Being of 
non-ectodermal lineage, microglia and endothelial cells are key cellular components in the 
human brain that are lacking in this in vitro model (Benito-Kwiecinski & Lancaster, 2020).  
To circumvent this limitation, several groups have developed co-culture systems 
incorporating iPSC-derived microglia into brain organoids (Abud et al., 2017) or have 
utilized microfluidic chips to recreate the nutrient flow (Cakir et al., 2019).  These ongoing 
advancements will likely continue to refine iPSC-derived models, bringing them closer to 
recapitulating the complexity of the human brain in both health and disease (Pagliaro et al., 
2025). 

1.4.2. iPSC-derived neural models to study LS and HD 

Mitochondria play a central role in neuronal function by supplying energy for synaptic 
activity, regulating calcium homeostasis, or modulating oxidative stress responses, among 
other functions (Picard & Shirihai, 2022; Rangaraju et al., 2019). Additionally, recent 
investigations underscore the role of this organelle in neuronal fate commitment and 
morphogenesis via metabolic programming, strategic spatiotemporal distribution, and 
morphodynamical changes (Iwata & Vanderhaeghen, 2021; Khacho et al., 2019). 

During neuronal development, mitochondria undergo a series of morpho-metabolic 
changes in the transition from neural stem cells towards highly specialized neurons 
(Khacho et al., 2019).  Neural stem cells are highly glycolytic cells to sustain a high degree 
of proliferation. After division, daughter stem cells destined to become neurons undergo 
mitochondrial fission, with newborn neurons having small and fragmented mitochondria 
that grow gradually into their classic tubular shape and acquire an oxidative profile during 
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neuronal maturation (Lisowski et al., 2018). This crucial metabolic development sets the 
tempo of neuronal maturation and exhibits a species-specific pattern (Iwata, 2022; Iwata 
& Vanderhaeghen, 2021).  

The generation of neurons from patient-derived iPSC allows the investigation of how 
mitochondrial alterations impact neuronal differentiation, morphology, and function in a 
human genomic and cellular context. Additionally, in the case of mitochondrial diseases, 
traditional cellular and animal models often fail to fully recapitulate human mitochondrial 
physiology due to species-specific differences in mtDNA regulation, bioenergetics, and 
metabolic interactions.  

In the context of LS, several studies have studied the impact of mitochondrial mutations 
using iPSC-derived neurons and brain organoids (Heiduschka & Prigione, 2025; Henke et 
al., 2024). Cerebral organoids carrying SURF1 mutations displayed aberrant neuronal 
morphogenesis that stem at the level of NPCs, which failed to metabolically rewire to 
OXHOS and retain a glycolytic, proliferative state that impeded their commitment towards 
neuronal fate (Inak et al., 2021).  

NPCs carrying NDUFS4 mutations, affecting complex I, showed reduced neurite outgrowth 
and decreased MMP (Inak et al., 2021). In brain organoids, NDUFS4 mutations led to 
upregulation of proinflammatory pathways, where neurons appeared more susceptible to 
glutamate-mediated excitotoxicity (Daneshgar et al., 2023), in agreement with increased 
neuronal apoptosis observed in another study (Yoon et al., 2022). Similarly, complex I with 
a defective NDUFV1 gene displayed decreased ATP production and MMP in NPCs and 
neurons, with increased ROS levels (Sequiera et al., 2020).  

Affected respiratory-linked ATP production, dysregulated MMP, and altered calcium 
homeostasis have also been described in iPSC-derived NPCs and neurons harboring 
mtDNA mutations in complex I (MT-ND5) and complex V (MT-ATP6) which are known 
causes leading to Maternally-Inherited Leigh Syndrome (MILS) (Galera-Monge et al., 2020; 
Lorenz et al., 2017; Zheng et al., 2016). Additionally, MT-ATP6 mutations in iPSC-derived 
cerebral organoids displayed defective cortical cyto-architecture with affected 
neuroepithelial bud generation (Romero-Morales et al., 2022), demonstrating the tight link 
between mitochondrial dysfunction and faulty neurodevelopment.  

In the context of HD, normal HTT protein has been involved in neuronal development and 
survival (Reiner et al., 2003). Accordingly, it was shown that mHTT interfered with human 
neurodevelopmental processes in human fetuses, affecting neuronal progenitor cell 
polarity and differentiation, among other features (Barnat et al., 2020).  

Similarly, iPSC-derived NPCs and neurons from HD patients displayed 
neurodevelopmental alterations, including abnormal neural rosette formation, altered 
axon guidance, and disrupted calcium signaling (Kaye et al., 2022). These models also 
revealed metabolic alterations, such as changes in mitochondria number, density, and 
respiration defects (Kaye et al., 2022; Kedaigle et al., 2021). Additionally, these neurons 
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exhibited impaired morphology, maturation, and electrophysiological activity (Barnat et al., 
2020; Mattis et al., 2012). Importantly, the severity of these disease-associated 
phenotypes was linked to the CAG repeat length and may be attenuated or absent when 
utilizing isogenic lines, highlighting the importance of using genetically modified iPSC lines 
to study HD-specific phenotypes.  

Overall, mounting evidence indicates that both LS and HD exhibit a neurodevelopmental 
component of the disease that has been underexplored. These early alterations - ranging 
from defective neuronal commitment to impaired morphogenesis, maturation, and faulty 
network formation - may contribute to the onset and progression of the disease.  

While iPSC-derived neural models uniquely allow capturing these early developmental 
stages in a species- and patient-specific manner, much of the current data has been 
generated using general, non-region-specific brain organoid protocols. This limits the 
anatomical relevance of the findings, particularly given the regional vulnerability observed 
in LS and HD—such as in the midbrain and basal ganglia. The implementation of regionally 
patterned brain organoids, including midbrain organoids (MOs), is therefore crucial.  

MOs have already proven instrumental in modeling Parkinson’s disease (PD), a 
neurodegenerative disorder characterized by the loss of dopaminergic neurons of the 
substantia nigra. In the context of PD, MOs have reliably recapitulated key features of 
midbrain development and dopaminergic neuron vulnerability (Smits et al., 2019; Zagare 
et al., 2022). Applying these models to LS and HD may enhance our understanding of 
disease pathogenesis in affected brain regions and facilitate the discovery of more targeted 
therapeutic strategies.  

1.4.3. iPSC-derived neural models for drug discovery in mitochondrial 

disorders 

The discovery of disease-modifying compounds is a demanding and costly process that 
often fails to successfully transition from preclinical models into the clinic, partly due to 
the poor predictivity of preclinical biological models used in drug discovery (Kola & Landis, 
2004).  

Traditionally, drug discovery has relied on target-directed approaches in heterologous 
recombinant systems, followed by validation in primary animal cells or in vivo animal 
models. Target-directed approaches offer a great artificial in vitro screening system with a 
high signal-to-noise ratio that efficiently identifies drugs that bind to the target of interest 
and remains valuable for diseases depending on a single molecular target. However, this 
approach lacks the cellular context and the species-specific differences of the target 
tissue, omitting interactions with physiologically relevant proteins and metabolites that 
may change the action of the compound (Heilker et al., 2014).  
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Given the complexity of neurological disorders and the challenge of testing candidate 
drugs against human primary neurons, iPSC-derived neural models provide a powerful 
alternative for compound validation in phenotype-based assays (Grskovic et al., 2011). 
Unlike target-directed approaches, phenotype-based assays focus on a pathologically 
relevant event rather than a specific molecular target, emphasizing measurable functional 
outcomes (Heilker et al., 2014). 

Therapeutic advances for treating LS have been based on theoretical frameworks of 
mitochondrial dysfunction, which have ultimately failed in clinical trials due to the poor 
predictive power of preclinical biological models used in drug discovery. The emergence of 
stem cell models for mitochondrial diseases has led to the identification of early neuronal 
dysfunction in the disease, opening a new time window for potential therapeutic 
intervention (Brunetti et al., 2021; Marín, 2016).  

In the case of LS, iPSCs have been used to validate the efficacy of different 
pharmacological strategies in ameliorating distinct disease phenotypes, such as neuronal 
survival or mitochondrial respiration (Heiduschka & Prigione, 2025; Inak et al., 2017). For 
example, iPSC-derived neurons have been used to validate the therapeutic effects of 
Idebenone, PGC-1α overexpression, and NR supplementation in apoptosis assays in 
mitochondrial diseases (Danese et al., 2022; Yoon et al., 2022) 

Similarly, bezafibrate was tested in SURF1 iPSC-derived NPCs to enhance mitochondrial 
biogenesis, improving neuronal outgrowth and morphology (Inak et al., 2021). Rapamycin, 
which successfully rescued disease-relevant phenotypes in a complex I-deficient mouse 
model of LS, was validated in MT-ATP6 iPSC-derived midbrain dopaminergic neurons, 
where it improved ATP production and reduced glutamate excitotoxicity (Zheng et al., 
2016). Furthermore, using iPSC-derived NGN2 neurons carrying the m.3243A>G mutation, 
Nael Kasri’s group demonstrated that the antioxidant Sonlicromanol could partially restore 
neuronal network activity in MELAS (Gunnewiek et al., 2021). These studies illustrate how 
iPSC-based assays provide preclinical validation of compounds in a human model, 
facilitating the translatability of these compounds into the clinic.  

In addition to validation, phenotype-based assays can be integrated into high-content 
imaging (HCI) pipelines, which combine automated microscopy with quantitative image 
analysis to assess how hundreds to thousands of compounds affect disease-related 
cellular traits in parallel. In a notable example, iPSC-derived NPCs carrying an MT-ATP6 
mutation were subjected to a phenotypic screen, a strategy in which compounds are 
selected based on their ability to restore a specific cellular phenotype. Using a library of 
FDA-approved compounds, the screen identified Avanafil, a phosphodiesterase type 5 
(PDE5) inhibitor, as a candidate capable of rescuing MMP deficits observed in MT-ATP6 
NPCs (Lorenz et al., 2017). These findings led to the obtention of ODD status to the PDE5 
inhibitor Sildenafil (EU/3/23/2831), highlighting the potential of phenotype-based 
screening to uncover novel therapeutic strategies beyond conventional approaches, which 
have often failed to translate into clinical success. 
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However, performing automated HCI-based compound screens using iPSC-derived neural 
models remains expensive and requires specialized infrastructure, limiting its 
accessibility. The high cost of cell culture, differentiation protocols, and imaging 
technologies create barriers to its widespread implementation, particularly in smaller 
research institutions or early-stage drug development programs. 

