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Abstract

Mitochondria play vital roles in a variety of processes such as cellular
metabolism, intracellular signalling and cell death. Defects in mitochondria can lead
to inherited metabolic disorders and neurodegenerative diseases. There is often a
poor genotype-to-phenotype correlation in mitochondrial diseases, with distinct
mutations that lead to a wide variety of clinical manifestations, age of onset and
disease severity. This heterogeneity of symptoms, in combination with a relatively
low frequency in the population, makes the development of novel treatments
particularly challenging.

In invertebrates and some mouse models of mitochondrial diseases, inhibition
of the mitochondrial oxidative phosphorylation (OXPHOS) can lead to a paradoxical
lifespan extension through the engagement of compensatory mechanisms. As an
explanation of this phenomena, the “mitochondrial threshold effect theory” states that
mitochondrial dysfunction below a certain threshold promotes stress resilience and
metabolic rewiring, leading to enhanced longevity. However, if damage exceeds a
certain threshold, animals develop disease. In a human context, a better
understanding of the “mitochondrial threshold effect” may explain some of the
molecular signatures and variable disease traits observed in patients.

We sought to explore the compensatory mechanisms that organisms activate
in response to the inhibition of OXPHOS using Caenorhabditis elegans as a
genetically tractable model, in combination with mouse and human cells. Our goals
were to investigate the underlying molecular mechanisms that contribute to
mitochondrial dysfunction and neurodegenerative processes.

By performing a cross-species analysis, we identified VPS-39/VPS39 and
SPL-1/SGPL1 to be part of the molecular mechanisms that compensate for
mitochondrial dysfunction. In the context of neurodegenerative processes, we found
that the actin nucleation promoting factor WSP-1/N-WASP is a disease modifier that
contributes to mitochondrial dysfunction and proteotoxicity. Together, these results
build on our growing understanding of the mechanisms that counteract mitochondrial

dysfunction and pathogenic processes.



Publications

This cumulative thesis is comprised of the following peer-reviewed
publications:

Jackson J, Wischhof L, Scifo E, Pellizzer A, Wang Y, Piazzesi A, Gentile D,
Siddig S, Stork M, Hopkins CE et al (2022) SGPL1 stimulates VPS39
recruitment to the mitochondria in MICU1 deficient cells. Mol Metab 61:
101503. https://doi.org/10.1016/j.molmet.2022.101503

Jackson J, Hoffmann C, Scifo E, Wang H, Wischhof L, Piazzesi A, Mondal M,
Shields H, Zhou X, Mondin M et al (2024) Actin-nucleation promoting factor N-
WASP influences alpha-synuclein condensates and pathology. Cell Death Dis
15: 304. https://doi.org/10.1038/s41419-024-06686-7

| contributed to the following peer-reviewed articles, however | do not discuss

them in my dissertation:

Matveeva A, Watters O, Rukhadze A, Khemka N, Gentile D, Perez IF, Llorente-
Folch I, Farrell C, Lo Cacciato E, Jackson J et al (2024) Integrated analysis of
transcriptomic and proteomic alterations in mouse models of ALS/FTD identify
early metabolic adaptions with similarities to mitochondrial dysfunction
disorders. Amyotroph Lateral Scler Frontotemporal Degener 25: 135-149

Piazzesi A, Wang Y, Jackson J, Wischhof L, Zeisler-Diehl V, Scifo E, Oganezova
I, Hoffmann T, Gomez Martin P, Bertan F et al (2022) CEST-2.2 overexpression
alters lipid metabolism and extends longevity of mitochondrial mutants. EMBO
Rep: €52606

Bertan F, Wischhof L, Scifo E, Guranda M, Jackson J, Marsal-Cots A, Piazzesi
A, Stork M, Peitz M, Prehn JHM et al (2021) Comparative analysis of Cl- and
ClV-containing respiratory supercomplexes at single-cell resolution. Cell Rep
Methods 1: 100002


https://doi.org/10.1016/j.molmet.2022.101503
https://doi.org/10.1038/s41419-024-06686-7




Table of contents

LY 013 = To PP PUPPPPPPPPPR [
PUDBIICAIONS ... e e e e e ii
Table Of CONTENTS........uiiiiiiee e iv
List Of @bbreviations ... Vi
LISt Of fIQUIES ... e e e e e e e e e e e e viii
INEFOAUCTION ... et e e e e e e e e e e e e e e 1
Mitochondria in the healthy Cell ... 1
Mitochondria control cellular metabolism ..., 1
Calcium signalling and mitochondria ... 2
Regulation of mitochondrial calcium influx.............cccuviiiiie 5

The spectrum of mitochondrial diS€ase ..o 11
Clinical variation in mitochondrial syndromes and disease............ccccccccoeeee.. 11
Challenges in diagnosis and treatment of mitochondrial disease................... 13
Mitochondrial disease modelling ...........ooooiiiiiiiiiii s 14

The mitochondrial threshold effect. ... 16
Neurodegeneration is linked with mitochondrial dysfunction ........................ 20
Mitochondria at the forefront of Parkinson’s disease ..........ccccccccceiiiiiiniinnns 21

a-Syn and proteotoxicity in Parkinson’s disease.............oooveeieiiiiiiiiiiiiiieee e 24
0-Syn and PD pathology ...........euuuiiiiiiiiiiieeiieieee e 24
Intrinsically disordered a-Syn and its ability to phase separate...................... 25

A LLPS model for Lewy body formation and disease ...............cccccciirvvnnnnnn. 30
G0AaIS OF TNESIS ... 32

Chapter I: SGPL1 stimulates VPS39 recruitment to the mitochondria in MICU1

AEFICIENT CRIIS ..o 33
SUIMIMIAIY ..ttt et e e e oot e oo o4ttt ettt ettt e e e e e e e e e e e e e e e e e nnnnnnneennees 33
AATHICI O oo 37



Chapter IlI: Actin-nucleation promoting factor N-WASP influences alpha-synuclein

condensates and pathology ..........oooo i 55
SUIMIMIAIY ..ttt e e e e e e oot e e oo e ettt ettt et et e e e e e e e e e e e e e e aaaannnnnsnnneennees 55
ATTICIE .o e e e e e s 59

ConclusionNs @and OULIOOK. .........coiiiiiiiiiii e 76

ACKNOWIEAGEMENTS ...t e e e e e e e e e e e e 80

REFEIENCES ...t e e e e e e e e 81



List of abbreviations

o-Syn Alpha synuclein

AR Amyloid 3

AD Alzheimer’s disease

ADP Adenosine diphosphate

APP Amyloid precursor protein

ATP Adenosine triphosphate

CMT Charcot-Marie-Tooth

DNA Deoxyribonucleic acid

Cl Complex |, NADH:ubiquinone oxidoreductase
Cll Complex Il, succinate dehydrogenase

cll Complex lll, cytochrome bc1 oxidoreductase
Clv Complex IV, cytochrome c oxidase

Ccv Complex V, ATP synthase

ETC Electron transport chain

EMRE Essential MCU regulator

ER UPR Endoplasmic reticulum unfolded protein response
IBM Inner boundary membrane

IDR Intrinsically disordered regions

IMM Inner mitochondrial membrane

KO Knock-out

LLPS Liquid-liquid phase separation

MAMs Mitochondria associated membranes

MELAS Myopathy, Encepalopathy, Lactic Acidosis, and Stroke-like symptoms
MERRF Myoclonic epilepsy with ragged-red fibers

MCU Mitochondrial Calcium Uniporter

MICOS Mitochondrial contact site and cristae organising system

MICU Mitochondrial calcium uptake protein

mPTP Mitochondrial permeability transition pore

MPP+ 1-methyl-4-phenylpyridinium

MPPP Desmethylprodine or 1-methyl-4-phenyl-4-propionoxypiperidine
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

Vi



mtDNA
mtUPR
N-WASP
NAD+
NADH
NCLX
OMM
OXPHOS
PD

PFFs
PRMs
SAM

TIM

TOM
RNA
RNAI
ROS
TCA cycle
VDAC

Mitochondrial DNA

Mitochondrial unfolded protein response
Neural Wiskott-Aldrich syndrome protein
Nicotinamide adenine dinucleotide, oxidised
Nicotinamide adenine dinucleotide, reduced
Mitochondrial Sodium Calcium exchanger
Outer mitochondrial membrane

Oxidative Phosphorylation

Parkinson’s disease

Preformed fibrils

Proline-rich motifs

Sorting and assembly machinery
Translocase of the inner membrane
Translocase of the outer membrane
Ribonucleic acid

RNA interference

Reactive Oxygen Species

Tricarboxylic acid cycle (also known as the citric acid or Krebs cycle)
Voltage-dependent anion channel

Vii



List of figures

Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.

Figure 8.

Morphology and functions of mitochondria...........ccccoovmmmmmninnrinnieennn, 3
Calcium entry into the mitochondria. ........ccoovviiiiiiiiicceees 7
Symptoms of mitochondrial disease. ........ccccceveriiiiiiiiicccccces 12
The mitochondrial threshold effect..........cccoovimmmiiine, 17
PD symptoms, genetic basis and dysregulated cellular processes.. 23

LLPS is a method to organise the contents to the ceil.. ...................... 27
Factors that enhance LLPS increase molecular functions................. 29
LLPS as a mode of Lewy body formation............ccccceiviimmmmmmnmnnnnsnnnnnn. 31

viii



Introduction

Mitochondria in the healthy cell

Mitochondria control cellular metabolism

Mitochondria are double membrane bound organelles essential for cellular
metabolism. Derived from ancient symbiosis of a-proteobacteria, they have become
central to the generation of ATP through the process of oxidative phosphorylation
(OXPHOS). In addition to OXPHOS, mitochondria are a crucial hub for lipid,
nucleotide, amino acid anabolism and catabolism. Furthermore, mitochondria play
vital roles in innate immunity, response to cellular stress, heme synthesis, Fe-S
cluster biosynthesis, cellular differentiation, growth, repair, epigenetic remodelling,
calcium signalling, etc. (Figure 1A-B) (Gray, 2012; Spinelli & Haigis, 2018; Monzel et
al, 2023; Suomalainen & Nunnari, 2024).

Mitochondria are subdivided into different compartments that are individually
optimised for specific functions. The different components of the mitochondria are
the outer mitochondrial membrane (OMM), the intermembrane space (IMS), the
inner mitochondrial membrane (IMM) and the matrix. These components can be
further divided, for example, the IMM forms invaginated structures called cristae,
which house OXPHOS components. The cristae membrane is separated from the
inner boundary membrane by the cristae junction (Figure 1C) (Protasoni & Zeviani,
2021; Suomalainen & Nunnari, 2024).

Due to their bacterial origin, mitochondria have their own genome. The
mitochondrial DNA (mtDNA) is found within the mitochondrial matrix and is 16.5
kilobases long and encodes 37 genes. These genes encode 13 OXPHOS complex
subunits, 22 mitochondrial tRNAs, and 2 ribosomal RNAs. During eukaryotic
evolution, most of the mitochondrial genes have been lost to the nuclear genome,
which encodes over 99% of the mitochondrial proteome. In order for mitochondria to
function effectively, they require a complex set molecular factors to coordinate the
synthesis and transport of proteins from both sets of genomes to their correct
mitochondrial compartments (Anderson et al, 1981; Pagliarini et al, 2008; Gray,
2012; Calvo et al, 2016; Rath et al, 2021).



Mitochondria are central to cellular function due to their role in ATP generation
through the process of OXPHOS. Briefly, the electron donors NADH or FADH> are
generated through the processes of glycolysis, fatty acid oxidation, or the
tricarboxylic acid (TCA) cycle. NADH and FADH: are then oxidised by
NADH:ubiquinone oxidoreductase (Cl) or succinate dehydrogenase (CllI),
respectively. Electrons from this oxidation are subsequently passed along to
cytochrome bc4 oxidoreductase (ClII) and cytochrome c oxidase (CIV) by the
electron carriers ubiquinone and cytochrome c. In parallel to electron transfer, Cl,
Clll and CIV pump protons into the IMS and create an electrochemical gradient.
Once the electrons reach complex IV, they are used to reduce molecular oxygen to
H20. Finally, the proton gradient that is established by the electron transport chain
(ETC) is utilised by the ATP synthase (CV), to generate ATP from ADP and
inorganic phosphate (Figure 1A). The respiratory complexes of the OXPHOS system
are known to form a variety of higher order supercomplexes (e.g. CICIII.CIV), which
are thought to increase complex stability, enhance their efficiency, and reduce
reactive oxygen species (ROS) production (Enriquez, 2016; Letts & Sazanov, 2017,
Vercellino & Sazanov, 2022).

Calcium signalling and mitochondria

Calcium (Ca?*) is an essential second messenger for numerous cellular
signalling processes. Ca?* signalling plays an important role in all biological
processes, including fertilisation, embryo patterning, differentiation, cellular
proliferation, and apoptosis. A variety of extracellular and intracellular stimuli can
trigger rapid changes in cytosolic Ca?* concentration from the basal concentration of
around 100nM up to levels of around 1uM (Berridge et al, 2000; Bootman &
Bultynck, 2020).

Increased cytosolic Ca?* concentration can occur through influx from the
extracellular space or from its release from intracellular stores. While the global Ca?*
concentration can increase upon stimulation, Ca?* microdomains can also form at the
organelle contact sites, with local concentrations reaching an excess of 100uM. The
impact of Ca?* on intracellular pathways depends on the cell type and the
spatiotemporal pattern of Ca?* increase. Following stimulation, free Ca?* is rapidly
buffered by Ca?* binding proteins (e.g. parvalbumin, calmodulin, troponin C, etc.) and



through transient sequestration by mitochondria (Berridge et al., 2000; Clapham,
2007; Chandran et al, 2019; Bootman & Bultynck, 2020).

IBM

Cristae
junction

\

g

N
)

y

P 4

H+
P

i

ADP + P;
Moo

2H* + % 0,

B Amino acid metabolism

)
2

\

T Lipid metabolism
Nucleotide metabolism
Innate immunity
Stress response
Heme synthesis

Fe-S cluster biosyntehsis

!

Differentiation, growth, repair

Calcium signaling

Figure 1. Morphology and functions of mitochondria.
(A) Overview of the OXPHOS pathway. (B) Pathways which mitochondria are
involved with. (C) Mitochondrial structure and internal organisation.



It is known that mitochondria can shape Ca?* homeostasis and signalling. The
main gateways for Ca?* to enter the mitochondrial matrix are the Voltage-Dependent
Anion Channel (VDAC) and Mitochondrial Calcium Uniporter (MCU) channels, which
are located in the outer and inner mitochondrial membranes, respectively. Passage
of Ca?* across the VDAC is largely passive, whereas the influx in the matrix is
primarily regulated by the MCU complex. Ca?* efflux depends on several
components, including the NCLX exchanger (Palty et al, 2010). The MCU complex in
the IMM is often found in proximity to the VDAC in the OMM. VDAC1 is part of a
complex that forms the ER-mitochondrial contacts, alongside IP3R, GRP75, DJ-1,
and a variety of other proteins. The proximity of mitochondria to the ER facilitates the
rapid transfer of Ca?* between organelles (Figure 2A) (Szabadkai et al, 2006; Xu et
al, 2018; Carreras-Sureda et al, 2019; Liu et al, 2019; Feno et al, 2021).

Ca?"influx into the mitochondria has been shown to influence bioenergetics.
Physically trapping IP3R in ER-mitochondria contacts has been shown to result in
increased production of NADH upon stimulation of Ca?* release from the ER,
possibly through the modulation of Ca?*-sensitive matrix dehydrogenases (Katona et
al, 2022). Additionally, kinetic and force-flow analysis has revealed that increased
Ca?* concentration can increase the activity of Cl, Clll, and CIV. This increase in
ETC activity results in increased membrane potential and enhanced ATP production
via CV (Territo et al, 2000; Glancy et al, 2013).

Beyond its influence on ATP production, mitochondrial Ca?* also plays an
important role in some forms of cell death, particularly those that involve
mitochondrial permeability transition pore (MPTP) opening. While the identity of the
mPTP is still debated, evidence points to F1Fo-ATPase as a promising candidate.
Excess matrix Ca®* has been demonstrated to result in mPTP opening, via a Ca?*-
induced conformational change in F1Fo-ATPase. Persistent opening of mPTP leads
to mitochondrial swelling and subsequent release of pro-apoptotic molecules that
trigger cell death (Baumgartner et al, 2009; Giorgi et al, 2012; Hwang et al, 2014;
Bonora et al, 2017; Bonora et al, 2022; Bernardi et al, 2023).



Requlation of mitochondrial calcium influx

Since mitochondrial Ca?* levels have an influence on ATP production and the
induction of some forms of cell death, appropriate control of mitochondrial Ca?* influx
and efflux is vital.

The Voltage-Dependent Anion Channel (VDAC) is a major route of
metabolites across the mitochondrial outer membrane, and comes in three isoforms,
VDAC1, VDAC2 and VDAC3 (Blachly-Dyson et al, 1993; Blachly-Dyson et al, 1994;
Sampson et al, 1996). VDACs are key players in mitochondrial Ca?* signalling,
especially at the mitochondria associated membranes (MAMs) (Szabadkai et al.,
2006; Xu et al., 2018; Liu et al., 2019). VDACs can interact with partners on the
membranes of adjacent organelles and form multiprotein complexes that facilitate
rapid exchange of Ca?* in specific membrane domains. In this regard, mitochondria
can interact with lysosomes (via VDAC1-TRPML1) (Peng et al, 2020), the
endoplasmic reticulum (via VDAC1/2-DJ-1-GRP75-IP3R) (Szabadkai et al., 2006;
Liu et al., 2019), and the sarcoplasmic reticulum (via VDAC2-RyR2) (Min et al,
2012). Consistent with the pathophysiological importance of VDACs, VDAC2
knockout mice are embryonically lethal (Cheng et al, 2003), whereas VDAC1/VDAC3
single- and double-knockout animals are viable but display impaired energy
production (Baines et al, 2007; Anflous-Pharayra et al, 2011).

While the impairment caused by VDAC knockout can be partly attributed to
altered mitochondrial Ca?* signalling, it may also be due to disruption of the transport
of other metabolites and ions into the mitochondria. VDACs can interact with a large
variety of proteins, which likely allows regulation of channel conductivity by multiple
pathways. Proteins that interact with VDAC include a-Syn, AB, phosphorylated tau,
and SOD1, which are all involved in neurological disease. a-Syn, in particular, has
been shown to be able to translocate into the mitochondria via VDACs, and may
even play a physiological role in tuning the transport of Ca?* through its pore
(Manczak & Reddy, 2012; Rostovtseva et al, 2015; Magri et al, 2016).

Ca?* transport across the IMM is controlled by the highly selective, rubidium
red sensitive Mitochondrial Calcium Uniporter (MCU) (Kirichok et al, 2004; De
Stefani et al, 2011). Uptake of Ca?* via the MCU complex follows a sigmoidal
response that is dependent not only on cytosolic Ca?* concentration, but also on the
concentration within the mitochondrial matrix (Csordas et al, 2013; Vais et al, 2016).



The core of the MCU complex consists of at least three evolutionarily
conserved subunits: the pore-forming subunits MCU and MCUDb, and the regulatory
subunits MICU1 and EMRE. MCU and MICU1 homologs are found in most
eukaryotic lineages and are strongly co-expressed in mammals (Baughman et al,
2011; De Stefani et al., 2011; Bick et al, 2012; Raffaello et al, 2013; Sancak et al,
2013). The components of the MCU channel form multimeric complexes to regulate
Ca?* uptake (Figure 2B). The interaction between EMRE and MCU is thought to
facilitate the formation of dimers of the MCU complex. These dimers form a V-shape
conformation that forms preferentially in curved membranes (Wang et al, 2019).

While the electrophysiological properties of the MCU complex have been
known since the 1960s, the genetic nature of MCU was discovered only in 2011,
through in silico analysis of its tissue expression pattern and its co-occurrence with
the first identified MCU complex component, MICU1 (Baughman et al., 2011; De
Stefani et al., 2011). The MCU protein is a 40 kDa protein, and consists of two
coiled-coil domains, two transmembrane domains, and a loop domain. The majority
of the protein is found to protrude into the mitochondrial matrix, while the loop
domain projects into the intermembrane space, and is essential for Ca?* uptake.
MCU oligomers assemble to form the channel pore of the uniporter complex
(Baughman et al., 2011; De Stefani et al., 2011).

MCU” mice are viable and have no major alterations in basal metabolism but
lack the ability to rapidly uptake Ca?* into the mitochondria and display reduced
ability to perform strenuous activity. Cells derived from these mice do not show Ca?*-
induced permeability transition pore opening but can still undergo apoptosis (Pan et
al, 2013). MCU (null) mutations in Drosophila similarly lead to the loss of rapid Ca?*
uptake. Contrary to mice, MCU defects in Drosophila inhibit mitochondrial respiration
and negatively affect lifespan (Tufi et al, 2019).
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Figure 2. Calcium entry into the mitochondria.

(A) The MCU complex is often found in proximity to mitochondria-endoplasmic
reticulum contact sites. Ca®* can be rapidly transferred from the ER to mitochondria
as part of Ca?* signalling. (B) Increased Ca?* concentration in the intermembrane
space leads to a rearrangement of the MCU comlplex, with MICU1/MICUZ2 dimers
dissociating from the complex to allow Ca?* entry into the mitochondrial matrix.



MCUDb shares around 50% homology with the MCU protein and contains the
same domain structure. MCUD is conserved in vertebrates but is absent in most
other species where MCU is present. MCU and MCUb can form hetero-tetramers,
however, incorporation of MCUb in the channel leads to a decreased transfer of Ca?*
through the channel. This is likely due to a E256V substitution in the short loop
region. The ratio between MCU and MCUb seems to be tissue specific, and possibly
sets the capacity of mitochondrial Ca?* uptake (Raffaello et al., 2013; De Stefani et
al, 2016).

Essential MCU Regulator (EMRE) is a 10kDa protein that spans the inner
mitochondrial membrane and contains a highly conserved C-terminus, which
projects into the matrix. The exact role of EMRE within the MCU complex is not fully
understood, but some studies show that its downregulation prevents Ca?* uptake.
Furthermore, EMRE is necessary for the interaction of MCU and MICU1 (Sancak et
al., 2013; Vais et al., 2016; Liu et al, 2020). However, the importance of EMRE is
likely species specific, as it seems to be essential for the assembly of the
mammalian MCU complex, but not in fungi (Kovacs-Bogdan et al, 2014). Substitution
of amino acids in the C-terminus of EMRE leads to loss of inhibition of the MCU
channel opening upon high matrix Ca?* concentration, suggesting that it acts as a
sensor (Vais et al., 2016). Loss of EMRE function in Drosophila leads to a loss of
rapid mitochondrial Ca?* uptake, a reduction in lifespan, and a mild impairment in
respiration (Tufi et al., 2019).

MICU1 was the first component of the MCU complex to be discovered and is
part of the MICU family of regulators of Ca®* uptake by the MCU channel. MICU
family members reside in the intermembrane space, and they are responsible for the
sigmoidal response of the MCU complex to cytoplasmic Ca?* concentrations. MICU1
silencing in cells results in mitochondrial Ca?* overload, suggesting that the MICU
family are gatekeepers of the MCU complex (Perocchi et al, 2010; Mallilankaraman
et al, 2012b; Csordas et al., 2013). MICU1 multimers interact with the MCU complex
under low Ca?* concentrations and dissociate from the uniporter in the response to
Ca?*, in a membrane potential independent manner (Waldeck-Weiermair et al,
2015).

Homozygous MICU1 knockout mice are not viable and die shortly after birth
with no obvious phenotypic defects. A few escaper animals survive past 1 week of
age but display reduced strength and cerebellar defects. The addition of an EMRE1



heterozygous loss of function mutation improves the health of MICU1 null mice
(Antony et al, 2016; Liu et al, 2016). Skeletal muscle-specific MICU1 knockout
results in muscle weakness and atrophy, and decreased ability to repair
sarcolemmal damage (Debattisti et al, 2019). Liver-specific MICU1 knockdown in
mice leads to mitochondrial Ca?* overload, which impairs tissue regeneration
following injury, due to a sustained inflammatory response and mPTP-dependent
necrosis (Antony et al., 2016). Drosophila harbouring a homozygous MICU1 loss of
function mutation do not develop further than the third instar stage, and genetic
inhibition of the MCU does not rescue this defect. MICU1 deficient larvae display
impaired ATP production and reduced abundance of mitochondria within the cells
(Tufi et al., 2019). Fibroblasts taken from patients with MICU1 mutations have been
reported to display altered mitochondrial Ca?* uptake. Some evidence suggests an
increased uptake in response to ER Ca?* release and a higher rate of uptake in
basal conditions. Contrasting evidence shows a counterintuitive reduction in Ca?*
uptake, which may be due to a basal increase in matrix Ca?*, which decreases the
ability for further uptake (Logan et al, 2014; Lewis-Smith et al, 2016). Furthermore,
there is an association between increased fragmentation of the mitochondrial
network and higher Ca?* levels in the matrix (Logan et al., 2014).

MICU2 forms a heterodimer with MICU1. MICUZ2 relies on the presence of
MICU1 for its function, since the downregulation of MICU1 also decreases MICU2
protein levels. Knockout of either MICU1 or MICUZ2 reduces the threshold at which
Ca?* enters the mitochondria. However, their functions are non-redundant, since
overexpression of MICUZ2 in MICU1 KO cells (or vice versa) are unable to rescue
Ca?* uptake dysregulation (Plovanich et al, 2013; Kamer & Mootha, 2014; Patron et
al, 2014). Dimerisation of MICU1 and MICUZ relies on the activity of
Mia40/CHCHD4, which oxidises MICU1 and promotes the formation of a disulphide
bond following the import of MICU1 into the IMS and its subsequent interaction with
MCU (Petrungaro et al, 2015). Patient-derived MICUZ2 mutant cells display disrupted
Ca?* homeostasis, which may explain neurodegeneration as observed in affected
patient carriers (Shamseldin et al, 2017).

MICUS is a tissue-specific member of the MICU family and is highly
expressed in the nervous system (Plovanich et al., 2013). Although its function is
poorly understood, new evidence in Drosophila shows that MICU3 loss of function



leads to reduced lifespan and neuron-dependent climbing, but no obvious alteration
in respiration (Tufi et al., 2019).

In addition to its role in the MCU complex, MICU1 has also been shown to be
a critical component of the cristae junctions and interacts with the MICOS complex
subunits MIC60 and CHCHD2. MICU1 localises to the inner boundary membrane
(IBM) during resting and stimulated conditions, while MCU is evenly distributed
across the entire IMM. Upon Ca?* stimulation, MICU1 oligomers separate into dimers
and temporarily open the cristae junction, allowing Ca®* to enter the cristae and flow
unrestricted into the matrix via constitutively active MCU channels. The dimerised
MICU1 then traps MCU in the IBM and ensures continued uptake of Ca?* into the
matrix after the cristae junction has closed. Knockdown of MICU1 leads to a
widening of the cristae junction, a decrease in membrane potential, and redistribution
of cytochrome C from the cristae to the IMS. The redistribution of cytochrome C
primes the cells and makes them more sensitive to apoptotic stimuli (Gottschalk et
al, 2019; Gottschalk et al, 2022; Tomar et al, 2023).

Two further regulatory subunits of the MCU complex exist - MCUR1 and
SLC25A23. Both were identified in an RNAi screen of mitochondrial membrane
proteins that influence Ca2+ uptake. Knockdown of either subunit impairs
mitochondrial Ca?* uptake (Mallilankaraman et al, 2012a; Hoffman et al, 2014;
Paupe et al, 2015).

Efflux of Ca2+ from the mitochondria is thought to be largely controlled by the
mitochondrial NCLX (Palty et al., 2010). Tamoxifen-induced, cardiac-specific
knockout of NCLX in mice results in death of most of the animals within two weeks of
induction. The ensuing Ca?* overload in NCLX-knockout cardiac cells results in
mPTP opening and cell death (Luongo et al, 2017). The IMM protein TMEMG65 also
plays an essential role in the regulation of NCLX, and deletion leads to Ca?* overload
and excessive mPTP opening (Garbincius et al, 2023; Vetralla et al, 2023). In
conditions of high membrane potential, the H*/ Ca?* exchanger, TMIMBS5, plays a
greater role than NCLX in the efflux of Ca?* (Austin et al, 2022; Patron et al, 2022).

Together, it is clear that appropriate homeostasis of Ca?* within the
mitochondria is essential for cellular health, and that breakdown of this homeostasis
could lead to reduced ATP production and cell death. Thus, dysregulation of
mitochondrial Ca?* may play an important role in disease.
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The spectrum of mitochondrial disease

Clinical variation in mitochondrial syndromes and disease

Considering the vital role of mitochondria in many cellular processes, it is
unsurprising that patient mutations in over 350 genes have currently been linked with
mitochondrial syndromes and disease (Ng et al, 2021a). The clinical outcomes of
these mutations can vary greatly between individuals, in the age of onset, the tissues
involved, and disease severity (Blok et al, 2009; Mancuso et al, 2013; Sommerville et
al, 2017; Pickett et al, 2018; Sofou et al, 2018). Disease-causing mutations are
typically found in genes encoding the ETC subunits, OXPHOS assembly factors, or
in factors associated with mtDNA maintenance. Mutations have also been observed
in components of the mitochondrial protein quality control system, protein import
systems, and in metabolite transporters (Frazier et al, 2019).

Mitochondrial disease commonly results in myopathy and/or neuropathy due
to the high energy demands of the brain, muscle, heart, retina and cochlea (Mink et
al, 1981). However, there can also be additional involvement of the liver, kidneys,
and other tissues (Figure 3) (Ng & McFarland, 2023).

An example of the clinical variation of mitochondrial disease comes from
patients with mutations in the AIFM1 gene, which encodes for apoptosis-inducing
factor (AIF). AlIF resides in the IMS, where it regulates oxidative folding of imported
polypeptides alongside CHCHDA4. Multiple patient mutations in AIFM1 have been
identified, which lead to variable symptoms including ataxia, hearing loss,
neuropathy, myoclonus, encephalomyopathy, Charcot-Marie-Tooth disease, etc.
Symptoms typically present during infancy, however there are some cases with a
later age of onset, for example a patient with a 1357G>C mutation that developed
symptoms of sensory neuropathy and hearing loss in their 30s (Bano & Prehn, 2018;
Kawarai et al, 2020; Wischhof et al, 2022).

Another example of patient variation comes from loss-of-function mutations in
the nuclear genome-encoded MICU1, which can result in a broad range of
symptoms that present at an early age. These symptoms may include proximal
myopathy, learning difficulties, extrapyramidal movement disorder, ataxia, reduced
attention and sleep disorders, fatigue and lethargy, nystagmus, bilateral optic
atrophy, hypotonia, global muscle weakness, microcephaly, ophthalmoplegia, ptosis,
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and axonal peripheral neuropathy (Logan et al., 2014; Wilton et al, 2020;

Kohlschmidt et al, 2021; Tomar et al., 2023). A variety of loss-of-function mutations
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Figure 3. Symptoms of mitochondrial disease.
Mitochondrial disease results in a large variation in symptoms, of which most affect
tissues of high energy demand, such as the brain and muscle.
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have been identified to date, including nonsense mutations resulting in premature
stop codons (p.(Arg18*) and p.(Arg185*)), deletions in the in exons 1 and 2, and
mutations in intronic splice donor/acceptor sites (c.741+1G>A and ¢.1078-1G>C)
(Logan et al., 2014; Lewis-Smith et al., 2016; Kohlschmidt et al., 2021). Electron
micrographs of muscle biopsies show enlarged mitochondria with electron dense
inclusions in the matrix, and disorganized cristae, which is consistent with the
function of MICU1 in the MICOS complex (Kohlschmidt et al., 2021; Tomar et al.,
2023).

As demonstrated above, mutations in the mitochondrial and nuclear genome
can both result in disease that is highly variable. Currently, a sufficient understanding
of the mechanisms that underlie this heterogeneity in mitochondrial disease is

lacking.

Challenges in diagnosis and treatment of mitochondrial disease

Diagnosis of mitochondrial disease can be challenging, due to the
heterogeneity of symptoms and age of onset. Histopathological analyses were based
on well-established tissue staining techniques, such as the Gomori trichrome and
COX staining of muscle biopsies. The presence of “ragged red fibers” or fibers
lacking COX staining could be used to diagnose mitochondrial disease affecting the
skeletal muscle (Gomori, 1950; DiMauro et al, 1980; Byrne et al, 1985; Nakano et al,
1987). Recently, progress has been made to develop less invasive methods of
diagnosis. Examples include the assessment of expression of biomarkers such as
FGF21, GDF15, circulating blood mtDNA, circulating serum neurofilament light
chain, etc. (Tyynismaa et al, 2010; Kalko et al, 2014; Lin et al, 2020; Maresca et al,
2020; Varhaug et al, 2021). Since around 2/3 of adult-onset mitochondrial disease is
caused by mtDNA mutations, screening of common mtDNA variants or amplification
and sequencing of the whole mitochondrial genome can be beneficial, following the
diagnosis of mitochondrial disease. If this fails to identify a genetic cause, then whole
genome or whole exome sequencing may be carried out (Ng et al., 2021a).

Mitochondrial diseases are often diagnosed as syndromes, which are named
by their clinical features rather than the genetic cause. An example of this is
Myopathy, Encepalopathy, Lactic Acidosis, and Stroke-like symptoms (MELAS). The
majority of MELAS cases are caused by a mutation in MT-TL1 (m.3243A>G), while
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the remaining cases are caused by other mtDNA variations, or mutations in the
nuclear gene POLG (Pavlakis et al, 1984; Goto et al, 1990; Ng et al, 2021b).

Many mitochondrial diseases manifest in childhood. One of the most common
childhood mitochondrial diseases is Leigh Syndrome. Mutations in over 75 genes
across both the mitochondrial and genomic DNA can lead to Leigh Syndrome. As
one of the most clinically heterogeneous syndromes, Leigh syndrome is defined by
an early onset around 2 years of age, and neurological symptoms such as
developmental delay, hypotonia, dystonia, ataxia, nystagmus and optic atrophy.
Additional tissues that are affected include cardiac, hepatic, gastrointestinal, and
renal systems. Premature death of the patients typically occurs by 3 years of age
(Leigh, 1951; Rahman et al, 1996; Lake et al, 2016; Bakare et al, 2021). Additional
examples of childhood onset mitochondrial disease include: Learns-Sayre syndrome,
Pearson syndrome, Alpers-Huttenlocher syndrome, and Barth syndrome (Ng &
McFarland, 2023).

As mitochondrial diseases are relatively rare, clinically heterogeneous and
have a poor genotype-to-phenotype correlation, the development of novel
therapeutic strategies remain difficult. Therefore, current options are limited, and
include combinations of exercise and dietary supplements (Parikh et al, 2017; Hirano
et al, 2018). Because of the complexity of mitochondrial diseases, one treatment will
likely not benefit all patients, and may even be detrimental to others. For example,
valproate has been shown as an effective treatment for patients with myoclonic
epilepsy, however if the patient has a mutation in POLG, this can result in liver failure
(Hynynen et al, 2014; Kang et al, 2024).

In order to develop new treatments, an improved understanding of the
molecular mechanisms that underlie mitochondrial disease is necessary. These

mechanisms can be investigated in animal models of mitochondrial disease.

Mitochondrial disease modelling

Animal models have been crucial in furthering our understanding of the
molecular mechanisms underlying human disease. Knockout mouse models of
genes (e.g., Surf1, Ndufs4, Tfam, and Sod2) or models with patient gene mutations

such as the Twinkle deletor animals, recapitulate many pathological signatures of
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human mitochondrial disease (Li et al, 1995; Larsson et al, 1998; Wang et al, 1999;
Tyynismaa et al, 2005; Dell'agnello et al, 2007; Kruse et al, 2008).

As an example of a mouse model of mitochondria disease, Ndufs4 knockout
impairs Cl activity and promote Leigh syndrome-like symptoms, including ataxia,
blindness, reduced rate of growth, and premature death. Interestingly, brain-specific
Ndufs4 KO causes neurodegeneration as in full KO animals. The increased impact
of the Ndufs4 KO on the nervous system mimics the primarily neurological nature of
Leigh syndrome (Rahman et al., 1996; Kruse et al., 2008; Quintana et al, 2010).

Mouse models also exist that aim to model human disease associated with
AIFM1 mutations. For example, an Aifm1(R200del) knock-in mouse line was
generated to attempt to model patient disease associated with AIFM1(R201del)
mutations. Patients with this mutation develop severe encephalomyopathy, while the
mouse model develops early-onset myopathy and late-onset peripheral neuropathy,
with no obvious brain defects (Ghezzi et al, 2010; Wischhof et al, 2018). Another
mouse model to investigate Aifm1 deficiency is the hypomorphic harlequin model.
Harlequin mice develop severe ataxia and cerebellar degeneration, with variable
levels of myopathy (Klein et al, 2002). While both the harlequin and the
Aifm1(R200del) knock-in models have reduced levels of AIF expression and Cl
impairment, each model has a different pathological manifestation (Wischhof et al.,
2018).

While some mouse models of mitochondrial disease can recapitulate many
aspects of human disease, others have less overlap with human phenotypes. In
humans, MICU1 loss of function mutations or deletions lead to a wide spectrum of
phenotypes. Some patients have relatively mild symptoms such as fatigue or
episodes of muscle weakness, while others develop more severe symptoms
including myopathy with extrapyramidal signs, ataxia, or optic atrophy (Logan et al.,
2014; Lewis-Smith et al., 2016; Musa et al, 2019; Bitarafan et al, 2021; Kohlschmidt
et al., 2021; Sharova et al, 2022). Micu1 knockout in mice leads to the death of most
animals within the first week of life. The few animals that survive longer do show
signs of developmental delay, ataxia, and impaired muscle function, similar to some
patients with MICU1 mutations (Antony et al., 2016; Liu et al., 2016). The relative
severity in this mouse model is likely due to a full loss of MICU1 activity, while

human patients have mutations that still retain some function.
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While animal and cellular models of mitochondrial disease recapitulate certain
aspects of human disease pathology, they do not address the problem of
heterogeneity in human disease.

The mitochondrial threshold effect.

In some species, mild depletion of OXPHOS subunits can lead to lifespan
extension, contrary to what is expected when considering the strong link between
mitochondrial dysfunction and disease in humans (Dell'agnello et al., 2007; Lapointe
et al, 2009; Durieux et al, 2011; Houtkooper et al, 2013; Owusu-Ansah et al, 2013).
This phenomenon is well-reported in C. elegans, since mutations in genes encoding
ETC subunits (e.g. cco-1, isp-1 and nuo-6) can lead to increased lifespan and
increased resistance to oxidative stress (Feng et al, 2001; Rea et al, 2007; Yang &
Hekimi, 2010; Houtkooper et al., 2013). Similar lifespan extensions have also been
reported in nematodes upon RNA interference against mitochondrial proteins (Dillin
et al, 2002; Lee et al, 2003). While this effect is common in C. elegans, the beneficial
effects of mild mitochondrial dysfunction have also been identified in other species. It
has been shown that RNAI treatment against subunits of Cl, ClII, CIV, or CV in
Drosophila melanogaster can lead to lifespan extension. Furthermore, mutations in
mice that result in mild mitochondrial dysfunction have been shown to enhance
longevity and, in some cases, confer resistance to neurotoxicity (Dell'agnello et al.,
2007; Copeland et al, 2009; Lapointe et al., 2009).

The “mitochondrial threshold effect” is a theory that outlines how organisms
respond to mitochondrial dysfunction. The idea is that mitochondrial dysfunction
activates compensatory mechanisms to overcome damage. If the dysfunction is mild,
the compensatory mechanisms can promote survival despite the defects in energy
production. Conversely, when the damage outweighs the level of compensation,
animals develop disease and die earlier (Figure 4). In a disease context, it could be
that differential activation of compensatory mechanisms may explain some of the
variability in clinical presentation between individuals with similar genetic lesions.
Thus, the identification of pathways that can account for this compensation may be
useful for treatment of primary human mitochondrial disorders (Mazat et al, 1997,
Rossignol et al, 2003; Rea et al., 2007).
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To date, research into mitochondrial mutations in C. elegans (and some other
key model organisms) has revealed components of the compensatory mechanisms
that overcome mitochondrial dysfunction. Mitochondrial damage and loss of
membrane potential results in reduced efficiency of import and impaired processing
of proteins in the mitochondria (Krayl et al, 2007; van der Laan et al, 2007). Proteins

that are unable to be transported into the mitochondria accumulate in the cytosol and

Homeostatic - Mitochondrial
mechanisms function

Mitochondrial disease causing
L mutations ~
» N

Activation of compensatory mechanisms

Compensatory < Mitochondrial Compensatory > Mitochondrial
mechanisms dysfunction mechanisms dysfunction
100 100
© ©
2 2
< <
3 3
& 50 « & 50 »
c c
@ [
o o
1™ 1™
[ (]
o o
0 r + T T 0
10 20 30 40

10 20 30 40

Time (days) Time (days)

Figure 4. The mitochondrial threshold effect.