To overcome these challenges, in silico screening approaches offer a promising 
complementary strategy to reduce costs, enhance efficiency, and improve predictive 
accuracy. Computational models generated using deep learning or machine learning can 
leverage large-scale biological datasets —including omics data, chemical libraries, and 
imaging-based phenotypic screens— to recognize intricate patterns between molecular 
structures and biological activity. These methods may be able to predict drug-target 
interactions, optimize lead compounds, and prioritize candidate compounds before 
validation in more complex models. The combination of in silico modeling with 
experimental validations in human iPSC-derived neural models holds great promise for 
accelerating drug discovery in neuroscience by bridging the gap between target-based and 
phenotype-driven approaches. 

Overall, using human iPSC models in phenotype-based screening would help bridge the 
translational gap from preclinical studies into effective treatments for human neurological 
disorders. Future advancements in high-content multiplexed assays and integration of 
deep learning algorithms with iPSC-derived neural-based assays will facilitate automated, 
unbiased identification of novel drug responses, accelerating the discovery of effective 
therapeutics for mitochondrial disorders. 
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Mitochondrial dysfunction is a hallmark of neurodegenerative diseases such as HD and 
LS. Currently, there are no disease-modifying therapies to halt or reverse these diseases’ 
progression, and only symptomatologic treatments are available.  
The discovery of effective treatments for these and other neurological diseases is partially 
hindered by the inaccessibility of primary tissue, the poor predictability of preclinical 
models, and significant specifies-specific differences in disease pathology. In this context, 
stem cell-derived neural cells emerge as a powerful tool for drug testing and disease 
modeling in neuroscience.  

In this thesis, I aim to employ iPSC-derived neural models as a versatile tool to model how 
mitochondrial defects can affect neuronal morphogenesis in the context of LS and HD 

In HD, mHTT leads to mitochondrial dysfunctions early in the disease, but the molecular 
mechanisms linking these defects to altered neuronal development have not been 
elucidated.  

For LS, a primary mitochondrial disease, mutations in the SURF1 gene cause RC IV 
dysfunction and lead to defective neural progenitor programming, ultimately affecting 
neuronal morphogenesis. The working hypothesis of this thesis is that defective neuronal 
morphogenesis can be a targetable disease phenotype to find new pharmacological 
treatments for LS.  

For this, I will undertake the following objectives: 

1. To develop a high-content imaging analysis tool to assess neuronal morphogenesis 
defects. 

2. To establish a disease-relevant 3D model to study defective neuromorphogenesis 
linked to mitochondrial dysfunction in HD and LS. 

3. To discover and validate new pharmacological strategies for the treatment of LS. 
4. To describe the possible mechanisms of action of these new potential drugs.  
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3.1. GENERATION OF HUMAN BRAIN ORGANOIDS FOR 
MITOCHONDRIAL DISEASE MODELING 

Stephanie Le, Laura Petersilie, Gizem Inak, Carmen Menacho-Pando, Karl W. Kafitz, 
Agnieszka Rybak-Wolf, Nikolaus Rajewsky, Christine R. Rose, Alessandro Prigione. 

 

Abstract 

Mitochondrial diseases represent the largest class of inborn errors of metabolism and are 
currently incurable. These diseases cause neurodevelopmental defects whose underlying 
mechanisms remain to be elucidated. A major roadblock is the lack of effective models 
recapitulating the early-onset neuronal impairment seen in the patients. Advances in the 
technology of induced pluripotent stem cells (iPSCs) enable the generation of three-
dimensional (3D) brain organoids that can be used to investigate the impact of diseases on 
the development and organization of the nervous system. Researchers, including these 
authors, have recently introduced human brain organoids to model mitochondrial 
disorders. This paper reports a detailed protocol for the robust generation of human iPSC-
derived brain organoids and their use in mitochondrial bioenergetic profiling and imaging 
analyses. These experiments will allow the use of brain organoids to investigate metabolic 
and developmental dysfunctions and may provide crucial information to dissect the 
neuronal pathology of mitochondrial diseases. 
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3.2. HIGH-CONTENT ANALYSIS OF NEURONAL 
MORPHOLOGY IN HUMAN IPSC-DERIVED NEURONS 

Lickfett S, Menacho C, Zink A, Telugu NS, Beller M, Diecke S, Cambridge S, Prigione A. 

 

Abstract 

We present a high-content analysis (HCA) protocol for monitoring the outgrowth capacity 
of human neurons derived from induced pluripotent stem cells (iPSCs). We describe steps 
to perform HCA imaging, followed by quantifying the morphology of dendrites and axons 
within a high-throughput system to evaluate neurons obtained through various 
differentiation approaches. This protocol can be used to screen for modulators of neuronal 
morphogenesis or neurotoxicity. The approach can be applied to patient-derived iPSCs to 
identify patient-specific defects and possible therapeutic strategies. 
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3.3. MUTANT HUNTINGTIN IMPAIRS NEURODEVELOPMENT 

IN HUMAN BRAIN ORGANOIDS THROUGH CHCHD2-

MEDIATED NEUROMETABOLIC FAILURE 

Lisowski P*, Lickfett S*, Rybak-Wolf A, Menacho C, Le S, Pentimalli TM, Notopoulo S, 
Dykstra W, Oehler D, Lopez-Calcerrada S, Mlody B, Otto M, Wu H, Richter Y, Roth P, Anand 
R, Kulka LAM, Meierhofer D, Glazar P, Legnini I, Telugu NS, Hahn T, Neuendorf N, Miller D, 
Böddrich A, Polzin A, Mayatepek E, Diecke S, Olzscha H, Kirstein J, Ugalde C, Petrakis S, 
Cambridge S, Rajewsky N, Kühn R, Wanker EE, Priller J, Metzger J, Prigione A. 

Abstract 

Expansion of the glutamine tract (poly-Q) in the protein huntingtin (HTT) causes the 
neurodegenerative disorder Huntington’s disease (HD). Emerging evidence suggests that 
mutant HTT (mHTT) disrupts brain development. To gain mechanistic insights into the 
neurodevelopmental impact of human mHTT, we engineered male induced pluripotent 
stem cells to introduce a biallelic or monoallelic mutant 70Q expansion or to remove the 
poly-Q tract of HTT. The introduction of a 70Q mutation caused aberrant development of 
cerebral organoids with loss of neural progenitor organization. The early 
neurodevelopmental signature of mHTT highlighted the dysregulation of the protein coiled-
coil-helix-coiled-coil-helix domain containing 2 (CHCHD2), a transcription factor involved 
in mitochondrial integrated stress response. CHCHD2 repression was associated with 
abnormal mitochondrial morpho-dynamics that was reverted upon overexpression of 
CHCHD2. Removing the poly-Q tract from HTT normalized CHCHD2 levels and corrected 
key mitochondrial defects. Hence, mHTT-mediated disruption of human 
neurodevelopment is paralleled by aberrant neurometabolic programming mediated by 
dysregulation of CHCHD2, which could then serve as an early interventional target for HD. 
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https://doi.org/10.1038/s41467-024-51216-w


Results - Publications 
 

96 

 

  



Results – Publications 
 

97 

 



Results - Publications 
 

98 

 



Results – Publications 
 

99 

 



Results - Publications 
 

100 

 



Results – Publications 
 

101 

 



Results - Publications 
 

102 

 



Results – Publications 
 

103 

 



Results - Publications 
 

104 

 



Results – Publications 
 

105 

 



Results - Publications 
 

106 

 



Results – Publications 
 

107 

 



Results - Publications 
 

108 

 



Results – Publications 
 

109 

 



Results - Publications 
 

110 

 



Results – Publications 
 

111 

 



Results - Publications 
 

112 

 



Results – Publications 
 

113 

 



Results - Publications 
 

114 

 



Results – Publications 
 

115 

 



Results - Publications 
 

116 

 



Results – Publications 
 

117 

 



Results - Publications 
 

118 

 



Results – Publications 
 

119 

 



Results - Publications 
 

120 

 



Results – Publications 
 

121 

 



Results - Publications 
 

122 

 



Results - Publications 
 

123 



Results - Publications 
 

124 



Results - Publications 
 

125 

 

3.4. BALANCING NEURONAL ACTIVITY TO FIGHT 
NEURODEVELOPMENTAL DISEASES 

Le S, Menacho C, Prigione A. 

 

Abstract 

In a recent study, Rylaarsdam and colleagues revealed that mutant PACS1 gene, which 
causes a rare neurodevelopmental syndrome, affects the firing ability of human neurons 
without dysregulating the cellular architecture of brain organoids. These findings suggest 
aberrant neuronal electrophysiology as a possible interventional target for pediatric 
diseases impairing brain development. 
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DOI: https://doi.org/10.1016/j.tins.2024.03.002 

Impact Factor: 14.6 (2023) 

Contribution: visualization and editing of the manuscript.  
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3.5. DEEP LEARNING-DRIVEN NEUROMORPHOGENESIS 
SCREENINGS IDENTIFY REPURPOSABLE DRUGS FOR 
MITOCHONDRIAL DISEASE 

Menacho C*, Okawa S*, Álvarez-Merz I, Wittich A, Muñoz-Oreja M, Lisowski P, Pentimalli 
TM, Rybak-Wolf A, Inak G, Zakin S, Thevandavakkam M, Petersilie L, Zaliani A, Modly B, 
Seibt A, Donnelly J, Woleben K, Fernandez-Checa J, Herebian D, Mayatepek E, Rajewsky N, 
Spinazzola A, Schuelke M, Perstein E, Rossi A, Distelmaier F, Holt IJ, Pless O, Rose CR, del 
Sol A, Prigione A 

Abstract 

Mitochondrial disease encompasses untreatable conditions affecting tissues with high 
energy demands. A severe manifestation of mitochondrial disease is Leigh syndrome 
(Leigh), which causes defects in basal ganglia and midbrain regions, psychomotor 
regression, lactic acidosis, and early death. We previously generated isogenic pairs of Leigh 
cerebral organoids and uncovered defects in neuromorphogenesis. Here, we leveraged on 
this disease feature to devise drug discovery pipelines. We developed a deep learning 
algorithm tailored for cell type-specific drug repurposing to identify drugs capable of 
promoting neuronal commitment. In parallel, we performed a survival drug screen in yeast 
and validated the repurposable hits on branching capacity in Leigh neurons. The two 
approaches independently highlighted azole compounds, Talarozole and Sertaconazole, 
both of which lowered lactate release and improved neurogenesis and neurite organization 
in Leigh midbrain organoids. Hence, targeting neuromorphogenesis has led to identify 
potential new drugs for mitochondrial disease and could prove an effective strategy for 
further drug discovery. 