Mitochondrial dysfunction activate compensatory pathways which, below a certain
threshold, can result in improved organismal health and lifespan extension.
Dysfunction beyond this threshold results in reduced lifespan.
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are degraded by the proteosome (Wrobel et al, 2015). In C. elegans, reduced import
efficiency and degradation of the transcription factor ATFS-1 leads to its
translocation to the nucleus and activation of the mitochondrial unfolded protein
response (MtUPR), which aims to re-establish proper mitochondrial function. The
mtUPR can be activated by a variety of stimuli including: reduced mtDNA content,
accumulation of unfolded proteins inside the matrix, inhibition of mitochondrial
chaperones or proteases, impairment of mitochondrial protein translation, and
OXPHOS inhibition (Zhao et al, 2002; Nargund et al, 2012; Owusu-Ansah et al.,
2013; Liu et al, 2014; Lin & Haynes, 2016). The expression of chaperones (e.g. hsp-
6 and hsp-60), proteases, anti-oxidants, OXPHOS complex assembly factors, and
glycolytic enzymes are all increased as part of the mtUPR (Haynes et al, 2010;
Nargund et al., 2012; Nargund et al, 2015; Rolland et al, 2019). Additional key
proteins involved in the activation of the mtUPR are the transcription factors UBL-5
and DVE-1, the histone methyltransferase MET-2, the histone demethylases JMJD-
1.2, JMJD-3.1 and HDA-1, and the nuclear co-factor LIN-65 (Benedetti et al, 2006;
Haynes et al, 2007; Merkwirth et al, 2016; Tian et al, 2016; Shao et al, 2020).
Asides from mitochondrial dysfunction, multiple inducers of longevity have
been identified in C. elegans, including dietary restriction, impaired insulin signalling,
or germline ablation. These longevity-inducing conditions activate stress response
pathways under the control of transcription factors, such as DAF-16, HLH-30, PHA-
4, SKN-1, HIF-1 and HSF-1. These factors control transcription of numerous genes
involved in pathways such as the endoplasmic reticulum UPR, the ubiquitin
proteasome system, the heat shock response, and translation. In addition to the
mtUPR, mitochondrial dysfunction also activates various aspects of these stress
response pathways to restore cellular function (Lee et al, 2010; Park et al, 2010; Wei
& Kenyon, 2016; Senchuk et al, 2018). Evidence suggests that ATFS-1 is not only
required for mtUPR, but is also important for the activation of other stress response
pathways in collaboration with SKN-1, HIF-1, and DAF-16 (Wu et al, 2018).
Inhibition of the insulin signalling pathway was the first discovered modulator
of lifespan in C. elegans (Friedman & Johnson, 1988; Kenyon et al, 1993).
Hypomorphic mutations in the gene encoding the insulin receptor DAF-2, or
downstream targets such as AGE-1, alter the phosphorylation status of the
transcription factor DAF-16, resulting in its translocation to the nucleus. A variety of
posttranslational modification (PTMs) of DAF-16 have been identified that modulate
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its activity, which have been demonstrated to be relevant for the integration of
multiple upstream signals to influence longevity (Li et al, 2007; Takahashi et al,
2011; Chiang et al, 2012). DAF-16 is involved in the transcription of antioxidant
genes such as sod-3, which is essential for lifespan extension of long-lived
mitochondrial mutants clk-1, nuo-6 and isp-1 (Dues et al, 2017; Senchuk et al., 2018;
Wu et al., 2018).

Activation of autophagy to induce longevity is controlled primarily by the
transcription factors HLH-30 and PHA-4. Inhibition of mTOR or insulin signalling
activates autophagy and lysosomal biogenesis via HLH-30 (Settembre et al, 2011;
Roczniak-Ferguson et al, 2012). Similarly, dietary restriction via mutations in genes
such as eat-2, or through restriction of food availability, increases lifespan in a PHA-
4-dependent manner, by activating autophagy (Panowski et al, 2007; Hansen et al,
2008). Long-lived mitochondrial mutants such as clk-1(e2519) display increased
expression and nuclear localisation of HLH-30, and downregulation of HLH-30
reduces lifespan (Lapierre et al, 2013). Furthermore, loss of function mutations in
key autophagy genes abolishes lifespan extension in response to RNAi again CV
subunit ATP-3 (Toth et al, 2008).

SKN-1 is involved in the response to oxidative stress and leads to the
transcription of phase Il detoxification genes such as gst-4. Furthermore, SKN-1 has
been found to promote the production of the proteosome, aid in the activation of the
endoplasmic UPR, and is involved in the activation of mitophagy and mitochondrial
biogenesis in response to mitochondrial damage (Li et al, 2011; Glover-Cutter et al,
2013; Palikaras et al, 2015). Long-lived nuo-6(gqm200) animals display increased
expression of gst-4, however this seems to be dispensable for lifespan extension in
this context (Wu et al., 2018).

HIF-1 is involved in the response to hypoxia and induces the transcription of
detoxification genes such as nhr-57. Long-lived animals with mutations in nuo-6, clk-
1, and isp-1 have increased generation of mitochondrial ROS, activation of HIF-1,
and increased expression of nhr-57. Disruption of HIF-1-mediated signalling
abolishes lifespan extension these mutants (Lee et al., 2010; Dues et al., 2017; Wu
et al., 2018).

The heat shock response is vital in proteostasis in the cytosol, and its main
regulator is the transcription factor HSF-1. Key links between mitochondrial ETC
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function and the heat shock response have been identified (Labbadia et al, 2017).
RNAI against ETC components induces a specific phosphorylated form of HSF-1,
and upregulates expression of HSF-1 target genes such as hsp-16.2 (Williams et al,
2020). Furthermore, there is interplay between the mtUPR and the heat shock
response, since downregulation of downstream components of the mtUPR triggers
an HSF-1-dependent cytosolic stress response (Kim et al, 2016).

While the involvement these different transcriptional networks in lifespan
extension in response to mitochondrial dysfunction is well documented, the role of
specific pathways within these complex transcriptional networks have been relatively

underexplored.

Neurodegeneration is linked with mitochondrial dysfunction

While inherited mutations in a variety of mitochondrial protein encoding genes
often result in the disorders mentioned above, some of them have been also
associated with neurodegenerative processes. Examples of mitochondrial proteins
that are mutated in neurodegenerative diseases include MFN2 in Charcot-Marie-
Tooth (CMT) subtype 2A, GDAP1 in CMT4A, OPA1 in dominant optic atrophy, and
SOD1 in Amyotrophic Lateral Sclerosis (Rosen et al, 1993; Delettre et al, 2000;
Baxter et al, 2002; Zuchner et al, 2004). Parkinson’s disease is perhaps the
neurodegenerative disease that is, genetically, most strongly associated with
mitochondrial dysfunction. Mutations in the mitochondrial proteins Parkin, DJ-1,
PINK1, LRRK2, and Pol y all cause familial PD (Kitada et al, 1998; Bonifati et al,
2003; Luoma et al, 2004; Valente et al, 2004; Zimprich et al, 2004). Besides the
genetic link between mitochondrial dysfunction and PD there is also strong
association between PD and CI inhibition, since exposure to MPPP, MPTP,
rotenone, and other ClI inhibitors can induce parkinsonism (Davis et al, 1979;
Langston et al, 1983; Betarbet et al, 2000).

In idiopathic neurodegenerative diseases and those with no genetic
association with mitochondrial mutations, mitochondrial dysfunction is nevertheless
an evident signature. For example, Alzheimer’s disease (AD) post-mortem brain
tissue displays reduced expression of components of the TCA cycle and OXPHOS
pathway (Kish et al, 1992; Parker et al, 1994; Brooks et al, 2007). In addition to

disrupted mitochondrial bioenergetics, AD pathology is associated with increased
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oxidative stress, altered mtDNA integrity, altered fusion/fission dynamics, disrupted
trafficking, impaired biogenesis, and impaired mitophagy (Bose & Beal, 2016;
Monzio Compagnoni et al, 2020; Wang et al, 2020).

While the exact role of mitochondrial dysfunction in neurodegenerative
disease has not been defined, it is clear that it features in pathology. It may be that
age-related neurodegenerative diseases exist on a spectrum with classic
mitochondrial disease, and that “mild” mitochondrial dysfunction over time leads to
late-onset neurodegenerative disease, while “severe” mitochondrial dysfunction

leads to early-onset disease.

Mitochondria at the forefront of Parkinson’s disease

Parkinson’s disease is a neurodegenerative disorder with motor symptoms
including bradykinesia, resting tremors, dyskinesia (Figure 5A). In Parkinson’s
disease (PD) and other synucleinopathies, the onset of movement defects is due to
the loss of dopaminergic neurons of the substantia nigra pars compacta. Disease
can arise spontaneously, as a result of environmental factors, or as a consequence
of inherited genetic mutations (Figure 5B). Around 15% of PD cases are familial
forms, with 5-10% of PD cases presenting with monogenic inheritance patterns (Luo
et al, 2023). Identification of mutations associated with familial PD and
synucleinopathy have provided useful insights into the molecular pathways that are
disrupted in disease.

In the late 70s/early 80s, a group of individuals developed parkinsonism
following intravenous injection of contaminated drugs. The culprit contaminants were
identified as the compounds MPPP and MPTP, which were later found to be
inhibitors of mitochondrial Complex | (Figure 5B) (Davis et al., 1979; Langston et al.,
1983). Further inhibitors of complex I, such as rotenone (Betarbet et al., 2000),
pyridaben, fenpyroximate (Sherer et al, 2007), trichloroethylene (Guehl et al, 1999;
Keane et al, 2019), and annonacin (Champy et al, 2004), were identified as the
cause of selective degeneration of dopaminergic neurons and parkinsonism in
experimental models (Burns et al, 1983; Heikkila et al, 1984). Complex | inhibition by
these compounds can have multiple effects on the mitochondria, such as impairment
of fission/fusion dynamics and increase in ROS generation (Barsoum et al, 2006;
Thomas et al, 2011; Wang et al, 2011). Furthermore, there has been sporadic
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evidence for the formation of a-Syn-positive inclusions, a hallmark feature of most
forms of PD, following treatment of animals or cells with rotenone or MPTP (Betarbet
et al., 2000; Fornai et al, 2005).

Mutations in multiple genes have been documented to result in PD. Many of
these have a direct role in mitochondrial function or homeostasis, while some have
currently no known link to mitochondria. PINK1 and Parkin, for example, act together
to trigger mitophagy in damaged mitochondria, and recessive mutations in either can
lead to early-onset PD (Kitada et al., 1998; Valente et al., 2004). The loss of function
of another PD-causing gene, PARK7/DJ-1, impairs mitophagy and results in a
fragmented mitochondrial network and the accumulation of damaged mitochondria
(Irrcher et al, 2010; Krebiehl et al, 2010). The mitochondrial network fragmentation
caused by DJ-1 loss of function can be rescued by overexpression of PINK1 and
Parkin (Irrcher et al., 2010).

Additional supporting evidence of mitochondrial dysfunction in PD comes from
post-mortem patient-derived tissue. Patient tissue often show evidence of oxidative
damage (Bonifati et al., 2003; Keeney et al, 2006; Andres-Mateos et al, 2007),
complex | deficiency (Schapira et al, 1989; Schapira et al, 1990; Mann et al, 1992;
Janetzky et al, 1994; Flones et al, 2024), and a reduction in the master regulator of
mitochondrial biogenesis, PGC-1a (St-Pierre et al, 2006; Zheng et al, 2010).

While disruption in mitochondrial pathways forms a large part of PD
pathogenesis, disruptions in additional pathways have been observed. These
pathways include disrupted Ca®* homeostasis, lysosomal function, vesicle trafficking,
lipid homeostasis, and the induction of ER stress (Ryu et al, 2002; Outeiro &
Lindquist, 2003; Gitler et al, 2008; Parihar et al, 2008; van Ham et al, 2008; Chu et
al, 2009; Dehay et al, 2010; Colla et al, 2012; Selvaraj et al, 2012; Hurley et al, 2013;
Caraveo et al, 2014; Luth et al, 2014; Galper et al, 2022; Luo et al., 2023). Altered
proteostasis is one of the most researched aspects of PD pathology besides
mitochondrial dysfunction. This is because in many cases of PD there is the
formation of intracellular inclusions called Lewy bodies and Lewy neurites, which
largely consist of damaged membranes, as well as oligomers and fibrils of alpha-
synuclein (Spillantini et al, 1997; Furukawa et al, 2002; McNaught et al, 2003; Chu et
al., 2009; Dehay et al., 2010; Shahmoradian et al, 2019).
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Figure 5. PD symptoms, genetic basis and dysregulated cellular processes.
(A) Symptoms associated with Parkinson’s disease. (B) Parkinson’s disease can
occur through inherited genetic mutations, exposure to toxins, or sporadically. (C) A

variety of cellular pathways are disrupted in PD.
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a-Syn and proteotoxicity in Parkinson’s disease

a-Syn and PD pathology

The SNCA gene encodes the protein alpha-synuclein (a-Syn). Duplication,
triplication, or point mutations in the SNCA gene causes PD (Polymeropoulos et al,
1997; Kruger et al, 1998; Singleton et al, 2003; Zarranz et al, 2004). a-Syn is a
small, intrinsically disordered protein of 140 residues, and was first identified in the
synapse and the nucleus of neurons innervating the electric organ of T. californica.
While its presence and function within the nucleus is currently debated, it is thought
that a-Syn regulates various steps of the synaptic vesicle cycle at the pre-synapse
(Maroteaux et al, 1988; Spillantini et al., 1997; Burre et al, 2010; Bendor et al, 2013;
Burre et al, 2014; Atias et al, 2019).

In the pre-synapse, a-Syn associates with synaptic vesicles via its N-terminal
region, leaving its C-terminal region to interact with binding partners such as
synaptobrevin-2 and Synapsin 1. The N-terminal region of a-Syn forms an
amphipathic a-helix conformation upon binding to lipid membranes of high curvature.
Moreover, a-Syn displays a preference of binding with small vesicles of similar size
to synaptic vesicles. Together, it seems that a-Syn may play a role in the
maintenance of the size of recycling pools of synaptic vesicles and in inhibiting the
docking of vesicles with the plasma membrane via its association with
VAMP2/synaptobrevin-2. Triple synuclein KO or treatment with a pan-synuclein
antibody depletes vesicles from active zone and reserve pools, while a-Syn
overexpression within the range of gene duplication or triplication similarly impairs
synaptic vesicle recycling and leads to reduction in the size of the reserve pool.
Upon neuronal stimulation, a-Syn disperses from synaptic vesicles alongside
Synapsin 1 and allows movement of vesicles to the active zone, however a-Syn
dispersal is delayed and only occurs following exocytosis of vesicles. a-Syn has also
been shown to play a role in “kiss-and-run” exocytosis, whereby vesicles transiently
dock and fuse with the plasma membrane to release part of its contents (Davidson
et al, 1998; Murphy et al, 2000; Eliezer et al, 2001; Chandra et al, 2003; Fortin et al,
2005; Middleton & Rhoades, 2010; Nemani et al, 2010; Diao et al, 2013; Wang et al,
2014; Logan et al, 2017; Sun et al, 2019; Fouke et al, 2021).
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While a-Syn does not have a clear physiological role in mitochondrial function,
it has been shown that a-Syn O/E may induce mitochondrial dysfunction (Parihar et
al., 2008; Banerjee et al, 2010; Chinta et al, 2010; Li et al, 2013; Luth et al., 2014;
Subramaniam et al, 2014; Tapias et al, 2017). In this regard, transgenic animals
overexpressing a-Syn or carrying mutations in the SNCA gene are also sensitised to
the exposure of MPTP or rotenone (Song et al, 2004; Nieto et al, 2006; Song et al,
2015), and conversely have increased resistance when they are lacking SNCA
(Dauer et al, 2002; Klivenyi et al, 2006).

Recent evidence indicates a-Syn can interact with TOMZ20, an essential
mediator of mitochondrial protein import, and inhibit its function (Di Maio et al, 2016).
Furthermore, a-Syn is able to inhibit mitochondrial fusion processes, leading to
overall fragmentation of the mitochondrial network (Kamp et al, 2010; Nakamura et
al, 2011; Guardia-Laguarta et al, 2014). Since mitochondrial fusion/fission dynamics
are essential for synaptic function and for positioning mitochondria in areas of high
energy demand, it may be that a-Syn expression interferes with mitochondrial
homeostasis, which is particularly detrimental to neurons (Li et al, 2004; Verstreken
et al, 2005; Chang et al, 2006; Berthet et al, 2014). Together, this highlights a clear
involvement of a-Syn in mitochondrial dysfunction associated with PD.

In addition to its influence on mitochondria, aggregation of a-Syn and the
formation of Lewy bodies are some of the most studied aspects of disease
pathology. It is thought that the aggregation of a-Syn and its neuropathological
spreading throughout distinct brain regions is a causative feature of PD pathology
(Braak et al, 2003; Volpicelli-Daley et al, 2011), while some believe that aggregation
is just a by-product of other underlying dysfunctional processes, considering that not
all familial PD cases display Lewy bodies (Doherty & Hardy, 2013; Doherty et al,
2013; Schulz-Schaeffer, 2015). Regardless, study of the cause and the mechanisms

of protein aggregation is essential in understanding neurodegenerative processes.

Intrinsically disordered a-Syn and its ability to phase separate

Similar to other proteins that undergo aggregation, a-Syn contains intrinsically
disordered regions (IDRs). These regions lack a defined structure, display low
complexity and contain a limited number of amino acid residues, such as glycine,
serine, glutamine, asparagine, phenylalanine and tyrosine (Gilks et al, 2004; Decker
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et al, 2007; Reijns et al, 2008; Kato et al, 2012). Due to this low complexity, these
proteins take many different conformations, which may make them more prone to
fold in a pathological conformation. Despite the possibility of misfolding, it seems that
IDRs have an essential evolutionary function.

The presence of IDRs in a protein often enables it to form biomolecular
condensates, which allows proteins to organise themselves within the densely
packed cellular milieu without the necessity of a lipid membrane (Nott et al, 2015). It
is thought that these biomolecular condensates alter the activity of proteins, either
through an increase in the local concentration, or conversely, to sequester molecules
from reaction partners outside of the condensate (Strzelecka et al, 2010; Li et al,
2012; Banjade & Rosen, 2014; Tatomer et al, 2016; Franzmann et al, 2018; Case et
al, 2019). Condensates may also act to buffer protein concentrations within the cell,
act as a detection system for environmental changes, or to mechanically shape
cellular contents (Figure 6A) (Riback et al, 2017; Shin et al, 2018; Klosin et al, 2020).

There are numerous examples of membraneless organelles/biomolecular
condensation within the cells. Examples include nucleoli (Phair & Misteli, 2000;
Audas et al, 2012; Feric et al, 2016; Frottin et al, 2019), Cajal bodies (Phair & Misteli,
2000), PML nuclear bodies (Mao et al, 2011; Nott et al., 2015), DNA damage repair
sites (Altmeyer et al, 2015; Patel et al, 2015), stress granules (Molliex et al, 2015;
Yang et al, 2020), germ granules (Brangwynne et al, 2009), clusters of vesicles at
the presynaptic terminal (Milovanovic et al, 2018; Hoffmann et al, 2021), and the
synaptic active zones (Figure 6B) (Wu et al, 2019; McDonald et al, 2020). Some of
these consist purely of a primary liquid phase, while some are more complex and
contain multiple phases (Lang et al, 2010; Feric et al., 2016; Jain et al, 2016).

Typically, biomolecular condensates consist of a scaffold, which is essential
for condensate formation, and client molecules, which are dispensable and directly
interact with the scaffold. Scaffolds play an important role in setting the saturation
concentration at which a condensate occurs (Banani et al, 2016). Multiple factors
can regulate the process of condensation, such as concentration, post-translational
modifications, or the presence of additional proteins or lipid vesicles (Li et al., 2012;
Banjade & Rosen, 2014; Nott et al., 2015; Weber & Brangwynne, 2015; Su et al,
2016; Milovanovic et al., 2018; Martin et al, 2020; Ruff et al, 2021; Shimobayashi et
al, 2021). Condensates can be removed via autophagy or other ATP-dependent
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Figure 6. LLPS is a method to organise the contents to the cell.

(A) The process of liquid-liquid phase separation (LLPS) can be a method for
enhancing activity of certain proteins or by sequesting them from certain protein-
protein interactions. This process is regulated by a variety of factors. (B) LLPS has
been implicated in multiple cellular regions and processe
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machinery, such as chaperones and disaggregases (Figure 6A) (Buchan et al, 2013;
Kroschwald et al, 2015; Jain et al., 2016). Furthermore, high ATP concentrations
have been shown to oppose LLPS and promote aggregation disassembly
independently of its energy storage function (Patel et al, 2017; Hayes et al, 2018).
Thus, it is possible that deficiency in the energy state of a cell may lead to
unfavourable condensation processes.

The ability to phase separate is not only conferred by the presence of IDRs,
but also by the presence of compatible, multivalent domains (Li et al., 2012). The
sticker-and-spacer model describes the constituents of biomolecular condensates as
molecules formed of “sticker” regions that drive intermolecular interactions within the
condensate, and “spacers” that link stickers together and provide flexibility but have
no specific influence on the interactions (Semenov & Rubinstein, 1998; Wang et al,
2018; Choi et al, 2020).

One of the first, and most studied, examples of biomolecular condensation
and liquid-liquid phase separation of multivalent proteins, is the formation of
condensates of Nephrin, Nck, and N-WASP (Li et al., 2012; Banjade & Rosen,
2014). In this example, Nephrin is a transmembrane protein with a cytoplasmic tail
containing three tyrosine residues, which can be phosphorylated and interact with
the SH2 domains of Nck. Nck contains three SH3 domains which can, in turn,
interact with the six Proline-Rich Motifs (PRMs) of the proline-rich domain of N-
WASP. Incubation of SH3 domain- and PRM domain- containing peptides is
sufficient for LLPS to occur, with increasing valency decreasing the threshold
concentration for condensation to occur. Conditions that promote LLPS of Nck and
N-WASP also lead to a sharp increase in the rate of N-WASP-dependent Arp2/3
activation and actin polymerisation (Figure 7A) (Li et al., 2012; Banjade & Rosen,
2014).

At the presynapse, Synapsin 1 and a-Syn phase separate to regulate synaptic
vesicle release. In this example, Synapsin 1 forms a scaffold, with lower mobility,
while a-Syn is a client with high mobility (Milovanovic et al., 2018; Hoffmann et al.,
2021). The IDR of synapsin 1 is necessary and sufficient for condensate formation,
but the size and rate of formation is increased in the presence of SH3 domain-
containing proteins (Grb2 or Intersectin), molecular crowders, and negatively
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Figure 7. Factors that enhance LLPS increase molecular functions.