Journal: Nature Communications (reviewers comments received) 

Publication status: preprint available in BioRxiv, manuscript in preparation for 
resubmission after revision to Nature Communications 

DOI of preprint: https://doi.org/10.1101/2024.07.08.602501  

Contribution:  

Establishment, execution, and analysis of high-content imaging assay to measure 
neuromorphogenesis defects on patient-derived iNs carrying SURF1 mutations. Execution 
and analysis of validation of drug compounds on neuronal morphogenesis. 

Establishment, execution, and analysis of drug discovery platform using midbrain 
organoids carrying SURF1 mutations (semiautomated image analysis pipeline for organoid 
size, lactate release, immunohistochemistry analysis and preparation for single-cell RNA 
sequencing).  

Conceptualization and preparation of the manuscript, including figure design, 
visualization, writing and review.  
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Figure 4 
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The discussion of this thesis is divided into four sections.  

 

4.1: DEVELOPMENT OF HIGH CONTENT IMAGED-BASED NEUROMORPHOGENESIS PIPELINE TO 
ASSESS DEFECTS IN LEIGH SYNDROME 

This section discusses the development of the pipeline published by Lickfett S, et al 2022 and its 
application to identify neuromorphogenesis defects in LS, reported in Menacho et al., 2024 (in 
revision).  

  

4.2: ESTABLISHMENT OF MIDBRAIN DOPAMINERGIC ORGANOIDS FOR DISEASE MODELLING 
AND DRUG DISCOVERY 

This section evaluates the use of midbrain organoids as a disease-relevant 3D model to study 
defective neuronal morphogenesis linked to mitochondrial dysfunction in the context of  HD 
(Lickfett et al., 2024) and LS (Menacho et al., 2024, in revision).  

 

4.3: DRUG DISCOVERY PIPELINES IN LS IDENTIFY AZOLE COMPOUNDS  

The full content of this section discusses the results submitted by Menacho et al., 2024 to Nature 
Communications (currently in revision) addressing the discovery of azole compounds for the 
treatment of LS phenotypes. 

 

4.4: DECIPHERING THE MECHANISM OF ACTION OF AZOLE COMPOUNDS 

This section evaluates the potential mechanism of action by which azole compounds ameliorate 
LS phenotypes and addresses the limitations of the results in Menacho et al., 2024 (in revision).
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4.1. DEVELOPMENT OF HIGH CONTENT IMAGING-BASED 

NEUROMORPHOGENESIS PIPELINE TO ASSESS DEFECTS IN LS 

4.1.1. Development of a high-content imaging analysis pipeline to assess 
neuronal morphogenesis 

With the ultimate goal of performing phenotypic-based drug discovery for LS (Menacho et 
al., in revision), I first developed a pipeline to measure neuronal morphogenesis in iNs in 
a HCI manner (Lickfett et al., 2022). This semi-automated pipeline to measure neuronal 
morphology was developed using CellProfiler, a free, open-source software (Carpenter et 
al., 2006). This software is designed to automatically measure specific phenotypes from a 
large quantity of images using advanced algorithms available as individual modules that 
can be placed in sequential order to form a pipeline. Thus, CellProfiler allows the 
democratization of image analysis regardless of coding experience and without excessive 
costs.  

Our published protocol provides an adaptable pipeline to measure neurite outgrowth by 
following the sequential process of (i) identifying cell nuclei using the “identify primary 
objects module”, (ii) identifying neurites (dendrites or axons, depending on the staining 
used) arising from those previously identified nuclei by employing the “identify secondary 
objects” module; and finally (iii) isolating neurites from the soma by using the “identify 
tertiary objects” module. These objects (neurites) can then be skeletonized to reduce their 
essential geometric features to quantify the total neurite length, number of trunks, number 
of branching points and number of endpoints (Lickfett et al., 2022).  

The adaptable protocol follows the classic methodology used by most morphometric 
approaches. This methodology involves determining the nucleus and soma of the cell as 
the origin point to identify branches emanating from it (Haas et al., 2016). Traditionally, 
such neurite tracing has been performed manually to achieve the most accurate results, 
using programs such as Neurolucida (MicroBrightField) or IMARIS (Oxford instruments). 
Despite its accuracy, manual tracing of neurites is a laborious, highly time-consuming task 
best suited for smaller datasets rather than for high-throughput analysis.  

Similarly, manual Sholl analysis has been the gold-standard method to quantitatively 
describe the degree of complexity of dendrite arborization in the field of neuronal 
morphometrics. Sholl analysis (Sholl, 1953) consists of drawing concentric spherical 
circles from the soma and counting the intersections of axons and dendrites at increasing 
distances from the soma. While informative, manual Sholl analysis requires sparse 
neuronal cultures and is a time-consuming process that limits the number of analyzable 
cells.  
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In disease modeling and drug discovery, HCI combined with semi-automated and 
automated algorithms enables rapid, unbiased quantification of neurite metrics. Private 
software for image analysis, such as CellInsight (ThermoFisher) and Columbus 
(PerkinElmer), offer user-friendly programs with specific features to ease neurite tracing. 
However, these systems often require extensive parameter optimization, resulting in high 
costs for the user, limiting their accessibility. Instead, free semi-automated ImageJ plugins 
such as NeuroJ (Meijering et al., 2004), NeuriteTracer (Pool et al., 2008), or SNT  (Arshadi et 
al., 2021) are available to everyone. Recently, even semi-automated methods of the 
classically used Sholl analysis have become available  (Ferreira et al., 2014; Schmuck et 
al., 2020). However, these require isolated and poorly connected neurons for proper 
identification, in addition to trained personnel with coding experience for analysis (Binley 
et al., 2014; Ferreira et al., 2014; Schmuck et al., 2020).  

While CellProfiler provides a powerful tool for HCI analysis, the dynamic tracing of neurite 
outgrowth requires live-cell imaging approaches. Neuronal morphogenesis is a dynamic 
process characterized by extensive branch turnover, ultimately shaping the mature 
neuronal architecture. Fully understanding how neurons establish their complex 
arborization requires dynamic morphometric measurements to track structural changes 
over time.  

Live-cell imaging techniques, such as time-lapse microscopy, combined with semi-
automated software like Incucyte Neurotrack (Sartorius), offer a means to monitor neurite 
outgrowth in real time. While this system enables neurite tracing using phase-contrast 
imaging, fluorescence microscopy provides more reliable results, particularly in 
multicellular cultures or under experimental treatments. However, a major limitation of 
live-cell neuronal tracking is its inability to distinguish neuronal progenitors from more 
committed iPSC-derived neurons. Genetic labeling or the delivery of fluorescent plasmids 
could enhance cell-type specificity in these cultures. In our hands, however, lentiviral-
mediated GFP expression did not yield optimal results for downstream analysis, as 
differences in proliferation rates between cell lines and aberrant marker distribution in 
patient-derived neurons introduced variability (not shown). 

We selected CellProfiler as a free, semi-automated software capable of analyzing large 
datasets that allows the creation of adaptable pipelines for the fast and unbiased 
quantification of neurites in highly connected iPSC-derived neuronal cultures. Using this 
pipeline, we were able to assess the effect of genetic manipulation of selected genes in the 
context of Huntington’s disease neuropathology  (Lisowski et al., 2024) and I was able to 
determine neuromorphogenesis defects in SURF1-mutant iNs that were used as a 
phenotype for drug discovery (Menacho et al., in revision). Its adaptability makes the 
pipeline suitable for multiple experimental designs, from different differentiation protocols 
(small molecule-derived, lentiviral-based) to different starting points (iPSCs, NPCs) and 
different morphological readouts (outgrowth vs morphogenesis).  
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While CellProfiler provides a cost-effective and adaptable solution, it has its limitations. Its 
user interface may require a steeper learning curve compared to commercially available 
software. In addition, while its predefined modules ease the task of image analysis for 
people with little experience in the field, highly customized analysis may still require 
additional scripting using Python or MATLAB. Furthermore, while it succeeds at HCI 
analysis, it may encounter its limitations in distinguishing individual neurites in highly 
overlapping networks, which could introduce variability in experimental conditions. 

Despite presenting these limitations, this pipeline could be adapted to other 
neurodevelopmental and neurodegenerative disorders, as well as be used for toxicity 
assays  (Zink et al., 2020) or to assess the effect of gene manipulation in neurite branching 
(Lisowski et al., 2024). 

Given the growing interest in phenotypic screening and personalized medicine, integrating 
this semi-automated approach with machine learning-based image analysis could further 
enhance its potential in drug discovery, leveraging the strengths of both methods. For 
instance, CellProfiler relies on thresholding and morphological operations for neurite 
detection, which can be challenging with overlapping neurites and high background 
fluorescence. However, it requires minimal manual input and does not depend on a large, 
well-annotated training dataset, which can be time-consuming to generate and may not 
always be feasible for certain applications. Thus, incorporating deep learning-based 
segmentation models for neurite detection could improve measurement accuracy while 
maintaining the accessibility of CellProfiler. Additionally, a hybrid approach could enhance 
the interpretation and classification of complex cellular phenotypes, making it more 
powerful for large-scale experiments and broadening the scope of its applications. 