(A) The interaction between Nephrin, Nck and N-WASP results in the activation of N-
WASRP to recruit the Arp2/3 complex and nucleate branched actin filaments.
Phosphorylated tyrosine residues on the C-terminal tail of Nephrin, the SH2 and SH3
domains of Nck, and the proline rich motif of N-WASP enable them to undergo LLPS,
which enhances Arp2/3 recruitment. (B) Synapsin 1 (red) and a-Syn (blue) undergo
LLPS to cluster synaptic vesicles. The balance of Synapsin 1 and a-Syn
concentration is important for the LLPS and thus the amount of clustering.

29



charged vesicles (Milovanovic et al., 2018). LLPS of synapsin 1 is able to sequester
lipid vesicles, and when the IDR of synapsin 1 is phosphorylated by the kinase
CaMKIl, phase separation is disrupted, and the vesicles are dispersed (Milovanovic
et al., 2018; Hoffmann et al., 2021). When a-Syn is overexpressed in the presence of
endogenous levels of synapsin, there is reduced cycling of synaptic vesicles,
however this reduction is abolished in neurons with a triple knockout of the
synapsins (Atias et al., 2019). Triple knockout of the synapsins leads to dispersion of
synaptic vesicle clusters, while triple KO of synucleins leads to a higher clustering of
the synaptic vesicles, suggesting that the balance of synapsin and a-Syn expression
is important for the regulation of synaptic vesicle dynamics. Indeed, when higher
concentrations of a-Syn are present compared to synapsin 1, phase separation is
impaired (Figure 7B) (Hoffmann et al., 2021). Another presynaptic protein
Synaptophysin can also form condensates that contain vesicles, when
overexpressed with Synapsin 1 in fibroblasts (Park et al, 2021).

If LLPS is essential for physiological properties of a-Syn and other
neurodegenerative disease-associated proteins, why do these proteins also form

aggregates in disease?

A LLPS model for Lewy body formation and disease

While LLPS is important for some cellular functions, it is also possible that
condensates can mature into hydrogels over time and under certain conditions,
leading to the nucleation of amyloid fibres and the formation of more solid-like
structures, such as Lewy bodies (Han et al, 2012; Lin et al, 2015; Molliex et al.,
2015; Patel et al., 2015; Xiang et al, 2015; Boke et al, 2016; Feric et al., 2016;
Piroska et al, 2023). In phase-separating, disease-related proteins, mutations can
increase the propensity for the condensate to harden (Molliex et al., 2015; Murakami
et al, 2015; Patel et al., 2015). Furthermore, loss of binding partners can increase
the propensity of condensate hardening (Maharana et al, 2018). As previously
mentioned, a-Syn is able to undergo LLPS, via two low complexity domains at the N-
terminus (Ray et al, 2020). In vitro and in vivo studies have demonstrated that a-Syn
forms biomolecular condensates that are mobile and liquid-like at early time points,
but form amyloid-like, Proteinase K-resistant condensates at later time points (Ray et
al., 2020; Hardenberg et al, 2021; Piroska et al., 2023). Furthermore, under
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conditions that are thought to promote PD pathology (e.g. excess Cu?*, Fe3*) or
when PD-causing mutations are present (a-Syn A53T and E46K), there is increased
rate of condensate formation (Ray et al., 2020). Liquid droplets can also act as a site
of seeding and elongation of a-Syn fibrils in cells treated with PFFs (Figure 8)
(Piroska et al., 2023).

In addition to the formation of Lewy bodies by a-Syn LLPS, additional phase-
separating protein have also been implicated in PD. As mentioned above, the protein
N-WASP forms biomolecular condensates with Nepherin and Nck to activate the
Arp2/3 complex and nucleate actin filaments (Li et al., 2012; Banjade & Rosen,
2014). It has recently been shown that compound heterozygous mutations in the
gene that encodes N-WASP leads to an early onset form of Parkinsonism. One
mutation leads to the loss of the Arp2/3 binding domain of N-WASP, while the other

disrupts the proline-rich domain (Kumar et al, 2021).
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Figure 8. LLPS as a mode of Lewy body formation.

Aberrant a-Syn LLPS is a proposed model of Lewy body formation. Under certain
conditions, condensates can shift from having liquid-like properties to a more gel- or
solid-like state. Reduced motility of a-Syn in gel- or solid-like condensates can
enable nucleation of oligomers of fibrils, which could eventually lead to Lewy body
formation.
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Loss of the Arp2/3 binding region will lead to a loss-of-function in terms of actin
polymerisation, while disruption of the PRMs of the proline-rich domain will likely
disrupt phase separation, therefore further decreasing actin polymerisation activity
(Li et al., 2012).

Together, it seems as there is growing evidence that aberrant LLPS, whether
a loss of condensate formation or pathological condensate formation, plays a role in

PD pathology.

Goals of thesis

Current evidence suggests that eukaryotic cells can compensate for mild
mitochondrial dysfunction by promoting compensatory mechanisms that enable
stress resilience. Based on this evidence, the first goal of my experimental work was

to address the following open question:

1. What molecular mechanisms counteract aberrant mitochondrial

bioenergetics?

Furthermore, since mitochondrial dysfunction and a-Syn proteotoxicity are
common signatures of Parkinson’s disease pathogenesis, the second part of my

work aims to address the following question:
2. What mechanisms contribute to mitochondrial dysfunction and

proteotoxicity in neurodegenerative diseases, such as Parkinson’s

disease?
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Chapter I: SGPL1 stimulates VPS39 recruitment to the

mitochondria in MICU1 deficient cells

Summary

Background:

Mitochondria modulate intracellular signalling through their ability to uptake
calcium via the MCU complex, which consists of MCU, EMRE and MICU1/MICU2
(Kirichok et al., 2004; Baughman et al., 2011; De Stefani et al., 2011; Plovanich et
al., 2013; Sancak et al., 2013). Inherited mutations within MICU1 or MICUZ2 genes
cause myopathies and severe neurodevelopmental disorders in humans (Logan et
al., 2014; Lewis-Smith et al., 2016; Shamseldin et al., 2017; Kohlschmidt et al.,
2021).

Objective:
To gain insight into the molecular mechanisms that organisms employ to

counteract aberrant mitochondrial calcium uptake and mitochondrial bioenergetics.

Methods and results:

We employed CRISPR/Cas9 gene editing to generate null alleles of genes
encoding for MCU complex subunits. We report that micu-1(null) animals display
mitochondrial dysfunction, including reduced expression of Cl and CIV subunits, and
reduced respiration. Consistent with the mitochondrial threshold effect theory, we
found that micu-1(null) mutants has an increased lifespan. We showed that genetic
inhibition of mcu-1 has no influence on micu-1(null) lifespan extension, suggesting
that the lifespan extension is not due to aberrant mitochondrial Ca?* uptake. Using
transcriptomics, we found that micu-1(null) mutants had 3220 upregulated and 3132
downregulated transcripts compared to wt. However, comparative analyses of micu-
1(null);mcu-1(lof) vs. micu-1(null) transcriptomes showed only minimal transcriptional
changes, with 321 up- and 174 downregulated transcripts. Consistent with the
lifespan data, this transcriptional signature further suggests that micu-1(null) lifespan
extension is independent of the MCU complex.
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We further showed in micu-1(null) animals that there is an activation of stress
response pathways including the mitochondrial UPR, the oxidative stress response,
and the hypoxia-induced stress response, which are commonly upregulated in
response to lesions of OXPHOS subunits (Lee et al., 2010; Senchuk et al., 2018; Wu
et al., 2018). We showed that these stress responses are essential for lifespan
extension in micu-1(null) animals by inhibiting the transcription factors that control
these responses, using RNAI or loss-of-function mutations.

Using proteomic analysis, we identified 56 and 49 significantly up- and down-
regulated proteins in micu-1(null) animals, which may contribute to the downstream
compensatory pathways involved in lifespan extension. By performing an RNAi
screen against the upregulated candidates, we found that vps-39 and spl/-1
downregulation decreased the lifespan of micu-1(null) animals, while they had no
effect on wt animals. VPS-39 is part of the HOPS complex and also forms part of the
lysosome-mitochondria contact sites, while SPL-1 is an enzyme responsible for the
catabolism of sphingosine-1-phosphate into phosphoethanolamine. The HOPS
complex plays roles in the fusion of the autophagosome with the lysosome, while
SPL-1 is thought to contribute to the induction of autophagy in neurons via the
production of phosphatidylethanolamine (Mitroi et al, 2017; Gonzalez Montoro et al,
2018; van der Beek et al, 2019). Together we hypothesised that VPS-39 and SPL-1
may play a role in the activation of autophagy in micu-1(null) animals, thus
contributing to lifespan extension. Indeed, we found that vps-39 or sp/-1 RNAI
decreased the number of mCherry::GFP::LGG-1 positive autolysosomes in micu-
1(null) nematodes.

To further investigate the pathways that are affected upon downregulation of
vps-39 and spl-1, we collected micu-1(null) animals that had been grown on the
corresponding RNAi and performed proteomic analysis. Compared to micu-1(null)
animals grown on control RNAI, we found 50 and 26 differentially expressed proteins
in micu-1(null) animals exposed to vps-39 and sp/-1 RNAI, respectively. Of these
differentially expressed proteins, around 60% were common to micu-1(null) animals
exposed to vps-39 or spl-1 RNAI, suggesting that VPS-39 and SPL-1 act on similar
pathways. Furthermore, downregulation of either resulted in a reduction in the
number of autophagosomes and fragmentation of the mitochondrial network of micu-
1(null) animals.
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To determine whether the identified mechanisms could contribute to longevity
pathways associated with other mitochondrial lesions, we used Cl mutant nuo-
6(gm200) nematodes. We showed that RNAi against vps-39 and sp/-1 was also able
to abolish lifespan extension, indicating that these mechanisms may contribute to
longevity pathway activated by other mitochondrial lesions.

We showed that these pathways are conserved in mammals, as MICU1 KO
cells showed an increased expression of the orthologous proteins VPS39 and
SGPLA1. Furthermore, we found that MICU1 KO cells had increased elongation of the
mitochondrial network, increased autophagy, and impaired respiration.

Consistent with our C. elegans data, we observed increased proximity of
lysosomes with mitochondria in MICU71 KO cells. This is likely a result of increased
expression of VPS39, and its role in lysosome-mitochondria contact sites (Gonzalez
Montoro et al., 2018; van der Beek et al., 2019). Consistent with this hypothesis,
downregulation of either VPS39 or SGPL1 led to a reduction in lysosome-
mitochondria contact sites. Finally, in an AIFM1 knock-in mouse model of
mitochondrial disease, we also observed increased lysosome-mitochondria contact
sites in the muscles, indicating that the upregulation of VPS39 and SGPL1 may be
part of a widespread compensatory mechanism to counteract mitochondrial
dysfunction.

Conclusions:

In conclusion, we show that VPS-39/VPS39 and SPL-1/SPGL1 are important
components of the compensatory mechanisms that are activated in response to
aberrant mitochondrial bioenergetics. We hypothesise that they act in parallel to
regulate the synthesis and transfer of lipids, as the building blocks of new
membranes for the biogenesis of autophagosomes, lysosomes and mitochondria.
While we show that these proteins stimulate longevity in C. elegans, we did not test
whether overexpression of VPS-39 or SPL-1 could promote the lifespan extension of
short-lived mitochondrial mutants. This would be an important future avenue of
research, since it may be that these short-lived animals fail to upregulate VPS-39 or
SPL-1. We further show that the VPS-39/VPS39- and SPL-1/SPGL1-dependent
compensatory mechanisms are evolutionarily conserved in human cells and in
mouse tissue. Their upregulation occurs in response to MICU7 downregulation as
well as in an AIFM1 knock-in mouse model of severe myopathy. Accordingly, further
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work should also assess these mechanisms in different metabolic syndromes and
neurodegenerative diseases in humans, and discern whether disease severity is
associated with the level of activation of VPS39 and SGPL1-related pathways.

Contributions:

Co first-authorship was shared between Lena Wischhof and myself. The
majority of the C. elegans experiments were performed by me, while the in vitro and
mouse tissue experiments were performed by Lena Wischhof.

| contributed to the conceptualisation, methodology, validation and
investigation, and formal analysis of this study. Experimentally, | contributed

significantly towards Figure 1, Figure 2D-P, and Figure 3.
This article is reprinted with permission from the authors “Jackson J et al. (2022)

SGPL1 stimulates VPS39 recruitment to the mitochondria in MICU1 deficient cells.
Mol Metab 61: 101503” under a Creative Commons BY-NC-ND license.
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ABSTRACT

Objective: Mitochondrial “retrograde” signaling may stimulate organelle biogenesis as a compensatory adaptation to aberrant activity of the
oxidative phosphorylation (OXPHOS) system. To maintain energy-consuming processes in OXPHOS deficient cells, alternative metabolic pathways
are functionally coupled to the degradation, recycling and redistribution of biomolecules across distinct intracellular compartments. While
transcriptional regulation of mitochondrial network expansion has been the focus of many studies, the molecular mechanisms promoting
mitochondrial maintenance in energy-deprived cells remain poorly investigated.

Methods: We performed transcriptomics, quantitative proteomics and lifespan assays to identify pathways that are mechanistically linked to
mitochondrial network expansion and homeostasis in Caenorhabditis elegans lacking the mitochondrial calcium uptake protein 1 (MICU-1/
MICU1). To support our findings, we carried out biochemical and image analyses in mammalian cells and mouse-derived tissues.

Results: We report that micu-1(null) mutations impair the OXPHOS system and promote C. elegans longevity through a transcriptional program
that is independent of the mitochondrial calcium uniporter MCU-1/MCU and the essential MCU regulator EMRE-1/EMRE. We identify sphingosine
phosphate lyase SPL-1/SGPL1 and the ATFS-1-target HOPS complex subunit VPS-39/VPS39 as critical lifespan modulators of micu-1(null) mutant
animals. Cross-species investigation indicates that SGPL1 upregulation stimulates VPS39 recruitment to the mitochondria, thereby enhancing
mitochondria-lysosome contacts. Consistently, VPS39 downregulation compromises mitochondrial network maintenance and basal autophagic
flux in MICU1 deficient cells. In mouse-derived muscles, we show that VPS39 recruitment to the mitochondria may represent a common signature
associated with altered OXPHOS system.

Conclusions: Our findings reveal a previously unrecognized SGPL1/VPS39 axis that stimulates intracellular organelle interactions and sustains

autophagy and mitochondrial homeostasis in OXPHOS deficient cells.
© 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Autophagy; Caenorhabditis elegans; Longevity; MICU1; Mitochondria; Sphingosine signaling; VPS39

1. INTRODUCTION localization [8—11]. Within the mitochondrial intermembrane space, a

membrane-embedded MCU-EMRE subcomplex interacts with the EF-

Mitochondrial Ca®* uptake finely tunes intracellular signaling. The
transient Ca>* accumulation in the matrix depends on mitochondrial
membrane potential and occurs through a high conductance, ruthe-
nium red-sensitive channel spanning the inner mitochondrial mem-
brane (IMM) [1,2]. In all metazoans with a well-characterized Ca’*
signaling [3,4], electrogenic Ca?t entry in the mitochondrial matrix
depends on a multiprotein complex comprising three evolutionarily
conserved components [5]. The ion-conducting pore consists of
mitochondrial Ca®* uniporter (MCU) oligomers [6,7] that associate with
the essential MCU regulator (EMRE), a single-pass transmembrane
protein that influences MCU activity and its inner membrane

hand containing mitochondrial calcium uptake protein 1 (MICU1) or
its evolutionarily related paralogs MICU2 and MICU3 [12—18]. As MCU
gatekeepers, MICU1 and its paralogs physically block MCU pore access
and inhibit the electrogenic Ca®* entry under resting conditions,
thereby preventing mitochondrial Ca®* overload [17—20]. Beside its
regulatory role of the MCU complex, MICU1 localizes in the inner
boundary membrane (IBM) of the IMM, thereby stabilizing cristae
junctions along with optic atrophy 1 (OPA1) and mitochondrial contact
site and cristae organizing system (MICOS) [14].

The pathophysiological relevance of MCU and its components has
become even more evident since the identification in humans of
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disease-causing loss-of-function mutations in MICUT and MICU2
genes [21—24]. As for other mitochondrial diseases [25—28], MICU1
and MICU2 mutations lead to a variety of symptoms, including skeletal
muscle weakness, fatigue, cognitive impairment, tremors and ataxia
[21—24,29]. Patient-derived cells display aberrant mitochondrial
OXPHOS and Ca’* homeostasis along with other abnormalities, such
as fragmented mitochondrial network, increased NAD(P)H levels [23]
and enhanced sensitivity to oxidative stress [21]. A large number of
in vivo studies have attempted to investigate the molecular mecha-
nisms linked to dysfunctional MCU complex. Very surprisingly, MCU
knockout mice are viable in a mixed background and display dimin-
ished pyruvate dehydrogenase (PDH) activity associated with reduced
muscular strength [30]. To a similar extent, EMRE KO mice do not
show obvious metabolic changes or altered skeletal muscle perfor-
mance even under challenging conditions [9,15]. In contrast to MCU
and EMRE KO mice, MICU1 KO mice show high perinatal lethality with
a few escapers that weigh 50% less than wild type littermates and
display skeletal muscle degeneration and neurological defects [15,16].
Importantly, MICU1 deficient muscles exhibit clear signatures of
mitochondrial dysfunction, with decreased succinate dehydrogenase
(SDH)/cytochrome ¢ oxidase (COX) staining, increased production of
reactive oxygen species (ROS), low ATP levels and higher amounts of
lactate [15]. Consistent with the role of MICU-family members in
mitochondrial bioenergetics, it was shown that a loss-of-function (/of
of MICU1, but not the other MCU complex components, compromises
the survival of Drosophila melanogaster larvae [31]. Notably, neither
MCU(lof) nor EMREof) suppresses the fly lethal phenotype due to
MICU1 deficiency [31]. Taken together, it seems that MICU1 may
contribute to cellular homeostasis and metabolism through additional
pathways that are MCU independent and partially uncoupled from
mitochondrial Ca®* uptake. However, further investigations in model
organisms are necessary to identify evolutionarily conserved molecular
signatures that are relevant to our understanding of syndromes
associated with disease-causing MICU1 and MICU2 mutations.

To gain insights into MICU1 biology, we employed the nematode
Caenorhabditis elegans. We herein report that MICU-1/MICU1 defi-
ciency stimulates longevity independently of MCU. Using quantitative
multiplexed tandem mass tags (TMT)-based mass spectrometry
coupled to RNAi screenings in C. elegans, we identify sphingosine
phosphate lyase SPL-1/SGPL1 and the HOPS complex subunit VPS-39/
VPS39 as critical regulators of homeostatic processes mechanistically
linked to the increased lifespan of micu-1 mutant nematodes. In
mammalian cells, MICU1 deficiency stimulates VPS39 recruitment to
mitochondria, thereby enhancing the number of mitochondria-
lysosome contact sites without altering mitochondria-ER tethering.
Together, our findings provide new evidence of an MCU-independent
role of MICU1 in metabolic remodeling and intracellular organelle
homeostasis, the latter being of potential biological relevance in other
diseases associated with aberrant mitochondrial bioenergetics.

2. MATERIALS AND METHODS

2.1. Antibodies

The following antibodies were used in our work: rabbit anti-NDUFB8
(Proteintech, 1479-1-AP); mouse anti-MTCO1 (Abcam, ab14705);
mouse anti-total OXPHOS antibody cocktail (Abcam, ab110413);
mouse anti-GFP (Roche, 11814460001); rabbit anti-VPS39 (Pro-
teintech, 16219-1-AP and Novus Biologicals, NBP1-76535); mouse
anti-KDEL (Millipore, 10C3); mouse anti-TOM40 (Santa Cruz, sc-
365467); rabbit anti-TOM20 (Proteintech, 11802-1-AP); rabbit anti-
LC3B (Sigma, L7543); rabbit anti-MICU1 (Sigma, PA5-83371);

guinea pig anti-p62 (Progen, GP62-C); rabbit anti-pS473-AKT (Cell
Signaling, 4060S), rabbit anti-AKT (Cell Signaling, 4685); rabbit anti-
pT246-PRAS40 (Cell Signaling, 13175); anti-PRAS40 (Cell Signaling,
2691); rabbit anti-GAPDH (Santa Cruz, sc-25778); mouse anti-actin
(Sigma, A5316 and abcam, ab14128); mouse anti-tubulin (Sigma,
T6074); rabbit anti-SGPL1 (Atlas Antibodies, HPA021125); rabbit anti-
AIF (Cell Signaling, 5318).