4.1.2. Neuromorphogenesis defects in LS as a target for drug discovery 

Given the need to discover new mechanistic targets in the treatment of LS, I explored 
whether the observed neuromorphogenesis defects in SURF1-derived neurons could serve 
as a target in a phenotypic-based drug screen. To conduct this screen, I employed a robust, 
scalable model to differentiate neurons in a fast and reproducible manner, via the 
overexpression of NGN2 transcription factor.  

Following the original protocol, I employed a lentiviral delivery system for the constitutive 
expression of rtTA and tetracycline-inducible expression of NGN2 driven by tetO promoter 
(Zhang et al., 2013). However, the classic NGN2 protocol bypasses the neural progenitor 
state, which is critical in normal neurodevelopment. This limitation is particularly relevant 
for modeling LS, where NPCs are primarily affected (Inak et al., 2021; Lorenz et al., 2017). 
To overcome this drawback, I adapted the protocol and used NPCs as the starting point of 
the assay. Additionally, I excluded the use of astrocytes to see the intrinsic cellular factors 
impairing neuronal morphogenesis.  

Using this adapted approach and the published CellProfiler pipeline (Lickfett et al., 2022), 
I identified a decrease in neuronal morphogenesis as early as five days after NGN2 
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induction, characterized by a significant decrease in the number of neurons and a 
tendency towards displaying shorter neurites (Menacho et al., in revision).  

Neuronal morphogenesis is an energetically demanding process that requires proper 
mitochondrial functionality and its impairment affects neuronal development (Brunetti et 
al., 2021; Lisowski et al., 2018; Rangaraju et al., 2019; Schon & Przedborski, 2011; Trigo et 
al., 2022).  

Accordingly, an alteration of neuronal morphogenesis has not only been shown in SURF1-
deficient models (Inak et al., 2021; Menacho et al, in revision) but also in other patient-
derived stem cell neuronal models of primary mitochondrial disease. MERRF (Myoclonic 
Epilepsy with Ragged Red Fibers)-derived neurons with mutated tRNALys (m.8344A>G) gene 
exhibited a slower growth rate with reduced expression of synaptic proteins (Wu et al., 
2023). Retinal ganglion cells carrying m.11888G>A mutation in MT-ND4 gene displayed 
shorter neurite length with fewer connections (Wu et al., 2018). Shorter dendrites with 
fewer branches containing fewer synapses were also observed in iNs with high 
heteroplasmy levels for mtDNA mutation m.3243A>G (Klein Gunnewiek et al., 2020). In 
addition, organoids carrying the same m.32434A>G mutation exhibited severe alteration of 
motor neuron differentiation linked to hyperactive Notch signaling (Winanto et al., 2020), 
which has been shown to maintain progenitor states (Tan et al., 2016).  

Collectively, these reports suggest that altered neuromorphogenesis is a shared 
neuropathological feature across different primary mitochondrial disorders, highlighting 
the importance of this phenotype for therapeutic intervention.  

In this thesis, I furthermore aimed to identify drug compounds that would improve neuronal 
morphogenesis in patient-derived iNs carrying SURF1 mutations. To assess their efficacy, I 
evaluated selected compounds in modulating early neuromorphogenesis after a single 
dose at three different drug concentrations. This setup prioritizes the identification of 
compounds that directly impact neuronal morphogenesis and may overlook those that 
could eventually correct the morphogenesis defects over time.  

Consequently, this study serves as a hypothesis-driven drug discovery effort, leveraging 
human neurons to screen compounds previously identified in two independent 
approaches: (i) a deep-learning screen designed to retrieve compounds that enhance 
neuronal cell fate commitment based on single-cell RNA sequencing (scRNA-seq) data 
from SURF1 and control cerebral organoids (Inak et al., 2021); and (ii) a SHY-knockout yeast 
screen used to identify repurposable compounds that increase viability (Menacho et al., in 
revision). The integration of these two screens with the iNs morphogenesis validation led 
to the identification of two main compounds: Talarozole and Sertaconazole. Both 
compounds increased neuronal number and neurite length following a single 10 µM dose, 
while higher concentrations (50 µM) were toxic.  

Talarozole and Sertaconazole belong to the chemical class of azole compounds, 
characterized by the presence of a ring structure containing a nitrogen atom and at least 
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one other non-carbon atom. Interestingly, multiple azole compounds were among the top 
candidates in the yeast viability screen. This class of compounds, widely used as antifungal 
agents within the medical field, have been shown to influence neuronal health, displaying 
both neurotoxic and neuroprotective effects (Giorgi et al., 2015; Hennegan et al., 2024; 
Jang et al., 2014; Sherman & Bang, 2018; Toodle et al., 2022). The specific outcome may 
depend on the dosage and duration of exposure, but more importantly on which azole 
compound is being tested.  

To fully validate the beneficial effects of Talarozole and Sertaconazole in aiding neuronal 
morphogenesis in the context of LS, I proceeded to test the effects of long-term treatment 
with these azoles on 3D MOs (Menacho et al., in revision; discussed in section 4.2). This 
validation would provide a more physiologically relevant setting to determine whether the 
observed effects on neuronal morphogenesis in iNs extend to other populations and 
functions. 

Although evaluating the effects of Talarozole and Sertaconazole on neuronal functionality 
was beyond the scope of this thesis, it would be valuable to determine whether these 
compounds enhance the electrophysiological properties of iNs. Patient-derived SURF1 
midbrain dopaminergic neurons showed electrophysiological defects consistent with their 
decreased maturation levels (Inak et al., 2021). Using multi-electrode arrays (MEA), patch-
clamp or calcium imaging in combination with transcriptomic analysis would assess 
whether the observed structural changes could translate into functional recovery and shed 
some light onto the molecular changes leading to improvement. 

In the context of mitochondrial diseases, this strategy was employed by Gunnewiek and 
colleagues to assess the effect of the novel antioxidant Sonlicromanol in restoring the 
electrophysiological dysfunction of m.32434A>G iNs (Klein Gunnewiek et al., 2021). 
Neurons with high heteroplasmy level for m.32434A>G display reduced OXPHOS with 
downregulation of synaptic markers and less mitochondria at presynaptic sites, leading to 
altered neuronal network activity (Klein Gunnewiek et al., 2020, 2021). In this article, 
Sonlicromanol partially reversed this phenotype, providing molecular and functional 
evidence for potential positive effects exerted on neuronal-specific function reported in a 
previous study (Janssen et al., 2019). Sonlicromanol is currently under clinical trial for the 
treatment of MELAS (Smeitink et al., 2025).  

The phenotypic pipeline developed in this study could be broadly applicable to other 
mitochondrial diseases, as iPSC-derived neuronal models of conditions such as LS, 
MELAS, MERRF, and LHON commonly exhibit defects in neuronal morphogenesis and 
synaptic function (Inak et al., 2021; Klein Gunnewiek et al., 2020; Menacho et al., in 
revision.; Wu et al., 2023; Yang et al., 2020). In this context, targeting neuronal 
morphogenesis represents a novel therapeutic avenue for these disorders. Moreover, 
integrating this phenotypic approach with functional assays would strengthen the 
therapeutic outcome and enhance its utility in defining key molecular pathways to tackle 
mitochondrial diseases.  
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4.2. MIDBRAIN DOPAMINERGIC ORGANOIDS FOR DISEASE 

MODELLING AND DRUG DISCOVERY 

4.2.1. Generation and characterization of NPC-derived MOs 

NPC-derived MOs from control iPSC lines were grown and characterized after 30 days of 
differentiation using immunostaining and scRNA-seq.  

Immunostaining of day 30 MOs indicated the presence of a high proportion of neurons, 
shown by the expression of MAP2 and NeuN, co-existing with a population of neural 
precursor cells, identified by the expression of SOX2 and NESTIN (Menacho et al., in 
revision). Differentiation towards a dopaminergic fate was confirmed by assessing the 
expression of tyrosine hydroxylase (TH), the rate-limiting enzyme in dopamine synthesis, 
and the expression of NURR1, a transcription factor known to drive the dopaminergic fate 
(Sakurada et al., 1999; Zetterstrom et al., 1997). 

Unlike the cortex, the midbrain does not display the typical layer organization observed in 
cortical structures which can be replicated when generating cerebral and cortical 
organoids (Lancaster et al., 2013; Pasca et al., 2015). Instead, NPC-derived MOs displayed 
a self-organized and homogeneous structure with neural progenitors primarily populating 
the core, while a dense layer of neurons formed in the periphery (Renner et al., 2020).  

Analysis of scRNA-seq of MOs at day 35 of differentiation identified four populations based 
on their different degree of maturation, consisting of (i) proliferative progenitors, (ii) 
progenitors, (iii) maturing neurons, and (iv) mature neurons. Mature neurons comprised 40-
60% of the total population (Lisowski et al., 2024). Benchmarking of our MOs to previously 
published NPC-derived MOs (Zagare et al., 2022) revealed that our organoids contained 
30.9% midbrain dopaminergic neurons (mDANs), compared to day 35 and day 70 MOs 
containing 7.6% and 20.2% mDAN, respectively (from Zagare et al., 2022) (Menacho et al., 
in revision). Thus, given our primary focus on early neuronal pathology and dopaminergic 
vulnerability, we identified days 28-35 as suitable time points to investigate the disease 
phenotypes caused by our mutations of interest in MOs. 

A clear limitation of using this early time point for analysis is the reduction in cellular 
complexity, as seen by the absence of astrocytes. Our scRNA-seq identified a population 
expressing glial markers (14.2% of cells), which clustered with progenitors, suggesting a 
radial glial-like transcriptomic profile rather than mature astrocytes (Kriegstein & Alvarez-
Buylla, 2009). Gliogenesis occurs at later stages of development after neurogenesis occurs  
(Kriegstein & Alvarez-Buylla, 2009). Thus, longer culturing would be required to obtain 
astrocytes in MOs (Zagare et al., 2022; Monzel et al., 2017; Renner et al., 2020). While the 
presence of astrocytes would enhance the biological relevance of the model, the use of 
early time points of differentiation allowed the study of progenitor- and neuronal-specific 
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phenotypes and drug responses without adding additional complex inter-cellular 
interactions. 