2.2. C. elegans strains and maintenance

Nematodes were maintained at 20 °C following standard culture
methods. The following strains were used in this study: wild type N2
(Bristol), atfs-1(tm4525)V, BAN126 Zzuls178[his-72p::his-72::GFP];
BAN299 nuo-6(gm200)I;zcls14[myo-3p::GFP(mit)J, BAN338 mcu-
1Gu1154)IV:zcls13[hsp-6p::GFP],  BAN362  micu-1(bon20)IV/nT1
[qls51](V;V), BAN369 micu-1(bon20)IV/nT1[qls51](IV;V);zcls13[hsp-
6p::GFP], BAN370  micu-1(bon20)IV/nT1[qls51](V;V);zuls178[his-
72p::his-72::GFP], BAN372 micu-1(bon20)IV/nT1[qls51](V:V);bcls39
[lim-7p::ced-1::GFP + lin-15(+)], BAN373 micu-1(bon20)V/nT1
[qls51](V;V);zcls14[myo-3p::GFP(mit)], BAN378 micu-1(bon20)IV/nT1
[qls51](V:V);mcu-1(ju1154)IV, BAN380 nuo-6(qm200)I;micu-1(bon20)
W/nT1[qls51](V;V), BAN382  micu-1(bon77)IV/nT1[qls51](1V;V),
BAN397 micu-1(bon20)IV/nT1[qls51](IV;V);atfs-1(tm4525)V, BAN4O7
emre-1(bon78)X,  BAN436  age-1(hx546)lll;micu-1(bon20)IV/nT1
[qls51](V;V), BAN448 micu-1(bon20)IV/nT1[qls51](1V;V);sqls11[lgg-
1p::mCherry::GFP::lgg-1 + rol-6)], BAN449 micu-1(bon20)IV;vps-
39(0k2442)V/nT1[qls51](V;V), BAN491 gip-1(bn18)Ill:micu-1(bon20)/
nT1[[qls51j1V;V), BAN500 micu-1(bon20)IV/nT1[qls51](IV;V);emre-
1(bon78)X, BAN501 micu-1(bon20)IV/nT1[qls51](IV;V);mcu-1(ju1154)
IV;emre-1(bon78)X, DG2389 glp-1(bn18)lll, CZ19982 mcu-1(ju1154)
IV, MAH215 sqls11[lgg-1p::mCherry::GFP::lgg-1 +rol-6)], MD701
bels39[lim-7p::ced-1::GFP + lin-15(+)], MQ1333 nuo-6(qm200),
SJ4100  zcls13[hsp-6p::GFP], SJ4103  Zzcls14[myo-3p:.GFP(mit)],
TJ1052 age-1(hx546)lll. Some strains were provided by the CGC,
which is funded by NIH Office of Research Infrastructure Programs
(P40 0D010440).

2.3. Cell culture

Human embryonic kidney HEK293 and HelLa cells were grown in
DMEM (Gibco) supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin (100 U/ml penicillin; 100 mg/ml streptomycin).
For biochemical analysis, cells were seeded in 6-well plates at a
density of 4 x 10° cells per well and collected on the following day.
Cell pellets were then either processed directly for biochemical anal-
ysis or stored at —80 °C until further use. For immunostaining and PLA
experiments, cells were seeded onto poly-L-lysine-coated coverslips in
12-well plates at a density of 6 x 10* cells per well and fixed with 4%
PFA 48 h afterwards. Transient transfections were performed using
transfection complexes. For plasmid and siRNA transfection, we used
Turbofectin and 1 pg of plasmid DNA or RNAIMAX and siRNAs diluted
in Opti-MEM, respectively. After 48 h, cells were fixed with 4% PFA
and used for PLA experiments or immunostaining. The following
plasmids were used: mEGFP-ER-5a (Addgene plasmid # 56455),
mitochondrially targeted-GFP and mitochondrially targeted-DsRed. The
following siRNAs were used at a final concentration of 50 nM:
scramble (ID: AM4611), siMICU1 (ID: 135594), siSGPL1 (ID: 118700),
sil/PS39 (ID:136872).

2.4. CRISPR/Cas9 genome editing

Young adult hermaphrodites were injected with a customized injection
mix consisting of specific SQRNAs against target genes, Cas9 protein
and a plasmid encoding myo-2p::GFP (NemaMetrix Inc., Eugene OR,
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USA). F1 offspring were screened for GFP expression in the pharynx,
while F2 were genotyped using specific oligonucleotides upstream and
downstream the expected deletions. Mutants were backcrossed at
least three times with wt N2 animals and, when necessary, stabilized
using nT1[qls517] balancer.

2.5. Imaging and image analysis

Imaging of nematodes was performed on a Zeiss LSM900 equipped
with an Airyscan detector. All high-resolution images were acquired
and processed using ZEN (Carl Zeiss). For gonad staining, gonads were
extruded and fixed with 4% PFA for 5 min, washed with M9 buffer,
stained with DAPI for 5 min, followed by further washing. Gonads were
imaged with a 20x air objective. For imaging of mitochondria in zcls714
[myo-3p::gfp(mt)] transgenic strains, age-matched animals were fixed
with 4% PFA for 5 min, washed with M9 buffer, mounted on agarose
pads and imaged posterior to the pharynx, using a 63x oil immersion
objective. For imaging of sqls11/[lgg-1p::mCherry::GFP::lgg-1 + rol-6)]
transgenic strains, adult nematodes were immobilized in levamisole on
agarose pads and imaged with a 40x oil immersion objective. Z-stacks
were taken at a thickness of 1 um between focal planes, for a total
thickness of 10 um. Image analysis was performed using ImageJ on
maximum intensity projections of Z-stacks. Red and green puncta
were counted in the metacorpus of the pharynx using the Find Maxima
function. Statistical analysis was performed using GraphPad Prism.
Image analyses of immunofluorescence-labelled and PLA-stained cells
and tissue sections were carried out using a Zeiss LSM800 equipped
with an Airyscan detector or a Zeiss LSM880 equipped with an Air-
yscan detector, using a 63x oil immersion objective. Z-stacks were
taken at a thickness of 0.5 um between focal planes. High-resolution
images were acquired with ZEN (Carl Zeiss) and processed with the
automated Airyscan processing algorithm in ZEN. Image analysis was
done in ImagedJ. Mitochondrial morphology was calculated after auto-
threshold processing. Circularity and mitochondrial area were evalu-
ated via the analyze particles plugin. For co-localization indices,
Pearson’s and Mander’s coefficients were determined using the co-
localization analysis plugin  JACoP. PLA-dots were semi-
automatically quantified as previously described [32].

2.6. Immunocytochemistry, proximity ligation assay (PLA) and
LysoTracker staining

For immunocytochemistry, PFA-fixed cells were first incubated in
blocking solution (0.5% Triton X-100, 10% normal goat serum) for
30 min at room temperature, followed by overnight incubation with
primary antibodies. On the next day, cells were washed in PBS and
incubated with appropriate Alexa Fluor-conjugated secondary anti-
bodies (Invitrogen) for 2 h at room temperature. As a last step, cells
were counterstained with DAPI and mounted onto microscope slides.
PLA experiments were performed using Duolink® PLA fluorescence
reagents (Sigma) according to the manufacturer’s instructions and as
previously described [32]. Briefly, cells and tissue samples were first
permeabilized with 0.25% Triton X-100 in PBS, and then treated with
Blocking solution for 1 h at 37 °C. Thereafter, samples were incubated
with primary antibodies over night at 4 °C. Following three washes in
Wash Buffer A, samples were then incubated with PLA probes for 1 h
at 37 °C or, in case of tissue samples, for 24 h at 4 °C. Signal
amplification was performed by incubation with amplification-
polymerase solution for 100 min at 37 °C. After three washes in
Wash Buffer B, cells were counterstained with DAPI and mounted onto
microscope slides while tissue samples were incubated with anti-
TOM20 antibody overnight. On the next day, sections were washed
in PBS, incubated with appropriate secondary antibodies for 2 h at
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room temperature, and finally counterstained with DAPI. Imaging was
then performed within 24 h.

For lysosomal labeling, mitochondria-targeted GFP-positive HEK293
and Hela cells were seeded onto poly-L-lysine-coated coverslips. On
the next day, medium was removed and replaced by pre-warmed
growth medium containing LysoTracker Red DND-99 (Molecular
probes, Life Technologies) at a concentration of 60 nM. Following
45 min of incubation at 37 °C, cells were fixed with 4% PFA, washed
with PBS, mounted onto microscope slides and imaged immediately
afterwards.

2.7. Lifespan assays and RNAi

All lifespan assays were carried out at 20 °C. RNAi experiments were
performed by feeding with HT115 E. coli expressing dsRNA against
target genes (Ahringer library, Source Bioscience LifeSciences). To
obtain synchronized populations, gravid adult nematodes were
bleached in hypochlorite solution and the resulting eggs transferred
directly onto bacteria-seeded NGM plates. For lifespan-based RNAi
screen, gravid micu-1(bon20)/nT1[qls51] nematodes were bleached
and eggs transferred onto HT115 E. coli expressing dsRNA against
candidates. At L4/young adult stage, 50 micu-1(bon20) animals were
transferred to a fresh plate for each RNAi condition. For all the other
lifespan assays, nematodes were grown until L4/adult stage and then
transferred to fresh plates in groups of 30 per plate. Animals were
transferred every 2—4 days and scored at least every other day for
touch-provoked movement until death. Animals that died abnormally
(e.g., internal hatching, vulva protrusions) were scored as censored.
Survival curves were generated using GraphPad Prism software
(GraphPad Software Inc., San Diego, USA).

2.8. Mouse work

Aifm1(R200 del) knockin mice were generated as described previously
[33]. Mice were housed in groups of two to four under a 12/12 h light/
dark cycle with free access to food and tap water. All experiments
were approved and performed in conformity to the guidelines of the
State Agency for Nature, environment and Consumer Protection North
Rhine Westphalia. At 6 months of age, animals were anaesthetized
with an overdose of Ketamine: Xylazine and transcardially perfused
with PBS followed by 4% PFA. Quadricep muscles were rapidly
removed, post-fixed for 24 h in PFA, and stored in 30% sucrose so-
lution until further processing. Muscle sections were cut on a cryostat
at a thickness of 20 uM and stored at —20 °C until further use.

2.9. Next-generation RNA sequencing (NGS)

Adult nematodes were dissolved in 1 ml Trizol (Invitrogen) and total
RNA was isolated via the miRNeasy Micro kit (Qiagen) according to the
manufacturer’s protocol. RNA concentration and integrity were
determined by High Sensitivity RNA assay on a TapeStation 4200
system (Agilent). cDNA libraries were prepared from 5 ng total RNA
using the SMART-seq?2 protocol and tagmented with the Nextera XT kit
(IMumina). Library purification and size selection was carried out with
AMPure XP beads (Beckman—Coulter) and final library size distribution
was measured via High Sensitivity D5000 assay on a TapeStation 4200
System (Agilent). Library concentration was determined using the HS
dsDNA assay on a Qubit 3. Libraries were sequenced SR 75 cycles on a
NextSeq500 system (lllumina) using High Output v2 chemistry. Base
call files were converted to fastq format and demultiplexed using
bel2fastqg v2.20. The 75 bp single-end reads were aligned to the
C. elegans reference transcriptome WBcel235 by kallisto v0.44.0 using
default parameters. Raw RNA seq data were deposited to GEO data-
base under the common accession number GSE197286.
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2.10. Oxygen consumption rate measurements (OCR)

OCR was measured using a Seahorse XFe24 Analyzer (Agilent). Syn-
chronized animals were grown to first day of adulthood at 20 °C and
transferred to heat-killed OP50 plates for 3 h to empty their gut of live
bacteria. Each well of a Seahorse XFe24 Cell Culture Microplate was
filled with 500 pl M9 buffer, and 50 animals transferred into each well,
with a minimum of 3 wells per condition. OCR measurements were
taken at basal conditions, and in response to addition of 20 uM FCCP,
followed by 20 mM sodium azide (NaNs).

Cells were seeded on cell culture microplates (Agilent Seahorse XF24)
in growth medium 24 h, or in case of siRNA experiments 48 h, before
the assay. On the day of the experiment, growth medium was replaced
with Seahorse XF base medium supplemented with 1 mM pyruvate,
2 mM glutamine and 10 mM glucose or galactose. Before starting the
measurements, cells were equilibrated for 60 min in a CO,-free
incubator at 37 °C. Following three baseline measurements, subse-
quent additions of 1 uM oligomycin, 1.5 uM FCCP and 0.5 puM rote-
none/antimycin A were carried out as previously described. At the end
of OCR and ECAR assessments, cells were collected and lysed in RIPA
buffer (SIGMA), supplemented with protease and phosphatase in-
hibitors (Roche). Protein concentrations were determined via Bradford
assay and OCR values were then normalized to the respective protein
contents.

2.11. RNA extraction and quantitative real-time PCR

RT-PCR was used to quantify gene expression levels on synchronized
populations. RNA extraction, purification and reverse transcription was
performing using RNeasy RNA extraction kit (Qiagen) and qScript cDNA
supermix (Quanta Biosciences). Quantitative RT-PCR was performed
using Fast SYBR Green Master Mix (Applied Biosystems) in a Step One
Plus Real Time PCR System (Applied Biosystems) and analyzed using
comparative AACt method, normalized to mRNA levels of actin. Three
technical replicates were performed for each biological replicate. The
following oligonucleotides were used in this study: sod-3 5’- ccaac-
cagcgctgaaattcaatg-3’ and 5’-ggaaccgaagtcgegcttaatag-3’; nhr-57
5'-tcggaatgaatccggaagt-3’ and 5’'-atgcaggggaagatgaacag-3’; gst-4
5’'-gatacttggcaagaaaatttggac-3’ and 5’-ttgatctacaattgaatcagcgtaa-3’;
vps-39 5'-cgctttcccagacgceatttt-3’ and  5-gtegttttcggtagaggece-3’;
spl-1 5'-cagcgcctaacttcccatca-3’ and  5'-caggtatccggegteattca-3°;
beta-actin 5'-tgtgatgccagatcttctccat-3’ and 5'-gagcacggtatcgtcaccaa-
3.

2.12. Sample preparation, LC-MS/MS measurements and

database searching

Briefly, approximately 800 wt and micu-1(bon20)/nT1[qls51] adult
nematodes were collected at day 4 and 5 after hatching, respectively.
Animals were washed twice with water and the pellets were kept
at —80 °C. Samples were lysed in 200 p Lysis buffer (50 mM HEPES
(pH 7.4), 150 mM NaCl, 1 mM EDTA, 1.5% SDS, 1 mM DTT; sup-
plemented with: 1 x protease and phosphatase inhibitor cocktail
(ThermoScientific)). Lysis was aided by repeated cycles of sonication in
a water bath (6 cycles of 1 min sonication (35 kHz) intermitted by 2 min
incubation on ice). At least 40 pg of C. elegans protein lysates were
reduced and alkylated prior to processing by a modified filter-aided
sample preparation (FASP) protocol as previously described [34].
Samples were subjected to sequential overnight digestion with Lys-C
(1:40 in 1.3 M Urea buffer) and Trypsin (1:20; in 50 mM ammonium
bicarbonate) directly on the filters. Peptides were additionally precip-
itated using an equal volume of 2 M KCI for depletion of residual de-
tergents, then cleaned and desalted on C18 stage tips, prior to re-
suspension in 20 pl of 50 mM HEPES (pH 8.5). Then, wt (OP50),

micu-1(bon20) (OP50), micu-1(bon20) (on control RNAi), micu-
1(bon20) (on spl-1 RNAi), micu-1(bon20) (on vps-39 RNAI) C. elegans
peptides were labelled with 25 pl of diluted (14.75 mM) 126; 127N;
128N, 128C, 129N; and 129C, 130N, 130C (batches 1 and 2) TMT
10plex, respectively, for 1 h at RT. TMT signal was quenched by
addition of 2 pl of 5% hydroxylamine to the reaction, vortexing for 20 s
and incubating for 15 min at 25 °C with shaking (1000 rpm). TMT-
labelled peptides were acidified with 45% (vol/vol) of 10% FA in
10% ACN, prior to combining samples at equal amounts for drying in a
concentrator. Dried peptides were re-suspended in 300 pl of 0.1% TFA
for subsequent high pH reverse phase fractionation (Perce kit). 8
peptide fractions (10, 12.5, 15, 20, 22.5, 25, 50, and 80%) ACN were
collected, concentrated and re-suspended in 20 pl 5% FA for LC-MS
analysis. MS runs were performed in triplicates.

Tryptic peptides were analyzed on a Dionex Ultimate 3000 RSLC
nanosystem coupled to an Orbitrap Exploris 480 MS. They were
injected at starting conditions of 95% eluent A (0.1% FA in water) and
5% eluent B (0.1% FA in 80% ACN). Peptides were loaded onto a trap
column cartridge (Acclaim PepMap C18 100 R, 5 mm x 300 umi.d.,
#160454, Thermo Scientific) and separated by reversed-phase chro-
matography on a 50 cm pPAC C18 column (PharmaFluidics) using a
120 min linear increasing gradient from 8% to 25% of eluent B for
85 min, followed by a 28 min linear increase to 50% eluent B. The
mass spectrometer was operated in data dependent and positive ion
mode with MS1 spectra recorded at a resolution of 120 k with an
automatic gain control (AGC) target value of 300% (3 x 106) ions,
maxiT set to Auto and an intensity threshold of 1 x 10%, using a mass
scan range of 350—1550. Precursor ions for MS/MS were selected
using a top speed method with a cycle time of 2 ms and normalized
collision energy (NCE) of 36% (High-energy Collision Dissociation
(HCD)), to activate both the reporter and parent ions for fragmentation.
MS2 spectra were acquired at 45 k resolution using an AGC target
value of 200% (2 x 105), and maxIT set to 86 ms. Dynamic exclusion
was enabled and set at 45 s. Isolation width was set at 0.7 m/zand the
fixed first mass to 110 m/z to ensure reporter ions were detected.
Peptide match was set to off, and isotope exclusion was on. Charge-
state exclusion rejected ions that had unassigned charge states, were
singly charged or had a charge state above 5. Full MS data were
acquired in the profile mode with fragment spectra recorded in the
centroid mode.

Raw data files were processed with Proteome Discoverer™ software
(v2.4.0.305, Thermo Scientific) using SEQUEST® HT search engine
against the Swiss-Prot® C. elegans database (v2020-05-08). Peptides
were identified by specifying Lys-C and trypsin as the proteases, with
up to 2 missed cleavage sites allowed. Precursor mass tolerance was
set to 10 ppm, and fragment mass tolerance to 0.02 Da MS2. Static
modifications were set as carbamidomethylated cysteine and
TMT6plex (229.163 Da; N-terminal, K), while dynamic modifications
included methionine, oxidation and N-terminal protein acetylation, for
all searches. Resulting peptide hits were filtered for maximum 1% FDR
using the Percolator algorithm. The TMT10plex quantification method
within Proteome Discoverer software was used to calculate the re-
porter ratios with mass tolerance + 10 ppm and applying isotopic
correction factors. Only peptide spectra containing all reporter ions
were designated as “quantifiable spectra”.

2.13. SDS-PAGE and western blotting

Adult nematodes were collected, washed in sterile Ho0 and frozen in
liquid nitrogen. C. elegans and cell pellets were thawed on ice and
sonicated in ice-cold RIPA buffer (Sigma) with protease and phos-
phatase inhibitors. Total lysates were spun down, quantified using
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Bradford reagent (Sigma), and boiled in 2X Laemmli buffer at 95 °C for
5 min. Samples were resolved on 10—15% poly-acrylamide gels and
transferred onto nitrocellulose membranes using semi-dry transfer
Trans-Blot Turbo™ (Bio-Rad). Immunoblots were developed in ECL
and imaged using Chemidoc imaging system (Bio-Rad).

2.14. Statistics

GraphPad Prism Software was used for statistical analysis. Data were
tested for normality distribution and statistical comparison of normal
distributed data was performed with two-tailed Student’s ttest or one-
way ANOVA, unless indicated differently. Non-normal distributed data
were statistically compared using the Mann—Whitney U-test or
Kruskal—Wallis test. Statistical significance was defined as *p < 0.05.

2.15. Thrashing assay
Synchronized nematodes at the first day of adulthood were used for
thrashing assays. Individual animals were placed into a drop of M9
buffer, and each full back-and-forth lateral movement was counted for
a total of 90 s. Thrashing was performed for 10 animals per strain, for
each biological replicate.

3. RESULTS

3.1. MICU-1 deficiency extends C. elegans lifespan in an MCU-1
independent manner

As in other multicellular organisms, C. elegans expresses the three
core components of the MCU complex: MCU-1/MCU, EMRE-1/EMRE
and MICU-1/MICU1 (Figure 1A). Sequence alignments indicate that the
nematode genome may also encode a partially conserved MICU-3/
MICU3 as well as two poorly characterized SLC25A23 orthologs with
predicted ca?t binding activity (Supplementary Figs. STA—B). To
assess the contribution of the MCU complex to C. elegans survival, we
initially studied the lifespan of hermaphrodites homozygous for an
existing mcu-1(lof) allele [35]. To our surprise, we found that mcu-1
mutants lived as long as wild type (wt) nematodes (Figure 1B and
Table S1), suggesting that MCU-1 is dispensable for C. elegans viability
under standard laboratory conditions. Using CRISPR/Cas9-gene edit-
ing, we generated an emre-1(lof) allele consisting of an insertion in
exon 2 that led to a truncated and potentially unstable protein lacking
38 amino acids (Supplementary Fig. S1C). We backcrossed this line,
performed lifespan assays and observed that emre-7 mutant nema-
todes also lived as long as wt animals (Figure 1C and Table S1). To
complete our genetic survey, we then manipulated the expression of
the micu-1 gene by deleting a small portion of the promoter, the open
reading frame and part of the 3'UTR (Supplementary Fig. S1D). An
additional micu-1 mutant allele was obtained by targeting most of the
region between exon 1 and 3 (Supplementary Fig. S1E), since this
strategy also abrogates the expression of all predicted MICU-1 iso-
forms. Similar to previously described mitochondrial mutants [36,37],
homozygous micu-1(null) nematodes exhibited diminished motility and
larval developmental delays (Supplementary Figs. S1F—G). While mcu-
1 and emre-1 mutant animals did not show any obvious phenotypes,
micu-1(null) nematodes had reduced syncytial gonads and did not
develop oocytes when compared to wt animals (Supplementary
Figs. STH—I). As for an earlier micu-1 mutant strain [38], we main-
tained our micu-1(null) mutations with the balancer nT1[qls51](IV;V).
Confocal image analysis showed that micu-17(null) mutants had far
fewer nuclei in their germlines compared to wt gonads (Supplementary
Fig. STH). Moreover, micu-1 mutant gonads contained a large number
of germ cells undergoing programmed cell death, as revealed by the
intense CED-1:GFP fluorescence originating from sheath cells
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engulfing germ cell corpses in the pachytene and diplotene regions
(Supplementary Fig. S1l). Of note, genetic manipulation of mcu-71 or
emre-1 did not rescue the germline defects of micu-1 mutants
(Supplementary Fig. S1H). We found that micu-1(bon20)(IV)/nT1
[qls51](IV;V) laid a comparable number of eggs to wt animals, with the
population of hatched animals having genotypes that did not follow the
Mendelian distribution (Supplementary Fig. S1J). Adult micu-1(null)
mutants exhibited a fully differentiated vulva with no obvious abnor-
malities (Supplementary Fig. S1K).

Consistent with the “mitochondrial threshold effect” theory [39],
mitochondrial lesions can either extend or decrease C. elegans life-
span, according to the ability of the organism to compensate for
aberrant mitochondrial OXPHOS through transcriptional programs
regulating stress response and metabolism [40—45]. Since MICU-1/
MICU1 knockout compromises mitochondrial Ca?* signaling and
bioenergetics in mammalian and invertebrate cells [12,18,31,38], we
reasoned that MICU-1/MICU1 deficiency could influence C. elegans
survival similarly to other mitochondrial lesions [36,37,46]. In line
with our hypothesis, we found that homozygous micu-1(null) her-
maphrodites lived much longer than wt animals (Figure 1D—F and
Table S1). Importantly, both mcu-1(lof) and/or emre-1 deficiency did
not have a major impact on the lifespan extension of micu-1 mutants
(Figure 1TF—H and Table S1), strongly suggesting that MICU-1
longevity does not require a functional MCU complex and MCU-
dependent ca?t uptake. Next, we performed high-resolution
confocal microscopy of C. elegans body-wall muscle cells express-
ing a mitochondrially localized GFP. We observed that wt animals
began to accumulate abnormally enlarged, as well as fragmented
mitochondria a few days after reaching adulthood (Figure 1l,J),
whereas age-matched micu-1(null) mutants appeared to have a well-
organized mitochondrial network with highly interconnected tubular
structures similar to those described in other long-lived mitochondrial
mutants [44,47,48]. Using an adapted Seahorse protocol [44,49], we
measured oxygen consumption rate (OCR) and found that micu-1(null)
mutants had a lower spare respiratory capacity compared to wt
nematodes (Figure 1K,L). To assess the mitochondrial OXPHOS sys-
tem in micu-1 deficient nematodes, we ran immunoblot analyses and
observed altered expression of mitochondrial complex | (Cl) and
complex IV (CIV) subunits in micu-1(null) mutants compared to wt
(Figure 1M). Given this line of experimental evidence, we reasoned
that the lifespan extension of micu-1 mutants was probably depen-
dent on lesions altering the expression of electron transport chain
(ETC) subunits. Thus, we generated nuo-6(gm200);micu-1(bon20)
double mutants and observed a tendency toward further lifespan
extension compared to both micu-1(bon20) and nuo-6(qmZ200) ani-
mals (Figure 1N and Table S1), suggesting that aberrant ETC
composition may not be the only contributing factor underlying micu-
1 longevity. Since MICU1 can be localized at cristae junctions and
influences remodeling of the mitochondrial inner membrane [14], we
assessed the survival of micu-1(null) mutants on bacteria expressing
double strand RNAi against the mRNAs encoding the mitochondrial
fusogen EAT-3/0PA1 [50] and MICOS complex subunit MOMA-1/
APOOL/MIC27 [51]. We found that eat-3 downregulation had a mi-
nor, although statistically significant, effect on micu-1(null) lifespan,
while moma-1 RNAi did not influence the survival of micu-1 mutant
animals (Figure 10, Supplementary Figure S1L-M and Table S1).
These data suggest that additional IMM remodeling following EAT-3/
OPA1 downregulation may further influence the longevity pathways
linked to MICU-1 deficiency. In summary, our findings indicate that
micu-1(null) mutations alter the maintenance and function of the
OXPHOS system in C. elegans, recapitulating some of the
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Figure 1: micu-1(null) alleles extend C. elegans lifespan independently of MCU complex. (A) Schematic representation of the C. elegans mitochondrial calcium uniporter
(MCU) complex. MICU-1 homo- or heterodimers (red) bind MCU-1 (blue) and EMRE-1 (brown) subunits. Upon Ca2* binding, MICU-1 regulates MCU-1 permeability and Ca2* influx
into the mitochondrial matrix. (B—C) Representative survival curves of wt versus (B) mcu-1(ju1154) and (C) emre-1(bon78) mutant nematodes. (D—E) Representative survival
curves of wt animals compared to (D) mcu-1(ju1154) and micu-1(bon20), (E) micu-1(bon20) and micu-1(bon77) nematodes. (F—G) Lifespan assay of micu-1(bon20) vs (F) micu-
1(bon20);mcu-1(ju1154) and micu-1(bon77), (G) micu-1(bon20);emre-1(bon78) and micu-1(bon20);mcu-1(ju1154);emre-1(bon78). (H) Representative survival curves of micu-
1(bon20) grown on control and RNAi against emre-1. (l) Confocal images of 9-day-old control and micu-1(bon20) animals expressing zcls14[myo-3p::GFP(mit)] transgene.
Mitochondria are visualized as GFP-positive structures (scale bar = 10 pm). (J) Quantification of mitochondrial elongation in zcls14[myo-3p::GFP(mif)] expressing control (wt) and
micu-1(bon20) animals at 2, 4 and 6 days after adulthood (Kruskal—Wallis ANOVA, Dunn’s multiple comparison test: ns = not significant, *p < 0.05, n = 17—53 animals from at
least 3 independent experiments). To be consistent with other experiments (see figure 3l), the assessment of mitochondrial elongation was performed on animals grown on control
RNAi. (K) Seahorse OCR profiles of wt, mcu-1(ju1154), micu-1(bon20) and emre-1(bon78) animals. (L) Basal respiration and spare respiratory capacity of animals at day 1 of
adulthood (mean + S.E.M., Kruskal—Wallis test: ns = not significant, *p < 0.05, n = 3). (M) Immunoblot analyses of samples from wt and micu-1(bon20) animals using
antibodies against CV subunit ATP5A, CIV subunit CTC-1/MTCO1, Cl subunit NUO-2/NDUFS3 and actin (as loading control). Densitometry is reported on the right (mean + S.E.M.,
unpaired Student’s t-test: ns = not significant, *p < 0.05, **p < 0.01, n = 3). (N) Representative survival curve of nuo-6(qm200), nuo-6(qm200);micu-1(bon20) and micu-
1(bon20);mcu-1(ju1154) mutant nematodes. (0) Representative lifespan assay of wt and micu-1(bon20) mutants grown on control (solid lines), eat-3 (dashed lines) and moma-1
(dotted lines) RNAI.
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mitochondrial defects observed in higher organisms carrying MICU1
or MICUZ lesions.

3.2. MICU-1 loss stimulates stress response pathways
Mitochondrial dysfunction during development can stimulate tran-
scriptional regulation of stress response pathways that confer
C. elegans longevity [40,41,52—54]. To explore the mechanisms un-
derlying lifespan-extending properties of MICU-1 deficiency, we per-
formed next-generation sequencing (NGS) of RNAs extracted from
adult nematodes. Similar to other long-lived mitochondrial mutants
[44,45], the micu-1(null) mutation led to profound transcriptional
changes comprising of 3220 upregulated and 3132 downregulated
genes compared to wt animals (Figure 2A—C). Many of the dysregu-
lated genes encode for mitochondrial proteins, including ETC com-
ponents (Supplementary Fig. S2A). Consistent with our lifespan
assays, mcu-1(/of) had a negligible contribution to the gene expression
profiles linked to MICU-1 deficiency (micu-1(bon20);mcu-1(ju1154) vs
micu-1(bon20): 321 upregulated and 174 downregulated genes;
Figure 2B—C), further emphasizing that MCU-1 participates only
marginally in lifespan-extending programs established in micu-1(nul))
nematodes. Ingenuity pathway analysis (IPA) of up- and down-
regulated genes further revealed protein synthesis and xenobiotic
metabolism as significantly overrepresented pathways in the tran-
scriptome of micu-1(bon20) compared to wt nematodes
(Supplementary Figs. S2B—D), as reported in other C. elegans models
of mitochondrial deficiency [44,55,56].

A vast body of literature indicates that decreased mitochondrial
function evokes a nuclear encoded stress response associated with
longevity [41,42]. Since micu-1 mutants show clear signatures of
mitochondrial dysfunction (Figure 1K—M), we measured the expres-
sion of the unfolded protein response (UPR““) reporter zcls13[hsp-
6p::gfn] and other stress-response markers (i.e., sod-3, gst-4 and nhr-
57) using immunoblots and quantitative RT-PCR, respectively.
Compared to control and mcu-1 mutant animals, we found that hsp-
6p::gfp expression was strongly induced in micu-1(null) nematodes
(Figure 2D). Similar to Cl deficient nuo-6(gm200) mutants, MICU-1 loss
led to enhanced expression of the DAF-16/ATFS-1 target sod-3and the
SKN-1 target gst-4, while the HIF-1 target nhr-57 was only marginally
affected (Figure 2E—G). Consistent with a minor role of MCU-1 in the
transcriptional profile of micu-1(null) nematodes, we observed that
sod-3 and gst-4 genes were upregulated independently of MCU-1
activity (Figure 2E—F). Given these lines of evidence, we next tested
the contribution of mitochondria-to-nucleus “retrograde” stress
response to micu-1 longevity by genetically altering the expression of
ATFS-1, an upstream transcriptional regulator of UPR™ [57,58], and
the ROS responsive transcription factor SKN-1/NRF2 [59,60]. We
showed that atfs-1(lof) as well as skn-1 RNAi significantly inhibited the
lifespan extension of micu-1 mutants (Figure 2H—J and Table S1). To
complete our epistatic analyses, we also assessed the contribution of
other transcription factors that were previously reported to influence
lifespan-extending programs in nematodes [54,61—63]. Specifically,
we silenced the expression of heat shock factor HSF-1, which regu-
lates proteostasis in mitochondrial deficient animals [64], and the diet-
restriction regulator PHA-4/FOXA [65]. In line with their roles in
longevity pathways linked to mitochondria, these two transcription
factors contributed to the lifespan extension of micu-1 mutant nem-
atodes (Figure 2K,L and Table S1). As was the case for other mito-
chondrial mutants [36,44], inhibition of the insulin/IGF-1 signaling
pathway through hypomorphic age-7 mutation further extended micu-
1 lifespan, while DAF-16/FOX0 downregulation did not modify their
survival (Figure 2M—0 and Table S1). Together, these epistatic
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analyses suggest that micu-1(null) mutants have several transcrip-
tional signatures commonly observed in other long-lived mitochondrial
animals.

Since micu-1(null) nematodes have defective germline and are sterile
(Supplementary Figs. STH—J), we tested the contribution of germline
deficiency on micu-1(null) lifespan. To do so, we employed a
temperature-sensitive glp-7 mutation that impairs gonadogenesis in
C. elegans hermaphrodites, stimulates DAF-16 activity (Supplementary
Fig. S2E) and leads to longevity [66,67]. Upon exposure to a restrictive
temperature that compromised the germline, we found that the median
lifespan of glp-7;micu-1 double mutants was comparable to the sur-
vival of glp-1 single mutants and micu-1(null) nematodes (Figure 2P
and Table S1). This non-addictive effect of glp-7 mutation suggests
that signals from the germline may contribute to micu-7 longevity
pathways.

3.3. SPL-1 and VPS-39 upregulation underlies cellular
homeostasis and longevity of micu-1 mutant nematodes

To uncover novel regulatory pathways linked to MICU-1, we performed
TMT-based mass spectrometry (MS) analyses of peptides extracted
from wt and micu-1(bon20) mutant C. elegans samples from two
distinct biological replicates (see materials and methods section for
details). A total of 1563 and 1849 proteins were identified from the
combined cytosolic and membrane fractions of the two biological
replicates, with medium—nhigh confidence (combined g value < 0.05)
(Supplementary Figs. S3A—D and Supplementary Tables S2—3). By
integrating the two independent datasets, we found 56 down- and 49
up-regulated proteins in young micu-1(nulf) mutant animals compared
to age-matched wt nematodes (Figure 3A; threshold = fold change
1.5, p value < 0.05). Gene ontology analysis of the overlapping
significantly downregulated proteins in micu-1, by PANTHER (GO
Consortium, http://geneontology.org/) revealed: protein refolding
(GO:0080058, adjusted p-value: 2.19E-02); translation (G0:0006412,
adjusted p-value: 1.24E-04); and determination of lifespan
(G0:0008340, adjusted p-value: 5.78E-03), as the most enriched
biological processes. Upregulated proteins were associated with
enrichment of transsulfuration (G0:0019346, adjusted p-value: 4.86E-
02). Among the significantly dysregulated proteins, we found 15 ri-
bosomal components and two translation elongation factors
(Supplementary Fig. S3E), implying a decreased protein synthesis as
predicted by our IPA analysis of RNA sequencing data (Supplementary
Figs. S2B—D). We detected significant expression changes of mito-
chondrial respiratory complexes (Supplementary Figs. S3E—F) and
other mitochondrial proteins, including factors that contribute to cristae
remodeling (i.e., F54A3.5/MICOS10, MOMA-1/APOOL), as well as
mitochondrial or cytosolic enzymes involved in carbon metabolism,
such as nucleotide biosynthesis (ADSS-1, AHCY-1), lipid and carbo-
hydrate catabolism (i.e., MDH-2, ALDO-2, GPDH-2, GPD-1)
(Supplementary Fig. S3E). Furthermore, micu-7 mutants had a
diminished expression of voltage-dependent anion channel VDAC-1
and protein arginine N-methyliransferase PRMT-1 (Supplementary
Fig. S3E). The former participates in mitochondrial Ca’* uptake and
ER coupling [68], while the latter is an important regulator of MICU1
activity and its affinity to Ca®* and to the MCU/EMRE1 subcomplex
[14]. Consistent with previous evidence in patient-derived samples
[24], we observed aberrant expression of structural proteins, such as
cytoskeleton components, extracellular matrix molecules (e.g.,
collagen) and proteins associated with the nuclear envelope
(Supplementary Fig. S3E).

Taking advantage of C. elegans genetic tractability, we sought to
determine the relevance of the upregulated proteins in micu-1 lifespan.
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Figure 2: micu-1(lof) induces a transcription-dependent stress response. (A) Principal component analysis of normalized RNA-seq data. Each dot represents an RNA-seq
sample of the indicated genotype. Samples with similar gene expression profiles cluster together. (B) Heatmap showing the top 1000 differentially expressed genes in micu-1 and
micu-1;mcu-1 mutants relative to wt animals. (C) Volcano plot of significantly dysregulated genes in micu-1(bon20) vs. wt (top panel) and micu-1(bon20);mcu-1(ju1154) vs. micu-
1(bon20) (bottom panel). Compared to wt, 3220 genes were significantly up-regulated and 3132 genes significantly down-regulated in micu-1 mutants. In micu-1;mcu-1 double
mutants compared to micu-1(null) animals, only a total of 495 genes were differentially expressed (321 upregulated and 174 downregulated genes). (D) Representative WB of
samples from animals expressing the zcls13/hsp-6p::gfp] transgene. Immunoblots were performed using antibodies against GFP and actin (as loading control). (E—G) RT-PCR of (E)
sod-3, (F) gst-4 and (G) nhr-57 genes in animals at day 1 of adulthood (mean + S.E.M., one-way ANOVA, Tukey’s multiple comparisons test: ns = not significant, *p < 0.05,
**p < 0.01, ¥**p < 0.001 ****p < 0.0001, n = 3—5). (H) Representative survival curves of wt, micu-1, atsf-1 and micu-1;atfs-1 mutant nematodes. () RT-PCR of gst-4
expression in wt and micu-1(bon20) animals exposed to control and skn-7 RNAi constructs from hatching until adulthood (mean + S.E.M., one-way ANOVA, Tukey’s multiple
comparisons test: ns = not significant, **p < 0.01, n = 3). (J—L) Representative survival curves of wt and micu-1(bon20) animals exposed to control (solid lines) and (J) skn-7,
(K) hsf-1and (L) pha-4 RNAi (dashed lines) from hatching. (M) Representative survival curves of wt, age-1, micu-1 and age-1,;micu-1 animals. (N) RT-PCR of sod-3 gene expression
in wt and micu-1(bon20) adult animals exposed to control and daf-76 RNAi (mean =+ S.E.M., one-way ANOVA, Tukey’s multiple comparisons test: ns = not significant, *p < 0.05,
**p < 0.01, n = 3). (0) Lifespan assay of micu-1(bon20) animals grown on control (solid line) and daf-76 RNAi (dashed line) from hatching. (P) Representative survival curves of
wt, micu-1(bon20), glp-1(bn18) and glp-1(bn18);micu-1(bon20) animals grown at 25 °C until adulthood, then shifted to 20 °C until all animals were dead. Exposure to 25 °C from
hatching results in germline-less gip-7 animals and lifespan extension.
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Figure 3: SPL-1/SGPL1 and VPS-39/VPS39 expression contributes to the lifespan extension of micu-1(null) mutants. (A) Heatmap of statistically upregulated (left) and downregulated
(right) proteins in micu-1(bon20) mutants compared to wt. Fold changes are color coded and are indicated on the right of each heatmap. (B—C) Lifespan assay of wt and micu-1(bon20) mutant
animals exposed to control (solid lines), (B) vps-39 (dashed lines) and (C) sp/- 7 (dotted lines) RNAi from adulthood. For wt and micu-1(bon20) on control RNAI, representative curves come from
the same experiment and figures were split for the sake of clarity (for each individual experiment, see Supplementary Table S1). (D) WB analysis of zcls13[hsp-6p::gfp]transgene expression in
control and micu-1(bon20) mutant nematodes exposed to the indicated RNAi. Inmunoblots were developed using antibodies against GFP and actin (as loading control). Densitometry is reported
on the right of each WB panel (Kruskal—Wallis ANOVA, Dunn’s multiple comparison test, *p < 0.05, n = 3—4). (E) Confocal image of the head of a nematode expressing sgis77/flgg-
1p::mCherry::GFP::lgg-1+ rol-6]. Statistical analysis of mCherry-positive (left violin graph) and GFP-positive (right violin graph) puncta in wtand micu-1(bon20) animals exposed to control, sp/-
1and vsp-39 RNAI. Extracted eggs were grown on RNAI plates until the first day of adulthood. Animals were then exposed for 4 h to DMSO or 50 pg/ml clomipramine (Clo) and immediately
imaged for mCherry-positive puncta (Kruskal—Wallis, Dunn’s multiple comparison test: ns = not significant, *p < 0.05, **p < 0.01, n = 33—36 animals from 3 independent experiments).
(F—G) Heatmaps of differentially regulated proteins in micu-1(bon20) animals exposed to (F) spl-7 and (G) vps-39 RNAi from hatching, compared to control RNAi. (H) Heatmap of common
differentially expressed proteins in micu-1(bon20) animals grown on vps-39 or spl-1 RNAI. () High-resolution confocal images of 9-day-old control and 10-day-old micu-1(bon20) animals
expressing zcls14[myo-3p::GFP(mit)] transgene, with quantification of mitochondrial elongation. (Kruskal—Wallis ANOVA, Dunn’s multiple comparison test: ns = not significant, *p < 0.05,
**p < 0.01, n = 46—53 animals from 3 independent experiments, scale bar = 10 um). RNAi treatment is indicated. (J—K) RT-PCR of (J) vps-39.and (K) sp/-1 mRNA expression in micu-
1(bon20) carrying atfs-1(tm4525) mutation (gray bars) or exposed to the indicated RNAi from hatching, relative to control RNAi (one-way ANOVA, Tukey’s multiple comparisons test: ns = not
significant, *p < 0.05, **p < 0.01, n = 3). (L) High-resolution confocal images of 7-day-old nuo-6 (qm200) animals expressing zcls14[myo-3p::GFP(mt)] transgene, following exposure to
control, vps-39, or spl-1 RNAi from hatching. Scale bar = 10 pm. (M) Lifespan assay of nuo-6 (gm200) mutant nematodes grown on control, vps-39 and sp/-7 RNAi from hatching.
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For the available 37 RNAi clones, we carried out a small-scale screen
and identified dyn-1, vps-39, spl-1 and lem-2 RNAi as potential
modifiers of micu-1 survival (Supplementary Fig. S3G). To refine our
investigation, we performed epistatic analysis on larger populations
and with appropriate biological replicates. Since some of the RNAi
(e.0., dyn-1 RNAI) altered C. elegans development, we adopted a RNAi
protocol that interferes with gene expression starting at adulthood,
even though this approach does not impact early programs in larvae
that are often considered to be critical in establishing longevity of
mitochondrial mutant nematodes [36,58]. We grew animals until
adulthood on control E. coli and then moved adults to plates seeded
with dsRNA-expressing bacteria (see materials and methods section
for details). Despite the diminished RNAI effect of our experimental
paradigm, we observed a significant lifespan reduction in micu-1(null)
animals exposed to dyn-1, spl-1 and vps-39 RNAi, while /em-2 and
RNAi starting from adulthood did not significantly alter animal survival
(Figure 3B,C, Supplementary Figs. S3H—I| and Table S1). We also
tested these RNAi on wt animals and found that only dyn-7 down-
regulation considerably affected their survival (Figure 3B,C,
Supplementary Figs. S3H—I and Table S1). Because DYN-1 deficiency
had this confounding effect on wt, we focused our attention on
sphingosine phosphate lyase (SPL-1) and vacuolar protein sorting-
associated protein 39 homolog (VPS-39).