Despite reduced cellular complexity, MOs were shown to be functional at early stages of 
development (Renner et al., 2020). Calcium imaging using Fura-2 AM revealed 
spontaneous calcium signals in ~50% of cells, indicating viable and functional neurons 
(Menacho et al., in revision). However, the observed calcium signals lacked synchronicity, 
a hallmark of network activity. This is likely due to the early time-point analyzed and the 
consequent absence of astrocytes, which are essential for synapse formation and 
maturation, enhancing neuronal connectivity and network (Slezak & Pfrieger, 2003). 

In summary, NPC-derived MOs offered a homogeneous viable cell population enriched 
with dopaminergic neurons in a short time. While lacking cellular complexity, this model 
provides a robust and cost-effective platform for studying early neuronal defects in the 
context of mitochondrial dysfunction in HD and LS. 

4.2.2. NPC-derived MOs for the study of mHTT in neurodevelopment 

HD is a neurodegenerative disorder affecting the striatum and substantia nigra, caused by 
CAG expansions in the HTT gene. Wild-type (WT) HTT is involved in neuronal differentiation, 
axonal growth, and synaptic plasticity (Buren et al., 2016; Reiner et al., 2003; Trushina et 
al., 2004; Usdin et al., 1999).  To gain mechanistic insights into how mHTT impacts human 
development, we generated neurons and organoids from engineered isogenic iPSC lines 
where mHTT with 70Q length was introduced in both HTT alleles (Lisowski et al., 2024). In 
this work, I contributed by generating MOs from wild-type (WT/WT) and mutant (70Q/70Q) 
NPCs, performing immunostainings and preparing samples for scRNA-seq. 

MOs with 70Q/70Q HTT exhibited reduced size and an increased proportion of mature 
neurons over progenitors and proliferative progenitors based on scRNA-seq analysis 
(Lisowski et al., 2024). The observed premature neuronal differentiation likely depleted the 
progenitor pool, impairing proliferation and impacting the overall size of these organoids. 
Similar effects of mHTT altering the proliferation of neural progenitors and accelerating 
neuronal commitment have been reported in mice and human fetuses (Barnat et al., 2020; 
Molina-Calavita et al., 2014). Additionally, a premature commitment and posterior 
imbalance of neuronal composition and function have also been observed in other 
disorders, such as Parkinson’s disease (Zagare et al., 2022) and ASD (Paulsen et al., 2022; 
Pigoni et al., 2023). 

Given mitochondria’s key role in regulating stem cell proliferation, maintenance, and 
differentiation (Khacho et al., 2019), the premature neuronal commitment observed in our 
HD brain organoid models may be linked to mitochondrial dysfunction. Further 
experiments on 70Q/70Q neural cells revealed a mitochondrial dysfunctional signature 
consisting of disrupted mitochondrial dynamics, cristae morphology, and bioenergetic 
dysfunction with alterations of RC IV of ETC (Lisowski et al., 2024). Specifically, 70Q/70Q 
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NPCs exhibited mitochondrial cristae oriented longitudinally to the OMM instead of 
transversally (Lisowski et al., 2024). This abnormal orientation of mitochondrial cristae 
could disrupt the optimal spatial organization of the ETC, leading to impaired OXPHOS and 
compromising the overall mitochondrial function. The alteration of mitochondrial cristae 
has been suggested to be caused by the presence of mHTT (Costa et al., 2010; Hering et 
al., 2017). Consequently, the ablation of the polyQ tail in 0Q/0Q NPCs led to the restoration 
of normal cristae direction (Lisowski et al., 2024).  

Our findings show the existence of a neurodevelopmental defect preceding the presence 
of mHTT aggregates and neurodegeneration in our organoid models (Lisowski et al., 2024), 
supporting similar evidence of neurodevelopmental alterations in HD fetuses and iPSC-
derived neural models  (Barnat et al., 2020; Kaye et al., 2022; Reiner et al., 2003). 

Identifying how mHTT alters the neurodevelopmental process might be key to developing 
new therapeutic avenues. Our transcriptomic analysis across different 
neurodevelopmental stages identified a consistently downregulated signature in mHTT 
models: the mitochondrial protein CHCHD2. Accordingly, immunostainings of 70Q/70Q 
MOs exhibited decreased expression of CHCHD2 protein when compared to WT/WT 
organoids (Lisowski et al., 2024). Overexpression of CHCHD2 ameliorated the 
mitochondrial morpho-dynamics defects observed in 70Q/70Q NPCs, suggesting that 
mHTT could lead to CHCHD2 dysregulation, which in turn impairs mitochondrial function 
and eventually affects neuronal commitment. Accordingly, future studies could explore the 
therapeutic potential of CHCHD2 modulation and its capacity to restore normal progenitor 
dynamics and neuronal commitment.  

Despite these alterations, neurogenesis still occurred in the presence of mHTT, but the 
functionality of these neurons was not tested. Given that early synaptic and network 
dysfunctions have been reported in other HD models (Milnerwood & Raymond, 2010), it is 
plausible that neurons derived from 70Q/70Q NPCs may exhibit functional deficits. 
Similarly, premature commitment of progenitors has been shown to affect neuronal 
diversity and functionality in organoid models of ASD (Paulsen et al., 2022). Additionally, 
these alterations may increase these neurons' susceptibility to stress, ultimately making 
them vulnerable to degeneration.  

In HD, the selective vulnerability of striatal and midbrain dopaminergic neurons to 
neurodegeneration has been the hallmark of the disease. Future investigations will 
determine whether mHTT disrupts dopaminergic differentiation in our MO models. 
Moreover, the interplay between mitochondrial dysfunction, CHCHD2 downregulation, 
and dopaminergic vulnerability could be further explored. 

Finally, human MOs offer a valuable platform for screening potential therapeutic 
interventions. Subsequent studies could assess whether pharmacological strategies 
restoring mitochondrial morpho-functional alterations – such as rescuing CHCHD2 
expression – can correct the faulty neuronal commitment observed in our work. Combined 
with functional assessments of dopaminergic neurons, this technology could provide 
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critical insights into early neuronal dysfunction and novel therapeutic targets to prevent or 
delay the onset of HD. 

4.2.3. Modelling LS with MOs 

In this project, I devised a workflow to compare MOs derived from LS patients to their 
isogenic controls, aiming to discover disease-relevant phenotypes to test potential 
treatments (Menacho et al., in revision). To accomplish this, I utilized whole-aggregate-
based readouts, such as size and lactate release, which enabled long-term monitoring of 
live-cell MOs throughout their differentiation. Additionally, I performed endpoint analysis, 
including molecular, histological, and functional assessments, to investigate the neuronal 
populations. 

Brain organoid size is commonly employed as a proxy to mimic mega- and microcephaly in 
vitro (Lancaster et al., 2013; Mariani et al., 2015), as these phenotypes are linked to 
progenitor proliferation levels within the organoid. Cerebral organoids carrying SURF1 
mutations exhibited an imbalance between proliferation and maturation (Inak et al., 2021). 
Consistently, LS MOs showed aberrant size and an increased growth rate. This increase 
was apparent during the first phase of the protocol, when NPCs remained proliferative, and 
persisted during the maturation phase, when precursor cells should commit to the 
neuronal fate and abandon the cell cycle.  

Increased proliferation is often accompanied by higher metabolic expenditure linked to a 
glycolytic profile over mitochondrial OXPHOS. Patient-derived MOs produced and 
secreted higher lactate in the media compared to their isogenic controls (Menacho et al., 
in revision). This increased lactate production mirrors the elevated lactate concentration 
in blood and cerebrospinal fluid observed in patients with SURF1 mutations (Sofou et al., 
2014; Stenton et al., 2022; Wedatilake et al., 2013) and presents a potential biomarker for 
assessing pharmacological interventions early in the differentiation without disrupting the 
organoid integrity. 

Beyond its role as a glycolytic byproduct, lactate functions as a signaling molecule 
regulating diverse cellular processes such as inflammation and synaptic function (Li et al., 
2022; Wu et al., 2023). Increased lactate production has been linked to aberrant 
proliferation in cancer (Li et al., 2022) and to neurodegeneration in various diseases (Wu et 
al., 2023), but also exhibits neuroprotective effects against oxidative stress (Tauffenberger 
et al., 2019). In our system, we hypothesized that the elevated lactate levels observed on 
day 9 suggest an underlying metabolic defect, consistent with the aberrant glycolytic 
profile previously reported in NPCs carrying SURF1 mutations (Inak et al., 2021; Menacho 
et al, in revision).  

Building on our hypothesis that SURF1 mutations promote a hyperproliferative, glycolytic 
state in neural progenitors, we assessed neuromorphogenesis defects in LS MOs. 
Evaluation of neuronal morphogenesis via immunostaining of microtubule-associated 
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protein, MAP2, and the pan-axonal marker SMI312, revealed an aberrant neurite 
organization of both dendrites and axons, respectively, and a qualitative decrease in 
neurite number (Menacho et al., in revision). SURF1 neurons failed to form proper 
connections across the entire organoid, instead clustering into regionally restricted 
networks. These results are in line with published reports of disorganized cytoarchitecture 
and dysregulated expression of neuronal markers in LS brain organoids (Inak et al., 2021; 
Romero-Morales et al., 2022). 

The use of region-specific brain organoids enables the study of desired neuronal 
populations such as the midbrain dopaminergic neurons. LS MOs showed a significant 
reduction in TH intensity, indicating a decreased population of dopaminergic neurons. 

However, solely basing the presence of dopaminergic neurons on TH expression at a single 
point impedes discerning whether this reduction stems from a failure to commit to the 
dopaminergic lineage, a lack of TH expression, impaired maturation, or the progressive loss 
of this neuronal subtype. This organelle is essential for maintaining calcium and reactive 
oxygen species homeostasis, regulating stemness, and controlling apoptosis (Picard & 
Shirihai, 2022). Given their involvement in these vital functions, it is not surprising that 
mitochondrial dysfunction is linked with a variety of human diseases (Suomalainen & 
Nunnari, 2024) 

This is particularly evident for neurological disorders, where mitochondrial alterations have 
been reported in neurodevelopmental conditions such as ASD, Rett syndrome, and Fragile 
X syndrome (Khaliulin et al., 2025; Rojas-Charry et al., 2018; Valenti & Vacca, 2023). 
However, the calcium dynamics in LS MOs were significantly altered, displaying reduced 
time to peak and increased peak amplitude compared to controls. These differences in 
calcium events may result from developmental stage disparities between patient and 
control neural cells, or an intrinsic dysregulation of calcium homeostasis in the cell.  

Further experimental analysis would be required to answer this question. Nevertheless, it 
is not farfetched to hypothesize a possible dysregulation in calcium homeostasis given the 
role of mitochondria in calcium buffering and the tight link between mitochondrial ATP 
production and calcium homeostasis (Rizzuto et al., 2012). In fact, Surf1KO mice and 
Drosophila have been shown to display impaired mitochondrial calcium buffering (Da-Rè 
et al., 2014; Dell’Agnello et al., 2007). Moreover, human models of LS carrying mutations in 
complex I (NDUFS4, MT-ND5) and complex V (MT-ATP6 gene) that displayed reduced ATP 
production and altered mitochondrial membrane potential also exhibited altered calcium 
homeostasis (Galera-Monge et al., 2020; Lorenz et al., 2017; Visch et al., 2006). These 
findings suggest that mitochondrial dysfunction in LS could contribute to the observed 
calcium signaling abnormalities. 

Despite harboring the mutation since birth, the onset of symptoms in infants with LS 
typically occurs after an episode of metabolic decompensation – such as infection or 
malnutrition – that challenges the system beyond its capacity to recover. To mimic such 
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metabolic decompensation in vitro, we applied a 2-minute metabolic stressor that 
transiently inhibited glycolysis and OXPHOS, and then we assessed the response of control 
and patient-derived MO using calcium imaging. The metabolic stressor comprised 
glucose-free artificial cerebrospinal fluid (ACSF), the glycolytic inhibitor 2-deoxyD-glucose 
(2-DG), and the complex IV blocker sodium azide.  

Metabolic stress induced a rapid increase in intracellular calcium concentration in both 
control- and patient-derived MOs, as previously reported in control cortical organoids 
(Petersilie et al., 2024). However, LS MOs exhibited reduced peak amplitude and a shorter 
decay time, suggesting an altered response to metabolic stress (Menacho et al., in 
revision). This differential response to metabolic stress could be due to a differential 
expression or function of calcium channels, baseline intracellular calcium levels, or other 
compensatory mechanisms. While our current setup does not resolve the underlying 
cause, we speculate that such differences may influence neuronal vulnerability or 
resilience to metabolic insults. For instance, Surf1KO mice exhibited increased resistance 
to glutamate-induced, calcium-mediated excitotoxicity, suggesting that altered calcium 
homeostasis may confer differential susceptibility to stress (Dell’Agnello et al., 2007). 

Altogether, our findings highlight key metabolic and functional abnormalities in LS MOs 
carrying SURF1 mutations. One caveat of this study is the lack of targeted functionality 
assays, such as addressing network functionality via MEA assay or assessing dopamine 
release, which requires a higher degree of maturation that could only be reached with 
longer culturing times. Additionally, the analysis of the cellular composition of patient-
derived MOs with scRNA-seq could shed some light on the observed differences in 
dopaminergic neurons and help identify key dysregulated pathways in this model. While 
future studies could delve deeper into functionality assays, the findings presented in this 
work pave the way for drug validation in patient-derived organoids, exhibiting a high 
potential therapeutic value to improve the outcome of drug discovery processes.  
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4.3. DRUG DISCOVERY PIPELINES IN LS IDENTIFY AZOLE 

COMPOUNDS 

In section 4.I, I described the development of a HCI analysis platform to measure neuronal 
morphogenesis in NPC-derived iNs and its application in validating hit compounds 
identified in two independent screening approaches: an in silico drug screening and an in 
vitro screening in yeast. 

The first screening utilized a deep-learning neural network trained to identify compounds 
that enhance neuronal cell fate commitment. This model identified transcription factors 
that were differentially expressed in the scRNA-seq of SURF1 and isogenic control cerebral 
organoids (from Inak et al., 2021). This algorithm predicted a total of 27 compounds 
targeting pathways involved in cell fate differentiation, either from radial glia to neuronal 
intermediate progenitors (strategy 1) or directly from radial glia to neuron (strategy 2). From 
this list, I tested nine compounds at three different concentrations and identified 
Talarozole as the most effective compound, promoting neurogenesis and increasing 
neurite length of LS iNs (Menacho et al., in revision).  

The second screening leveraged a mutant strain for the SURF1 homologue in yeast that was 
systematically tested against a library of 2,500 compounds in a viability assay. Among the 
top 50 hit compounds, many belonged to the azole family. From this subset, I selected and 
tested four compounds in Leigh iNs, and identified Sertaconazole as the most effective in 
enhancing neuronal morphogenesis (Menacho et al., in revision).  

Following the identification of Talarozole and Sertaconazole in the 2D iN model, I examined 
their long-term effects in 3D MOs to assess whether their impact on neuronal 
morphogenesis extends to more physiologically relevant models. First, I determined the 
maximum tolerated dose that did not cause significant cell loss, as assessed by a viability 
assay. This resulted in 0.1 µM Sertaconazole and 1 µM Talarozole being selected for further 
experiments (Menacho et al., in revision). These concentrations were used to evaluate 
whether four weeks of treatment could rescue the organoid size reduction, elevated lactate 
release, defective connectivity and TH expression observed in LS MOs (Menacho et al., in 
revision). 

Four-week treatment with Talarozole and Sertaconazole resulted in a reduction of size and 
lactate release in LS MOs, although the defects were not fully restored to control levels 
(Menacho et al., in revision). Treatment qualitatively improved neuromorphogenesis 
defects, with increased dendritic and axonal connections observed across the organoid 
structure (Menacho et al., in revision). Additionally, Talarozole significantly increased TH 
expression, as measured by immunostaining intensity, suggesting an effect on 
dopaminergic neuron differentiation or survival (Menacho et al., in revision). These findings 
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suggest that Talarozole and Sertaconazole improve neuronal morphology and some 
metabolic parameters in LS MOs, albeit without fully correcting the underlying 
mitochondrial dysfunction.  

This partial rescue implies that both compounds may modulate downstream cellular 
pathways, and several key questions remain to be addressed. For instance, the observed 
reduction in organoid size and lactate release could indicate the correction of the aberrant 
hyperproliferative profile that LS NPCs exhibited in previous reports  (Inak et al., 2021). To 
follow up on this, proliferation assays could clarify whether the treatment affects cell cycle 
dynamics.  

In addition, further metabolic analysis could assess whether long-term treatment with 
these compounds promotes any metabolic rewiring in these organoids. For instance, 
performing a metabolic profile with the Seahorse 3D assay could shed some light on the 
mechanisms by which long-term treatment with Talarozole and Sertaconazole leads to 
decreased lactate release. Given that cell fate commitment requires a metabolic shift that 
is impaired in mitochondrial diseases (Brunetti et al., 2021), it would be interesting to 
understand whether pushing fate commitment would elicit any metabolic rewiring.  

The collective results suggest that long-term treatment with Talarozole and Sertaconazole 
increases neuronal cell fate commitment and the presence of dopaminergic neurons (after 
treatment with Talarozole), albeit additional experiments are needed to corroborate these 
findings. In this regard, scRNA-seq could help determine whether treatments alter the 
population distribution between NPCs and neurons, and whether there is an increase in 
the percentage of dopaminergic neurons based on the expression of a subset of markers. 
This is crucial because increased TH intensity may not necessarily correspond to an 
increase in the number of dopaminergic neurons. In fact, the observed increase in TH could 
stem from enhanced neurogenesis or reduced neuronal apoptosis. Assessing markers of 
cell death and neuronal survival would further elucidate these possibilities. 

Our assessment of neuromorphogenesis changes after treatment is limited by the lack of 
imaging parameters that could fully capture the differences between patient and control 
organoids in connectivity and neurite content.  

Future improvements on image acquisition and analysis with machine learning programs 
may be able to better capture the differences in neurite distribution and content. For 
instance, the use of free algorithms for unsupervised image analysis, such as CellProfiler 
Analyst, could help identify and classify unbiased patterns between “healthy”, “disease” 
and “treated” conditions without the need of predefining specific differential features such 
as signal intensity. One limitation for this kind of analysis is the need of having a training 
dataset so that the algorithm can rightfully categorize each image, for which a high number 
of organoids would be needed. To circumvent this and increase the throughput of this 
readout, it would be best to use automated systems for image acquisition, such is the 
Operetta HCI analysis system (Revvity), which has been previously used for compound 
screening in MOs  (Renner et al., 2021). 
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Finally, future experiments using longer culture conditions could assess neuronal 
connectivity defects via calcium imaging or MEA assay and determine specific functional 
readouts such as defects in dopamine release. Together, these functional analyses could 
address whether the beneficial effects of long-term treatment with Talarozole and 
Sertaconazole would eventually lead to improvements in neuronal maturation and proper 
synaptic activity.  

Despite presenting some limitations, this work identified two repurposable compounds for 
the treatment of LS phenotypes in MOs: Talarozole and Sertaconazole. An important 
consideration when evaluating the effects of the drugs and their translational potential is 
the timing of the treatment selected. In our model, Talarozole and Sertaconazole were 
administered during neurogenesis, enhancing neuronal fate commitment. However, in LS 
patients, the predominant phenotype observed is progressive neurodegeneration rather 
than impaired neurogenesis, with symptoms typically emerging in early childhood after an 
initial period of normal development (Rahman, 2023). Despite this, growing evidence from 
human iPSC-derived neural models of various mitochondrial disorders suggests defective 
neuronal development and maturation that could predispose neurons to greater 
vulnerability and ultimately lead to neurodegeneration (Brunetti et al., 2021; Heiduschka & 
Prigione, 2025; Henke et al., 2024). 

Advances in early diagnosis are now opening new windows for intervention during 
neurodevelopment, which could provide long-term neuroprotective benefits (Adelizzi et 
al., 2024; Bottani et al., 2020). Moreover, neurogenesis continues after birth and into 
adulthood, raising the possibility that these treatments could still be effective at later time 
points by promoting neuronal maturation and synaptic function—an aspect that warrants 
further investigation. Given that LS is characterized by both impaired neurodevelopment 
and neurodegeneration, a combination of treatments enhancing neuronal differentiation 
with those aimed at supporting neuronal survival could offer a more comprehensive 
therapeutic strategy. Defining the optimal treatment and the best time window will be 
critical for potential clinical applications.  