SPL-1 is a component of the sphingolipid degradative pathway and
cleaves sphingosine 1-phosphase (S1P) into hexadecenal and phos-
phoethanolamine (Supplementary Fig. S3J), thereby regulating
sphingolipid metabolism, intracellular calcium mobilization through
S1P and stress response in a ceramide-dependent manner [55,69,70].
Yeast Vps39 is part of the homotypic fusion and vacuole protein sorting
(HOPS) complex, which controls membrane tethering of yeast lyso-
some (i.e., vacuole)-late endosome and yeast lysosome-mitochondria
[71]. Moreover, the VPS39-containing HOPS complex modulates
intracellular autophagic flux [71] as well as mitochondria degradation
(i.e., mitophagy) through the interaction between Vps39 and Tom40 at
the outer membrane [72,73]. Based on these considerations, we
initially set out to measure zcls13[hsp-6p::gfp] expression in animals
exposed to sp/-7 and vps-39 RNAI, since sphingosine and ethanol-
amine pathways are highly upregulated in micu-1(nul) mutants
compared to wt (Supplementary Figs. S3J—K). Consistent with pre-
vious lines of evidence [55,69,70], sp/-1 RNAi enhanced zcls13[hsp-
6p::gfp] expression in control animals (Figure 3D), possibly through
increased ceramide availability that would sustain UPR™ [55].
Conversely, micu-1(null) mutants grown on vps-39 and sp/-1 RNAI
exhibited negligible changes in zcls13[hsp-6p::gfo] expression
compared to control RNAi (Figure 3D), suggesting that UPR™ s fully
engaged as a result of SPTL-1 and SPL-1 upregulation (Figure 3A and
Supplementary Figs. S3E and S3K), thereby overriding the effect of
vps-39 and spl-1 RNAI.

A previous genetic screen demonstrated that dyn-7 and vps-39 are in
the same genetic pathway involved in the maturation of phagosomes
during the engulfment and removal of dead corpses in adult her-
maphrodite gonads [74]. Because of this role of VPS-39/Vps39 in
phagosome biogenesis [74] and in yeast autophagy [73], we investi-
gated the autophagic flux in control and micu-1 mutant animals
expressing the transgene sqls11[lgg-1p::mCherry::GFP::lgg-1+ rol-6]
[75]. As originally described [75], tandem fluorescent tagged LGG1 is
recruited to nascent phagophores and upon fusion with lysosomes,
can be degraded into GFP-tagged LGG-1. We grew sqls11[lgg-
1p::mCherry::GFP::lgg-1-+ rol-6] expressing animals on control, sp/-1
and vps-39 RNAi. Before high-resolution confocal image analysis,
adults were briefly exposed to DMSO or to the antidepressant

clomipramine as a potent autophagic inhibitor [76,77]. Since GFP is
quenched upon autophagosome fusion with lysosomes, we visualized
mature autolysosomes stained as red structures [75]. We quantified
the number of mCherry-positive puncta in the head of nematodes
exposed from hatching to control or RNAi against sp/-7 or vps-39
(Figure 3E). We found that downregulation of both sp/-7 or vps-39
inhibited autophagosome formation and autophagic flux to the same
extent of clomipramine (Figure 3E). To further corroborate our line of
evidence, we generated micu-1(bon20)IV;vps-39(0k2442)V/nT1
[qIs51](V;V). However, we could retrieve only a few micu-1;vps-39
double mutant escapers out of thousands of nematodes, suggesting
that a vps-39(null) mutation is incompatible with the survival of micu-
1(null) C. elegans. Taken together, our findings suggest that SPL-1 and
VPS-39 sustain autophagy, possibly by providing phosphatidyletha-
nolamine to phagophore membranes as recently shown in other
experimental settings [78—81].

To further investigate the putative synergism between SPL-1 and VPS-
39, we exposed micu-1(nulf) mutants to control, sp/-7 and vps-39
RNAi starting from hatching. We then extracted proteins from 5-day-
old animals and performed TMT-based MS analysis, using homoge-
nates from control RNAi-treated nematodes as a reference. Based on
MS analysis of three biological replicates run in duplicates, we iden-
tified 1394 proteins with medium—high confidence (p value < 0.05).
We found that sp/-71 and vps-39 silenced micu-1 animals had 26 and
50 differentially expressed proteins (Figure 3F,G and Supplementary
Table S4), respectively. Among the differentially expressed proteins
uniquely found in sp/-7 RNAi micu-1 mutants, we measured upregu-
lation of EPPL-1/ETNPPL ethanolamine-phosphate phospho-lyase (i.e.,
an enzyme that catalyzes the breakdown of phosphoethanolamine) and
downregulation of serine palmitoyl transferase SPTL-3/SPTLC2/
SPTLC3 (i.e., an ER-localized enzyme that regulates sphingolipid
biosynthesis) (Figure 3F—H and Supplementary Figs. S3J—K). This
evidence suggests that SPL-1 downregulation decreases sphingolipid
signaling and phosphatidylethanolamine synthesis (Supplementary
Fig. S3K). Strikingly, ~60% of the differentially expressed proteins
in SPL-1 deficient nematodes had a similar trend in micu-1 mutants
exposed to vps-39 RNAI (Figure 3H and Supplementary Figure S3L),
further indicating that SPL-1 and VPS-39 act on common pathways.
Among the differentially expressed proteins common in the two
datasets (Figure 3H and Supplementary Figure S3L), we noticed
changes of intracellular signaling cascade components (i.e., GCK-3/
STK39, KGB-1/MAPK10/JNK3, PPH-4/PPP4C, PPH-6/PPP6C) along
with the elongation factor 2 kinase EFK-1/EEF2K, the latter being an
AMPK downstream target that, through inhibition of protein synthesis,
can stimulate survival of cells and nematodes in response to nutrient
deprivation and sustained energy crisis [82]. Additionally, we observed
an increased expression of methionine synthase METR-1/MTR
(Figure 3H and Supplementary Figure S3L), an enzyme that by con-
necting methionine folate cycles and transsulfuration pathway, can
stimulate mitochondrial biogenesis as a compensatory mechanism to
alleviate lysosomal dysfunction [83]. Other evident changes of evolu-
tionarily conserved proteins included pitrilysin metallopeptidase
PITRM1, a matrix-localized peptidase that contributes to mitochondrial
proteome homeostasis by degrading aggregate-prone and pre-
sequence peptides [84,85], the H'/sialic acid cotransporter
SLC17A5, a H'/nitrate cotransporter causally linked to rare forms of
lysosomal storage disorders [86], and the V-type proton ATPase UNC-
32/ATP6VOA1, a subunit of the lysosomal ATPase that stimulates
vacuolar acidification [87] (Figure 3H and Supplementary Figure S3L).
To complete our investigation and frame our findings in the context of
mitochondria-to-nucleus ~ “retrograde” signaling, we assessed
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mitochondrial morphology upon sp/-7 and vps-39 silencing and found
that sp/-1 downregulation had a slight, though statistically not signif-
icant effect on mitochondrial network, whereas VPS-39 was required
for the proper maintenance of the mitochondrial morphology in micu-1
mutant nematodes (Figure 3I). Next, we investigated the transcriptional
regulation of vps-39 and sp/-1 in micu-1(null) mutants. Following our
previous epistatic analysis of the transcription factors involved in micu-
1 longevity (Figure 2H—L), we found that ATFS-1 loss significantly
compromised vps-39 expression in  micu-1(null) animals, while
downregulation of PHA-4, a transcription factor previously described as
regulator of autophagy during dietary restriction [65,88], slightly
enhanced vps-39 expression (Figure 3J). These data strongly suggest
that vps-39 gene expression is under the transcriptional regulation of
ATFS-1 and is therefore a component of the ATFS-1-dependent
mitochondria-to-nucleus retrograde signaling. Conversely, neither
atfs-1(lof) nor downregulation of other transcription factors influenced
spl-1 expression (Figure 3K). Of note, a very mild sp/-7 upregulation
was detected in wps-39 deficient micu-1 mutant nematodes
(Figure 3K). Neither vps-39 nor sp/-1 RNAI could rescue the germline
defects observed in micu-1(null) mutants (Supplementary Figs. S4A—
B). Together, our findings describe a previously unknown SPL-1/VPS-
39 signaling axis that, through sphingolipid metabolism and auto-
phagy, may contribute to mitochondrial network expansion underlying
lifespan-extending programs in micu-1 deficient C. elegans.

Finally, to determine whether sp/-7 and vps-39 RNAI could influence
mitochondrial maintenance also in other long-lived mitochondrial
mutants, we employed nuo-6(gmZ200) expressing mitochondrial GFP in
body wall muscle cells. In line with our data in micu-1(null) animals,
we observed that SPL-1 and VPS-39 promoted the proper organization
of the mitochondrial network in nuo-6 mutant nematodes (Figure 3L).
Notably, sp/-7 and vps-39 RNAi reduced nuo-6 longevity (Figure 3M),
indicating that SPL-1/VPS-39 signaling may play a role in animals
carrying genetic lesions of complex I.

3.4. VPS39 localization to the mitochondria is associated with
enhanced autophagic flux in MICU1 deficient HEK293 cells

To gain deeper insights into evolutionarily conserved cellular processes
mechanistically linked to MICU1 deficiency, we employed WT and
MICU1 KO HEK293 cells as an in vitro mammalian model [89]. Con-
ventional Seahorse measurements showed a clear decreased OCR in
MICU1 KO cells grown in either glucose- or galactose-containing
media (Supplementary Figs. S5A—B). The diminished mitochondrial
respiration and the loss of mitochondrial respiratory complex subunits
correlated with an increased extracellular acidification rate as an
accepted proxy of enhanced glycolysis (Supplementary Figs. S5C—D).
Using a newly validated proximity ligation assay (PLA)-based protocol
[32], we performed in situ analysis of mitochondrial CI—CIV proximity
as an indicator of mitochondrial respiratory supercomplexes (RSCs).
We observed that MICU1 KO cells exhibited less Cl, CIV-containing
RSCs (Supplementary Fig. S5E), further confirming lesions of the
mitochondrial OXPHOS system. Having characterized the bioenergetic
profiles of these cells, we moved forward to substantiate our molecular
evidence obtained in C. elegans. In WT and MICU1 KO HEK293 cells,
we overexpressed mitochondria-targeted GFP and assessed mito-
chondrial morphology, thereby noticing that MICU1 KO mitochondria
had slightly more elongated structures (Figure 4A). High-resolution
confocal imaging showed no major changes of mitochondria-
endoplasmic reticulum (ER) contacts in MICU1 KO cells compared to
controls (Supplementary Fig. S5F). To support this evidence, we per-
formed PLA between the mitochondrial translocase of the outer
membrane TOM20 and ER localized KDEL-containing proteins. We

quantified PLA dots and observed no differences between WT and
MICU1 KO cells (Supplementary Fig. S5G), suggesting that MICU1
deficiency does not alter mitochondria-ER contact sites.

We ran immunoblot analysis and found that, consistent with our data in
nematodes, SGPL1 was considerably upregulated in MICU1 KO cells
compared to WT ones (Figure 4B). Strikingly, these cells also had an
increased basal level of autophagosome-associated lipidated LC3B
[90] and a decreased amount of ubiquitin binding protein p62
(Figure 4B), a well-known receptor that promotes cargo delivery to the
autophagosome which is selectively degraded during autophagy
[91,92]. Such enhanced autophagic flux was neither linked to altered
mTOR/Akt activity nor to obvious changes in AMPK signaling
(Supplementary Figs. S6A—B). Consistent with our immunoblots
(Figure 4B), high-resolution confocal image analysis revealed an
increased number of LC3B-positive structures (Figure 4C) that were
accompanied by more VPS39-positive dots in MICUT KO cells
compared to controls (Figure 4D). Next, we stained mitochondria and
lysosomes in WT and MICU1 KO cells. We observed that MICU1 KO
cells had an increased number of LysoTracker-positive vesicles, which
may be interpreted as enhanced lysosomal content, with a consequent
expansion of contacts between GFP-positive mitochondria and
LysoTracker-stained vesicles (Figure 4E). Since Vps39 interacts with
Tom40 and relocalizes to mitochondria in yeast during starvation
[73,93], we set up a PLA between TOM40 and VPS39, then quantified
PLA dots over the mitochondrial area. Using two independent sets of
VPS39 antibodies, we found that VPS39 redistributed to mitochondria
in MICU1 KO cells (Figure 4F and data not shown). Taken together, our
findings reveal evolutionarily conserved molecular signatures that are
mechanistically linked to MICU1 dysfunction. While MICU1 KO does not
profoundly affect mitochondria-ER tethering, it increases the number of
mitochondria-lysosome contact sites in HEK293 cells. Consistent with
our data in C. elegans, MICU1 KO stimulates the autophagic flux in
HEK293 cells grown in glucose, promoting VPS39 upregulation and its
interaction with mitochondria as previously described in yeast [73].

3.5. SGPL1 controls mitochondria-tethered VPS39 in MICU1
deficient Hela cells

To address the mechanistic contribution of SGPL1 and VPS39 to
MICU1-dependent processes, we attempted to genetically modulate
their expression using synthetic small interfering RNAs (SiRNAs).
However, we could not obtain sufficient downregulation of the two
target genes due to the fast replication rate of HEK293 cells. To
overcome this limitation, we employed tumorigenic HelLa cells, in
which we manipulated gene expression in a highly efficient manner
(Figure 5A,B and Supplementary Fig. S6C). To be consistent with our
study in HEK293 cells, we carried out experiments in HeLa cells grown
in glucose-containing medium. We found that MICU1 deficient HelLa
cells exhibited a decreased OCR, although milder compared to cells
grown in galactose-containing medium (Figure 5C). In standard
growing conditions, MICU1 downregulation stimulated LC3B lipidation
in HeLa cells, although it did not result in a significant decrease of p62
levels (Figure 5B). Notably, siRNA against VPS39 abrogated LC3B
lipidation in MICU1 deficient cells, while it upregulated lipidated LC3B
in control Hela cells (Figure 5B). No significant differences of p62
levels were observed compared to controls, possibly because auto-
phagy is not highly upregulated in cells grown in glucose- and serum-
containing medium [94,95]. Our interpretation of this dataset is that
VPS39 influences MICU1-dependent recruitment of LC3B to nascent
phagophores. Having profiled the bioenergetics and autophagy levels
of MICU1 deficient HeLa cells, we set out to confirm the SGPL1/VPS39
signaling axis and its role in cellular homeostasis (Figure 5D), as
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previously demonstrated in our experiments using C. elegans and
HEK293 cells. To do so, we performed PLA (TOM40+VPS39) staining
followed by high-resolution confocal image analysis. We quantified the
number of PLA (TOM40-+VPS39) dots and found that siRNA against
SGPL1 reduced VPS39 proximity to TOM40 (Figure 5E,F), further
supporting our hypothesis that SGPL1 activity is required for VPS39
association to mitochondria (Figure 5D). We transfected HelLa cells
with mitochondrial GFP and siRNAs. We found that MICU7 down-
regulation enhanced the colocalization of LysoTracker-positive struc-
tures with GFP-labelled mitochondria (Figure 5G). However, VPS39
downregulation impaired lysosome-mitochondria contacts in MICU1
deficient Hela cells (Figure 5G), resulting in aberrant mitochondrial
morphology as observed in nematodes. Together, this experimental
evidence mechanistically links VPS39 localization in proximity of the
mitochondria with the remodeling of mitochondria-lysosome contact
sites in MICU1 deficient cells.

Finally, to demonstrate that these newly identified molecular signa-
tures may be commonly observed in cells carrying mitochondrial le-
sions, we employed muscle tissues from wt and transgenic mice
expressing a disease-causing Aifm1(R200 del) mutation (Figure 5H)
[28,33]. These knockin mice develop severe myopathy due to
apoptosis-inducing factor (AIF) loss and consequent aberrant expres-
sion of ETC components [32,33,49,96]. We ran immunoblot analysis
and showed that AIF loss stimulated VPS39 expression in 6-month-old
muscles (Supplementary Fig. S6D). We carried out PLA staining and
quantified TOM40-VSP39 proximity in control and AIF deficient muscle
fibers. In symptomatic Aifm1(R200 del) knockin animals, we found that
O0XPHOS deficiency promoted VPS39 redistribution to the mitochondria
(Figure 5I), which was reflected by a higher number of PLA dots
compared to controls. Thus, our cross-species analysis indicates that
SGPL1-dependent redistribution of VPS39 to mitochondria may be a
detectable common signature in cells carrying mitochondrial lesions.

4. DISCUSSION

Mitochondrial energy production is finely tuned to accurately interpret
cellular needs. During embryogenesis or in tumors, dividing cells
employ mitochondria to produce biomass, while they generate a large
amount of ATP by redirecting glucose and other substrates to the
glycolytic pathway. Conversely, ATP is mostly generated through
mitochondrial OXPHOS in cells undergoing postmitotic differentiation or
grown in presence of non-fermenting carbon substrates (e.g., galac-
tose) [97—99]. Such plasticity in adjusting mitochondrial bioenergetics
is a key adaptive mechanism that eukaryotic cells exploit in response
to environmental changes, altered nutritional conditions, toxic stimuli
and stress signals [41]. To coordinate mitochondrial bioenergetics, the
nuclear genome must encode thousands of proteins that, upon correct
import and folding, potentiate mitochondrial function and eventually
scale up mitochondrial mass. This nucleus-to-mitochondria commu-
nication, generally known as anterograde signaling [100], depends on
a sophisticated array of transcription factors regulating the functional
properties of the organelles. To accurately and dynamically coordinate
such broad metabolic rewiring, the expression of nuclear-encoded
mitochondrial ~ proteins  triggers  evolutionarily ~ conserved
mitochondria-to-nucleus “retrograde” signals that act as necessary
inputs to adjust the intensity and temporal resolution of the antero-
grade signaling [41,42,52,101]. According to the physiological context,
this highly interconnected regulatory network of communication be-
tween the nucleus and mitochondria ultimately determines cell divi-
sion, growth, lineage commitment and differentiation. Notably, this
bidirectional regulation of the mitochondrial proteome represents also

a protective mechanism to adjust mitochondrial activity and homeo-
stasis upon injury, ETC inhibition and stress due to the accumulation of
unfolded proteins or other toxic species. In this regard, mitochondria-
to-nucleus “retrograde” signals, including the unfolded protein
response (UPR”“) [102,103], may confer healthspan and longevity of
an organism when they occur within a certain time window during
development [36,37,46]. Although UPR™ is not a predictor of
C. elegans lifespan [104], its transcriptional inhibition can abrogate
lifespan-extending programs in animals carrying genetic lesions or
exposed to mitochondrial toxins [45,57,58,105—108]. By failing in
responding to the necessary adjustment of mitochondrial activity, cells
lose their fitness and experience severe damage because protective
compensatory mechanisms are not sufficient to prevent the accu-
mulation of toxic species. While UPR™ is essential for the expansion of
the mitochondrial network during development and in development-
dependent processes underlying longevity [36,58,109], its contribu-
tion becomes less obvious in human pathology. Albeit these mecha-
nisms help to overcome mitochondrial dysfunction in nematodes, the
scenario is different in higher organisms, since these processes may
become a maladaptive response that compromises cellular homeo-
stasis in organs suffering from a chronic bioenergetic crisis [110]. As a
consequence of increased mitochondrial mass due to uncontrolled
biogenesis or impaired removal of defective organelles, cells are forced
to balance their transcriptional output with compensatory processes
that should prevent the progressive accumulation of damaged mito-
chondria, ultimately depleting the already scarce resources. Because
of their clinical implications in metabolic disorders, these poorly
elucidated processes are extremely relevant in biomedicine and
deserve further attention.