While iPSC-derived models offer valuable mechanistic insights, additional preclinical 
validation is necessary to determine whether enhancing neurogenesis could have a 
protective effect in vivo. In this regard, animal models such as the SURF1KO piglet, which 
exhibits early mortality and abnormal brain cytoarchitecture (Quadalti et al., 2018), could 
provide critical insights into whether these compounds improve functional outcomes in a 
more complex system.  

Future research should aim to integrate findings from in vitro and in vivo models to refine 
treatment strategies, ultimately determining whether targeting neurogenesis can provide 
long-term neuroprotection. Combining pharmacological approaches with metabolic 
interventions may further enhance therapeutic outcomes, offering new avenues for 
addressing LS and other neurometabolic disorders. 
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4.4. TALAROZOLE AND SERTACONAZOLE EXERT 

PLEIOTROPIC EFFECTS IN LS NEURAL MODELS 

4.4.1. CYP26 as common molecular target for azole compounds 

In this thesis, I devised a workflow to validate compounds aiding neuromorphogenesis in 
patient-derived 2D neurons using a HCI pipeline (discussed in section 4.1). Through this 
approach, I identified two compounds that increased neurogenesis in Leigh iNS: Talarozole 
and Sertaconazole. Further investigation in MOs carrying SURF1 mutations validated their 
ability to ameliorate the disease phenotype observed in these models (discussed in 
section 4.3). This partial rescue suggests that while these compounds may not correct the 
primary mitochondrial dysfunction, they modulate downstream cellular pathways. Thus, 
our phenotypic-based validation highlights new drug repurposing strategies, though further 
investigation into their mechanisms of action is crucial. 

Talarozole was identified through deep learning screening aimed at finding compounds 
that enhance cell fate commitment. This compound acts as an inhibitor of the cytochrome 
P450 enzyme CYP26 isoenzymes (CYP26A1 and CYP26B1), which degrade retinoic acid 
(RA), thereby elevating endogenous RA levels and enhancing its biological effects (Pavez 
Loriè et al., 2009; Sakamuru et al., 2024).  

Sertaconazole, an antifungal agent, was discovered via viability screening using a yeast 
model with mutations in the SURF1-homologue gene SHY. Sertaconazole selectively 
inhibits the fungal cytochrome P450 enzyme 14α-demethylase, disrupting ergosterol 
synthesis and compromising fungal cell wall integrity (Carrillo-Muñoz et al., 2013). While 
its selectivity for fungal CYP51 is much higher than for the human enzyme, Sertaconazole 
may still be able to impact cholesterol biosynthesis by inhibiting human CYP51, albeit with 
lesser effectiveness (Bélanger et al., 2011). 

Additionally, many azole antifungals (e.g., ketoconazole, fluconazole) are known to inhibit 
multiple CYP enzymes, including those involved in retinoid metabolism (Sakamuru et al., 
2024). Therefore, although Talarozole and Sertaconazole theoretically act through distinct 
pathways, they share structural similarities and target cytochrome P450 enzymes.  

Given these parallels, I investigated their cellular effects in tandem. In collaboration with 
Dr. Andrea Zaliani (Fraunhofer Hamburg), we compared the structural similarity of 
Talarozole and Sertaconazole and predicted their binding potential to the iron center of 
CYP26 enzymes. Using Talarozole’s conformation has template, this in silico modeling 
suggested that Sertaconazole could adopt a 3D conformation that could allow its 
interaction with the heme catalytic center of CYP26 with a score similar to the one obtained 
with Talarozole (Menacho et al., in revision). Consistently, treatment with both compounds 
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altered CYP26 gene expression in iNs, indicating a possible shared target (Menacho et al., 
in revision).  

Our bulk transcriptomic analysis of midbrain dopaminergic neurons (Inak et al., 2021) 
revealed elevated CYP26A1 and CYP26B1 expression, along with the downregulation of RA 
receptors (RARA, RARB, RORA, RORB) in SURF1 models (Menacho et al., in revision), 
indicating the dysregulation of the RA pathway.  

RA plays pleiotropic roles in neurodevelopment and is particularly important for the 
generation of dopaminergic neurons (Maden, 2007). Thus, the transcriptional 
dysregulation of the RA pathway is consistent with defective neuromorphogenesis and 
decreased TH+ neurons observed in our models. Accordingly, the inhibition of CYP26 with 
Talarozole should increase intracellular RA levels (Stevison et al., 2017) and enhance 
midbrain specification, as evidenced by increased TH+ expression in our long-term treated 
MOs (Menacho et al., in revision).  

These results support the involvement of the RA pathway in the pathomechanisms of our 
LS models, but additional experiments directly targeting this pathway are needed to 
confirm this mechanism. For instance, CRISPR-mediated knockout of CYP26 or partial 
silencing of RNA transcription of CYP26 could shed some light on the direct contribution of 
this pathway in our models. Additionally, the direct modulation of RA receptors using 
specific agonists could better dissect the molecular mechanism by which this pathway 
contributes to the observed phenotype.  

Meanwhile, Sertaconazole did not correct this phenotype, suggesting a distinct 
mechanism of action, likely through the modulation of cholesterol synthesis via inhibition 
of CYP51; or a lesser effect on the RA pathway.  

4.4.2. Azole compounds could not rescue impairments in mitochondrial 
transport and docking  

Beyond regulating neurogenesis through transcription, RA signaling has been described to 
modulate neurite outgrowth by coordinating mitochondrial trafficking in the cell (Trigo et 
al., 2019). Defective neuronal morphogenesis is a common feature of mitochondrial 
disorders (Klein Gunnewiek et al., 2020; Wu et al., 2018; Wu et al., 2023), but the direct link 
with altered mitochondrial transport has not always been explored in these models.  

We analyzed mitochondria trafficking in SURF1-mutant midbrain dopaminergic neurons 
and described higher proportion of moving mitochondria compared to stationary 
mitochondria both at 4 and 8 weeks of differentiation, suggesting impaired mitochondrial 
docking (Menacho et al., in revision). Since stationary mitochondria increase over time to 
support neurite branching and neuronal maturation, this finding supports previous 
observations of developmental defects in SURF1-mutant neurons (Inak et al., 2021).  

Additionally, SURF1-mutant neurons and cerebral organoids displayed altered expression 
of key genes regulating mitochondrial transport (KIF1A, KIF5A, KIF5C) and docking (SNPH, 
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SYBU, TRAK2) (Menacho et al., in revision). These results are consistent with affected 
axonal mitochondrial transport in other mitochondrial disorders where neuronal 
morphogenesis is affected (Yang et al., 2020). Proper axonal mitochondrial transport is 
essential f(Devine & Kittler, 2018)synaptic function (Devine & Kittler, 2018), and up to 50% of 
synapses contain mitochondria at their presynaptic terminals (Rangaraju et al., 2014). 
Thus, it would be interesting to explore whether defects in mitochondria trafficking lead to 
depleted mitochondria content in synapses and an overall effect on synaptic puncta, as 
seen in other iPSC-derived neurons with defective neuromorphogenesis due to 
mitochondrial mutations (Klein Gunnewiek et al., 2020). 

In our LS models, Talarozole and Sertaconazole promoted neuronal morphogenesis 
acutely in iNs and after long-term treatment in MOs. However, due to the technical 
challenge of performing in vivo imaging of neuronal mitochondria in 3D structures, we were 
not able to assess the effect of these two compounds on mitochondrial transport and 
anchoring with proper cellular resolution. Instead, we assessed the protein levels of SNPH 
and KIF5A, two of the top dysregulated genes in our transcriptomic dataset whose levels 
remained unchanged upon treatment with azoles (Menacho et al., in revision). 

These results are insufficient to draw strong conclusions since changes in mitochondrial 
trafficking may not translate into a correction in the expression of these specific proteins. 
In fact, the effect of RA signaling on mitochondrial motility was exerted via HIF1-α signaling 
and mitochondrial anchoring was regulated by the chaperone GRP75. Thus, the next steps 
could explore the effect of azole treatments in reversing the proportion of moving 
mitochondria versus stationary mitochondria in midbrain dopaminergic neurons using 
appropriate in vivo imaging techniques. Additionally, it would be most interesting to dissect 
whether these effects may be mediated by RA signaling and explore the underlying 
mechanisms in more detail. 

4.4.3. Talarozole and Sertaconazole distinctly impact NPC metabolism 

RA exerts its cellular effects via two key pathways: the canonical retinoic acid receptor 
(RAR)-mediated pathway, which regulates genes essential for neurogenesis and 
differentiation through Wnt and SHH signaling  (Janesick et al., 2015); and a non-canonical 
RXR/PPAR-dependent mechanism involved in lipid metabolism, mitochondrial biogenesis, 
and energy homeostasis (Noy, 2016). This distinction is crucial in understanding how these 
compounds could exert their beneficial effects in ameliorating the LS phenotype. 

Given that the non-canonical RXR/PPAR-dependent RA pathway regulates energy 
homeostasis and that neuronal commitment requires a shift from glycolysis to OXPHOS, I 
next investigated whether Talarozole and Sertaconazole could facilitate this metabolic 
rewiring in NPCs using targeted metabolomics.  

LS NPCs displayed high levels of glycolysis and lactate production that were not corrected 
by either of the treatments (Menacho et al., in revision). Within the TCA cycle, patient-
derived NPCs exhibited elevated levels of succinyl-CoA and oxaloacetate. While Talarozole 
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partially rescued both defects, Sertaconazole mainly affected succinyl-CoA (Menacho et 
al., in revision).  

Additionally, Talarozole also increased the AMP/ATP ratio, which was downregulated in 
patient NPCs (Menacho et al., in revision). Elevated AMP/ATP levels activate AMPK, an 
enzyme that acts as an energy sensor and promotes mitochondrial biogenesis through 
activation of the master regulator PGC-1α (Cantó & Auwerx, 2010). Overexpression of PGC-
1α and pharmacological induction of AMPK activation led to increased mitochondrial 
biogenesis with partial recovery of COX activity in Surf1KO mice (Viscomi et al., 2011). Given 
the therapeutic potential of mitochondrial biogenesis as a treatment for mitochondrial 
diseases (Bottani et al., 2020), future experiments should assess whether Talarozole could 
induce the generation of new mitochondria through the activation of AMPK pathway. 

Besides the potential effects through RA pathway, azole compounds may inhibit the human 
CYP51A1, involved in the early steps of cholesterol synthesis (Trösken et al., 2006). To 
assess potential changes in lipid content, NPCs were treated acutely with Sertaconazole 
and Talarozole and stained against Bodipy and PFO (Perfringolysin O) to label neutral lipids 
and membrane-bound cholesterol, respectively (Menacho et al., in revision).  

Bodipy staining revealed that Sertaconazole, but not Talarozole, increased neutral lipid 
content in all NPCs (Menacho et al., in revision). Inhibition of cholesterol biosynthesis by 
CYP515A1 inhibition may cause sterol intermediates to accumulate and be redirected 
toward neutral lipid storage (Olzmann & Carvalho, 2019). In parallel, PFO staining showed 
that Leigh NPCs had reduced membrane-bound cholesterol, partially rescued by both 
compounds, with Sertaconazole having a stronger effect (Menacho et al., in revision).  

While we did not measure total cholesterol levels, our results showed that treatment with 
azole compounds affects cholesterol distribution in the cell. Aberrant cholesterol 
metabolism has been linked with defects in mitochondrial transmembrane proteins such 
as ATAD3A (Muñoz-Oreja et al., 2024), SLC25A46 (Janer et al., 2016)  or SERAC1 (Wortmann 
et al., 2012) leading to Leigh (and Leigh-like) syndrome. Alteration of these transmembrane 
proteins leads to altered phospholipid composition in the mitochondrial membrane, 
ultimately affecting mitochondrial functions.   

Membrane-bound cholesterol was significantly decreased in SURF1 NPCs compared to 
their isogenic control. It would be interesting to assess whether this alters the fluidity and 
overall phospholipid composition of the mitochondrial membrane, and whether these 
change upon treatment with Sertaconazole and Talarozole. Additionally, given that these 
treatments may influence the overall lipid homeostasis within the cell, performing 
untargeted lipidomics could provide a full overview of the differential drug effect on lipid 
metabolism. In summary, Talarozole and Sertaconazole ameliorate the phenotypes 
observed in LS MOs, but they seem to act through distinct molecular pathways that may 
ultimately converge on similar cellular functions (Figure 10).  
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Figure 10 Talarozole and Sertaconazole pleiotropic molecular pathways converge on common cellular 
effect.  Talarozole and Sertaconazole may act through the Retinoic acid (RA) pathway with different degrees 
of efficiency, potentially leading to differential effects in gene activation and other cellular effects modulated 
by RA. Among these, mitochondrial trafficking and anchoring seem to be unaltered by azole treatment, while 
both azoles differentially affect mitochondrial bioenergetics without correcting the underlying mitochondrial 
defect. These metabolic effects may be mediated by the involvement of non-canonical RA pathways, such 
as RXR/PPAR pathway, or the effect of azole compounds on cholesterol remodeling, potentially through the 
inhibition of the human CYP51A1 enzyme. Image created with Biorender.  

Both compounds exerted positive effects, modulating organoid size, lactate production, 
and neuromorphogenesis. On the one hand, Talarozole distinctly increased the presence 
of dopaminergic neurons in the organoid, an effect most likely mediated by the canonical 
action of RA. On the other hand, Sertaconazole exerted a stronger effect on cholesterol 
homeostasis, likely through the inhibition of CYP51A1. However, due to their structural 
similarity, these azole compounds may share common molecular targets with distinct 
affinities, giving rise to pleiotropic effects in the cell.  

A major limitation of this study is the lack of specific pathway manipulation to discern the 
specific contribution of each pathway to the amelioration of LS phenotype in our models. 
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Next steps should address this limitation with targeted genetic interventions to dissect the 
contribution of each pathway, validate their roles, and refine their therapeutic potential. 

For instance, genetic knockdowns of CYP26A1, CYP26B1, or CYP51A1 in patient-derived 
neurons could clarify their individual contributions to improving neuromorphogenesis 
defects in SURF1 iNs. Additionally, integrating single-cell transcriptomics and lipidomics 
could provide a comprehensive view of the cellular adaptations induced by Talarozole and 
Sertaconazole, thereby elucidating their precise mechanisms of action. 

Finally, the potential role of PPAR/RXR activation in promoting mitochondrial biogenesis 
remains unexplored in this study, despite its emerging relevance as a therapeutic strategy 
for LS. Notably, various pharmacological approaches targeting PPAR pathways, including 
Bezafibrate, thiazolidinediones, and more recently, cannabidiol, have shown beneficial 
effects in preclinical models of LS (Inak et al., 2021; Puighermanal et al., 2024). Notably, 
this pathway has been shown to be dysregulated in other neurodegenerative diseases and 
how promoting RXR pathway activation using Bexarotene was beneficial in preclinical 
models of Alzheimer’s disease (Cramer et al., 2012) and HD (Dickey et al., 2016, 2017) 

These treatments, like Sertaconazole and Talarozole, exert pleiotropic effects at the 
cellular level. While Sertaconazole and Talarozole converge to enhance neuronal fate 
determination, the precise contribution of distinct pathways to this outcome remains 
unclear. Future studies should investigate the interplay between the different mechanisms 
to offer new insights into disease-modifying therapeutic strategies.  
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5. CONCLUSIONS AND 
FUTURE PERSPECTIVES 
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Disease modeling encompasses the creation of a representative system that mimics the 
behavior of the disease to gain insight into the molecular mechanism of the pathology and 
evaluate the effectiveness of potential treatments. In this thesis, I employed iPSC-derived 
neural models, including NPCs, neurons, and regionalized brain organoids, to investigate 
how mitochondrial defects caused by mHTT and SURF1 mutations can affect neuronal 
morphogenesis. By leveraging these models, I sought to address critical gaps in 
understanding neurodevelopmental impairments linked to mitochondrial defects and to 
establish new therapeutic avenues. 

A key aspect of this work was the adoption and optimization of a protocol for generating 
MOs from NPCs. This protocol was chosen to overcome some of the main barriers limiting 
the widespread application of organoid models in drug discovery, such as reproducibility, 
scalability, and cost. Although MOS have been previously utilized for toxicity studies, their 
potential for modeling mitochondrial dysfunction in neurodegenerative diseases had not 
been fully explored. By establishing a systematic approach to assessing neurometabolic 
defects, I demonstrated that these models effectively recapitulate key neuronal features 
relevant to disease pathophysiology. 

Our findings suggest that mHTT, causative of HD, induces mitochondrial morpho-
functional defects leading to a decreased progenitor pool and increased early commitment 
towards neuronal fate (Lisowski et al., 2024) in MOs. Instead, SURF1 mutations disrupt the 
metabolic rewiring required for proper neuronal differentiation, leading to impaired 
neuromorphogenesis, altered dopaminergic neuron integrity, and defective calcium 
activity in MOs. These results provide critical evidence that mitochondrial dysfunction is 
not merely a secondary consequence of neurodegeneration but plays a fundamental role 
in shaping early neuronal development. 

Despite their value, MOS have inherent limitations, particularly in their cellular complexity 
at early differentiation stages. Future studies should extend differentiation timelines to 
explore long-term effects of mitochondrial dysfunction, particularly in relation to glial 
maturation, neuronal connectivity, and network synchronization. Additionally, assembling 
MOs with other regionalized structures, such as striatal and cortical organoids, could 
enhance our ability to model the defective circuitry and selective vulnerability of the basal 
ganglia and midbrain system in LS and HD. 

In addition to elucidating disease mechanisms, this thesis establishes a foundation for 
pharmacological intervention by targeting defective neuronal morphogenesis in LS-derived 
neurons. By developing an HCI workflow to quantify neuronal morphogenesis defects, I 
identified hit compounds whose beneficial effects in ameliorating disease phenotypes I 
validated in MOS.  

Through phenotype-based validation assays, I identified Talarozole and Sertaconazole as 
repurposable drug candidates for treating LS. The repurposing of Talarozole and 
Sertaconazole for LS presents both intriguing opportunities and clear challenges.  
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One clear challenge is their pharmacokinetic profile: designed for topical application, 
these drugs typically exhibit limited systemic absorption and may not readily cross the 
blood-brain barrier (BBB). Future in vivo studies are essential to determine whether they 
can be delivered systemically or whether alternative delivery methods such as intranasal 
administration or nanocarrier-based formulations, are required to increase their 
translational potential before treating patients suffering from LS. 

Safety and tolerability also warrant careful evaluation. Like other azole-based drugs, these 
compounds may elicit off-target effects or toxicity at high doses. Dissecting the specific 
cellular pathways influenced by these molecules—including the RA, PPAR, and cholesterol 
pathways—could enable the identification of structurally or mechanistically related 
compounds with improved safety profiles. Notably, modulation of these pathways has 
yielded therapeutic benefits in preclinical models of other neurodegenerative diseases 
(Cramer et al., 2012; Dickey et al., 2017), underscoring their relevance in the context of LS. 

While additional research is needed to fully elucidate the mechanisms of action of 
Talarozole and Sertaconazole, the use of iPSC-based neural models provides a powerful 
platform for uncovering disease-modifying pathways in LS and related disorders. This work 
paves the way for broader application of neuromorphogenesis-based readout in high-
throughput compound screening, investigation of azole derivatives, and exploration of 
mitochondrial contributions to early neurodevelopment. 

In conclusion, this thesis demonstrates the pivotal role of mitochondrial function in 
shaping neuronal development and positions defective neuromorphogenesis as a 
tractable target for therapeutic intervention. By integrating advanced iPSC-derived models 
with HCI-based phenotyping, this research offers valuable insights into disease 
pathogenesis and lays the foundation for future translational efforts in mitochondrial 
medicine and neurodevelopmental disorder research 
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