We herein investigate novel molecular mechanisms linked to mito-
chondrial dysfunction by employing a C. elegans model of MICU1
deficiency, given the strong relevance of MICU1/MICU2 in human
pathophysiology [21—24,29]. We demonstrate that micu-1(null) muta-
tions lead to developmental defects, including abnormal cell death in the
mitotic and pachytene zones of the gonads, impaired oocyte production
and slow growth. As in higher organisms, we report that altered
expression of OXPHOS subunits is linked to diminished mitochondrial
respiration in C. elegans. Similar to other mitochondrial mutants, the
significant lifespan extension of micu-1(null) nematodes requires the
establishment of a mitochondria-to-nucleus stress response that relies
on various transcription factors (i.e., ATFS-1, SKN-1, HSF-1 and PHA-4),
whereas it is not dependent on components of the insulin/IGF-1 cascade
(i.e., AGE-1 and DAF-16). While MICU-1 deficiency induces mitochon-
drial dysfunction and pro-longevity stress response, genetic ablation of
micu-1 negatively affects the proper maintenance of the germline to a
level which is not comparable to other mitochondrial mutants that have
been previously described. Another additional intriguing aspect is that
neither the lifespan extension of micu-1(null) nematodes nor the
degenerative processes in the meiotic zone or the transcriptional control
of pro-longevity genes depend on a functional MCU complex. Thus, the
dispensable MCU contribution to the observed phenotypes prompted us
to further investigate MICU-1/MICU1 function beyond its widely reported
participation in Ca®*t signaling. In this regard, our quantitative prote-
omics and epistatic analyses unveil previously underestimated pro-
cesses in which MICU-1/MICU1 is engaged. We report that micu-1(null)
mutations stimulate the expression of sphingosine phosphate lyase SPL-
1/SGPL1 (i.e., an enzyme involved in sphingolipid degradation), which
possibly acts upstream the mitochondrial network expansion underlying
longevity of mitochondrial mutant nematodes. Given that the basal
mitochondrial matrix Ca’* is comparable between control and micu-
1(nulf) mutant animals under resting conditions [38], one possible
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explanation is that SPL-1 upregulation may also act as a compensatory
mechanism to prevent excessive ca?t mobilization, since SPL-1-
mediated degradation of S1P would attenuate Ca®* release from
intracellular stores (e.g., ER) [70]. As an alternative scenario, SPL-1
upregulation may stimulate phosphoethanolamine biosynthesis (as
suggested by our proteomics) and trafficking between the ER and
mitochondria, with the contact points between the two intracellular
compartments acting as physical bridges necessary to sustain the
transfer of phospholipids to lysosomes and/or nascent phagophores
containing membrane anchored lipidated LGG-1/LC3 [79]. In support of
this hypothesis and in line with previous evidence in other experimental
models [78,80,81], genetic inhibition of sp/-7 diminishes the autophagic
flux in C. elegans, possibly because it exhausts mitochondrial mem-
branes required to sustain autophagosome biogenesis in a system
chronically under energy crisis and forced to recycle nutrients as shown
in cultured cells [81]. It is certainly exciting to find that MICU-1/MICU1
deficiency induces SPL-1/SGPL1 and VPS-39/VPS39 upregulation in
both C. elegans and mammalian cells. In this regard, our study
conclusively describes how the mitochondria-to-nucleus “retrograde”
program can expand mitochondrial mass and efficiently support their
homeostasis [58,109]. We show that the bZIP transcription factor ATFS-
1 regulates vps-39 expression, meaning that this gene is an integral
component of those longevity programs associated with the “mito-
chondrial threshold effect” [39]. As unveiled by our cross-species
investigation, we mechanistically establish that SGPL1 stimulates
mitochondria-tethered VPS39 to contribute to functional remodeling of
intracellular organelle interactions. Specifically, we conclusively eluci-
date that decreased SGPL1 expression inhibits the binding of VPS39 to
TOM40, while VPS-39/VPS39 downregulation compromises the main-
tenance of the expanded mitochondrial network in MICU-1/MICU1
deficient cells, thereby altering the contacts between mitochondria
and lysosomes. Of note, the increased VPS39 expression and localiza-
tion to mitochondria does not have a profound effect on ER-mitochondria
tethering, probably also because of mitochondrial elongation in response
to sustained autophagy as previously reported [111]. We speculate that,
as shown in Saccharomyces cerevisiae [73,93], mitochondria-tethered
VPS39 may influence lipid exchange and eventually mitophagy.
Consistent with the role of SPL-1/SGPL1 in autophagy (our data and
[78]), we report that VPS-39/VPS39 downregulation diminishes the
autophagosome numbers in MICU-1 deficient nematodes and the
autophagic flux in cells grown in glucose- and serum-containing me-
dium (i.e., not under starving conditions).

In the context of human pathophysiology, we speculate that MCU inhi-
bition would not be sufficient as a therapeutic intervention for inherited
mitochondrial diseases with altered MICU1/MICU2 function. Although
difficult, it would be very informative to test whether manipulation of the
sphingosine pathway by ethanolamine supplementation may have a
beneficial effect in patients. Furthermore, our proof-of-principle evidence
in nematodes and transgenic mice suggests that the importance of our
findings may go beyond diseases linked to MICU1/MICU2 deficiency and
be relevant to other metabolic disorders. Future studies will explore and
clarify this possibility in detail.

5. CONCLUSION

In summary, we propose that the SGPL1/VPS39 axis contributes to
mitochondria-nucleus “retrograde” signals and deciphers the ener-
getic states of the cell, thereby attenuating maladaptive processes that
are adopted to counteract aberrant mitochondrial OXPHOS.
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Chapter ll: Actin-nucleation promoting factor N-WASP

influences alpha-synuclein condensates and pathology

Summary

Background:

Neurodegenerative diseases are often characterised by the presence of
insoluble inclusions. In patients with Parkinson’s disease (PD) and other
synucleinopathies, patient-derived tissues often display the presence of a-Syn-
positive inclusions such as Lewy bodies or Lewy neurites. Despite the extensive
efforts of the scientific community, the molecular mechanisms underlying a-Syn
inclusion formation are poorly understood (Spillantini et al., 1997; Shahmoradian et
al., 2019). A growing hypothesis is that aberrant liquid-liquid phase separation
(LLPS) contributes to the process of inclusion formation, since a-Syn is able to
undergo LLPS under physiological conditions (Ray et al., 2020; Hoffmann et al.,
2021; Piroska et al., 2023).

Furthermore, several lines of evidence suggest that mitochondrial defects
contribute to PD pathology (Davis et al., 1979; Langston et al., 1983; Kitada et al.,
1998; Valente et al., 2004; Irrcher et al., 2010). Yet, the connection between o-Syn
and mitochondrial dysfunction in PD is not fully understood. In this regard, it is
unclear how mitochondrial dysfunction may contribute to aberrant a-Syn folding and

inclusion formation.

Objective:
To investigate the molecular factors that contribute to mitochondrial
dysfunction and proteotoxicity in PD.

Methods and results:

As a starting point of our study, we decided to assess the interactome of a-
Syn to identify modifiers of its function. Using two parallel assays, we identified actin-
binding proteins and other cytoskeletal proteins to be a relatively large group of a-

Syn interacting partners. From these interactors, we focused on N-WASP, an actin
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nucleation promoting factor that was shown to be mutated in family members
affected by early-onset PD (Kumar et al., 2021).

We found that a-Syn and N-WASP colocalise at the pre-synapse in neuronal
cell cultures, however we did not detect an interaction in HEK293T cells using
coimmunoprecipitation, likely due to a weak or transient interaction.

A feature of many synaptic proteins, such as Synapsin 1 and Synaptophysin,
is the ability to form biomolecular condensates (Milovanovic et al., 2018; Park et al.,
2021). Since N-WASP has also been shown to undergo phase separation (Li et al.,
2012), we sought to test whether it could be recruited to condensates of Synapsin 1
or Synaptophysin. We confirmed that N-WASP is recruited to Synapsin 1
condensates using a combination of neuronal and HEK293 cell cultures.

When we assessed whether a-Syn, Synapsin 1, and N-WASP could be
recruited to the same condensates, we found that most condensates only contained
a-Syn/Synapsin 1 or N-WASP/Synapsin 1, but not all three proteins together.
Inhibition of N-WASP activity using Wiskostatin, or downregulation using siRNA, led
to a depletion of a-Syn from Synapsin 1 condensates. Furthermore, downregulation
of N-WASP led to reduced size of Synapsin 1 condensates. Together, this data
suggests that N-WASP plays an important role in regulation of a-Syn/Synapsin 1
biomolecular condensates, which may be important for their role in synaptic function.

Using a C. elegans model of a-Syn pathology, we characterised the outcome
of in vivo loss-of-function of WSP-1, the nematode ortholog of N-WASP. We found
that wsp-1(lof) and a-Syn O/E had negative effects on locomotion and lifespan,
under different growth conditions. wsp-17(lof) did not have any significant effect on the
expression of a-Syn and did not have a consistent effect on a-Syn condensate size
or number in different growth conditions. However, wsp-1(lof) consistently reduced
the mobility of a-Syn condensates across different growth conditions and ages.

To test the influence of a-Syn O/E and wsp-1(lof) on C. elegans health, we
performed proteomic analysis on wt, wsp-1(lof), a-Syn O/E and wsp-1(lof); a-Syn
O/E animals. We showed that wsp-1(lof), a-Syn O/E, and wsp-1(lof); a-Syn O/E
animals show a similar signature of mitochondrial impairment and metabolic
alterations.

We assessed mitochondrial respiration using Seahorse, and found that, wsp-

1, a-Syn O/E, and wsp-1; a-Syn O/E animals had reduced respiration compared to
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wt animals. To assess whether reduced mitochondrial function was linked to the
reduced mobility of a-Syn condensates as seen in wsp-1; a-Syn O/E animals, we
utilised the Cl mutant strain gas-1(fc21). Contrary to our expectation, Cl deficiency
increased a-Syn condensate mobility, indicating that mitochondrial dysfunction may
drive condensates to a less aggregate-prone state.

Since proteomic analysis indicated a reduced lipid metabolism, we sought to
assess the neutral lipid content using Oil Red O staining. We found a reduced
accumulation of neutral lipids in wsp-1 and wsp-1; a-Syn O/E animals in both growth
temperatures, and a reduction in a-Syn O/E animals only at 25°C. We assessed
whether modifying lipid storage by overexpressing fat-7 could alter a-Syn
condensate mobility. Surprisingly, fat-7 O/E had little effect on a-Syn LLPS. Since
proteomic analysis indicated increased expression of proteins involved in muscle
function, we assessed condensate mobility in a-Syn O/E animals exposed to RNAI
against selected muscle function proteins. Similarly, we saw no evidence for

contribution to condensate mobility.

Conclusions:

It has been hypothesised that the formation of a-Syn-positive inclusions
depends on aberrant biomolecular condensates of a-Syn, which can mature into a
more solid-like, aggregated state in some conditions (Ray et al., 2020; Piroska et al.,
2023). Here we provide evidence that WSP-1/N-WASP plays a role in balancing the
formation of Synapsin 1/a-Syn liquid condensates and maintaining solubility of a-Syn
within condensates. Loss of WSP-1/N-WASP may promote the transition of a-Syn-
containing condensates into a more hydrogel-like state, which have been shown to
increase the propensity of a-Syn to form pathogenic fibrils. Furthermore, we
demonstrate that loss of WSP-1/N-WASP or a-Syn overexpression act
independently to induce mitochondrial and metabolic alterations, which is particularly
interesting considering that mitochondrial dysfunction is a feature of PD pathology.
Finally, we demonstrate that, under the conditions tested, aberrant Cl activity does
not impair a-Syn LLPS and does not shift the balance of a-Syn condensates towards

a more solid-like state.
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Abnormal intraneuronal accumulation of soluble and insoluble a-synuclein (a-Syn) is one of the main pathological hallmarks of
synucleinopathies, such as Parkinson’s disease (PD). It has been well documented that the reversible liquid-liquid phase separation
of a-Syn can modulate synaptic vesicle condensates at the presynaptic terminals. However, a-Syn can also form liquid-like droplets
that may convert into amyloid-enriched hydrogels or fibrillar polymorphs under stressful conditions. To advance our understanding
on the mechanisms underlying a-Syn phase transition, we employed a series of unbiased proteomic analyses and found that actin
and actin regulators are part of the a-Syn interactome. We focused on Neural Wiskott-Aldrich syndrome protein (N-WASP) because
of its association with a rare early-onset familial form of PD. In cultured cells, we demonstrate that N-WASP undergoes phase
separation and can be recruited to synapsin 1 liquid-like droplets, whereas it is excluded from a-Syn/synapsin 1 condensates.
Consistently, we provide evidence that wsp-1/WASL loss of function alters the number and dynamics of a-Syn inclusions in the
nematode Caenorhabditis elegans. Together, our findings indicate that N-WASP expression may create permissive conditions that
promote a-Syn condensates and their potentially deleterious conversion into toxic species.

Cell Death and Disease (2024)15:304 ; https://doi.org/10.1038/541419-024-06686-7

INTRODUCTION

Synucleinopathies are a clinically heterogeneous group of neuro-
degenerative diseases in which misfolded and/or aggregated a-Syn
abnormally accumulates in cytoplasmic deposits generally known
as Lewy bodies (LB) [1, 2]. Post-mortem assessment of patients with
idiopathic PD or dementia with Lewy bodies (DLB) reveals a-Syn-
positive deposits in well-defined regions, such as the substantia
nigra (SN) pars compacta. The progressive accumulation of a-Syn-
containing LB is associated with the degeneration of vulnerable
neurons and the consequent onset of motor disabilities [3]. In
addition to the presence of LB pathology, tissues from PD patients
often show mitochondrial defects and signs of oxidative stress that
are assumed to be part of the detrimental cascade leading to
dopaminergic neuronal death [4]. While familial forms of PD have a
clear etiology, idiopathic PD is considered a complex multifactorial
age-related disorder in which aberrant a-Syn accumulation is one
of the main hallmarks and causes of neurodegeneration [5]. Given
the relevance in human pathophysiology, the molecular mechan-
isms underlying a-Syn pathology in PD and other synucleinopa-
thies remain a topic of intense investigation, as they represent
targets for therapeutic interventions.

Human a-Syn is an intrinsically disordered cytosolic protein
consisting of 140 amino acids. Normally, a-Syn is highly expressed
in neural cells and localizes at the presynaptic terminals, where it
is highly abundant and modulates synaptic vesicle (SV) trafficking
by promoting membrane curvature and chaperoning the forma-
tion of SNARE complexes [6, 7]. Recent evidence suggests that
high concentrations of a-Syn promote its liquid-liquid phase
separation (LLPS), with liquid-like droplets that could convert into
amyloid-enriched hydrogel under certain conditions [8, 9]. Addi-
tionally, a-Syn condensates may act as reservoirs of highly
concentrated a-Syn monomers that can contribute to the growth
of fibrillar polymorphs, as it occurs in cells that are exposed to
exogenous preformed fibrils [10]. It has been proposed that LLPS
is a thermodynamic process in which macromolecules assemble
into distinct subcellular compartments lacking a membrane or a
scaffold [11]. In functionally healthy neurons, clusters of SVs at the
synapses are shown to assemble by LLPS through their interaction
with synapsins, a highly abundant family of synaptic phospho-
proteins [12-14]. Synapsin 1 is an SV-associated protein that
interacts with a-Syn when upregulated or overexpressed [15, 16].
Moreover, synapsin 1 establishes a functional coupling with a-Syn
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on the SV surface [17], thereby regulating vesicle recycling and
abundance at the presynaptic terminals [18]. Although a-Syn
partially retains its high mobility within the crowded environment
at the nerve compartments, it is actively recruited and reversibly
sequestered by SV/synapsin 1 condensates [19]. Interestingly, high
molar ratios of a-Syn alter the assembly kinetics of SV/synapsin 1
condensates [19, 20], further indicating that expression changes of
a-Syn may impact the biophysical properties of other synaptic
molecules.

Clinical evidence indicates that duplication and triplication of
SNCA gene can cause familial forms of PD [1]. Consistent with its
toxic effect when aberrantly accumulated, it is known that a-Syn
upregulation can occur upon stress or synaptic damage [21, 22],
which may promote a-Syn mislocalization, interactions with non-
conventional molecular partners and association with lipid bilayer
membranes. Over time, these binding molecules can exert an
influence on a-Syn's conformational state, along with its recruit-
ment and incorporation into functional liquid condensates or
amyloid-like hydrogels [1, 6, 19, 23]. At least in experimental
models, intracerebral inoculation of a-Syn toxic species or
aggregates can rapidly lead to progressive neurodegeneration
and parkinsonism [24, 25], further emphasizing the strong
mechanistic link between aberrant a-Syn homeostasis and PD.
Despite these functionally relevant consequences, the mechan-
isms that abolish the native localization of a-Syn from the synaptic
boutons and drive its aberrant condensation in neuronal cell
bodies remain unclear.

Given the contribution of a-Syn to PD and other neurodegen-
erative diseases, we hypothesized that a better understanding of
the a-Syn interactome may help to reveal molecular processes
linked to a-Syn LLPS and possibly to a-Syn toxicity. Thus, we set
out a series of proteomic analyses and an unbiased in vitro
protein-protein profiling of a-Syn interactors. We found that many
a-Syn interaction partners are actin and actin-binding proteins,
including members of the Wiskott-Aldrich syndrome (WAS)
protein family, such as WASF1 and WASF3. We focused on the
Neural Wiskott-Aldrich syndrome protein (N-WASP), an actin
nucleation factor that binds and activates the Arp2/3 complex
[26]. It is known that N-WASP can undergo liquid-like density
phase transition [27, 28], which enhances its dwell time on the
membrane and its positive influences on Arp2/3-dependent actin
assembly [29]. Since compound heterozygous WASL mutations
segregate in family members with early-onset PD [30], we sought
to explore the biological consequence of N-WASP deficiency. We
found that N-WASP expression can modify the size and number of
a-Syn- and synapsin 1-containing liquid condensates. Further-
more, wsp-1/WASL loss of function (lof) lowers the tolerance of
Caenorhabditis elegans to a-Syn overexpression. Together, these
data describe the contribution of N-WASP to a-Syn homeostasis
and LLPS, which may help to explain in part the early onset of PD
in individuals expressing pathogenic N-WASP variants.

RESULTS

Actin and actin-binding proteins are part of the a-Syn
interactome

To identify novel modulators of a-Syn LLPS in an unbiased
manner, we initially performed co-immunoprecipitation experi-
ments using HEK293 cells transiently overexpressing HA-tagged a-
Syn. Upon incubation of cell homogenates with a validated HA
antibody, we co-immunoprecipitated proteins that were then
analyzed by liquid chromatography/mass spectrometry (LC-MS/
MS) (Fig. TA). We detected 347 proteins that were exclusively
found in the HA-tagged ao-Syn condition (Supplementary Table
ST1). Of the detected proteins, 42 were actin, cytoskeletal proteins,
and actin-binding factors (Supplementary Table ST1). Identified
actin or actin-binding cytoskeletal proteins included ARPC3,
TMOD1, LMOD1, SHROOM3, MYH11, MYH7 and ACTN2. Amongst
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the non-motor actin-binding proteins, we detected DBNL, CFL2,
WASF1, EPB41L3, WASF3, and CORO1A (Fig. 1B and Supplemen-
tary Table ST1). GO BP analysis by ClueGO indicated that the 5
most significantly enriched terms included actin-myosin filament
sliding (adj p value =1.89 E-6) with 41.18% associated proteins
(MYH2, MYH4, MYH7, MYH8, MYL1, MYL11, TPM1) detectable in
our a-Syn co-IP dataset (Supplementary table ST2). In addition,
7.31% of the proteins (AGBL4, AP3M2, BICD2, CCDC186, CLIP3,
HDAC6, HOOK2, KIF17, KIF1B, KIF5A, KIFAP3, MAK, MYO15A,
MYO1A, PCM1, WASF1) linked to cytoskeleton-dependent intra-
cellular transport (adj p value =4.80 E-4) were also identified
(Supplementary table ST2). Together, these data indicate that a-
Syn has a certain binding propensity toward actin and other
cytoskeletal factors.

To corroborate our findings using an additional method, we
employed high-content protein microchips consisting of more
than 9.000 human polypeptides. Following the same approach as
described in one of our prior works [31], two separate microarrays
were incubated with 5 or 50ng of monomeric a-Syn. After
development with primary and fluorescently labeled secondary
antibodies, we identified 158 putative polypeptides that could
physically interact with a-Syn in vitro (Fig. 1C and Supplementary
Table ST3). Additionally, we carried out another protein microarray
screen using fibrillar a-Syn and found 159 interacting polypeptides
(Fig. 1D), of which 91 proteins were common hits with the
monomeric a-Syn dataset (Fig. 1E and Supplementary Table ST3).
Among these putative 91 a-Syn interactors, 5 proteins (GABAR-
APL2, NPM1, POLB, TWF1, WASL/N-WASP) were associated with
the cytoskeleton and/or actin-binding factors, of which N-WASP
was of particular interest because of its propensity to undergo a
density phase transition and to bind the actin nucleator Arp2/3
complex [27, 29]. Given the causal relationship between
pathogenic WASL mutations and inherited PD [30], we tested if
N-WASP could physically bind a-Syn, since these two proteins
highly co-localized in cultured cells (Fig. 1F). We set up a series of
co-immunoprecipitations  (co-IPs) using homogenates from
HEK293T cells overexpressing HA-tagged YFP or HA-tagged a-
Syn (Fig. 1G). After a mild exposure with the reversible crosslinker
dithiobis (succinimidyl propionate) (DSP), we lysed the cells and
carried out co-IPs using a validated primary antibody against HA.
Subsequent SDS-PAGE and western blot analyses showed that
N-WASP and a-Syn did not co-immunoprecipitate (Fig. TH, 1). This
set of data suggests that a-Syn and N-WASP can physically bind
in vitro, although their interaction is relatively weak and possibly
transient in cultured cells.

N-WASP forms condensates in cells

N-WASP promotes actin remodeling at both pre-and post-synaptic
terminals [32]. Using a validated antibody against N-WASP
(Supplementary figure STA-C), we found that N-WASP perfectly
co-localized with the SV integral membrane glycoprotein synap-
tophysin in primary hippocampal neurons (Fig. 2A). Since proteins
undergoing LLPS form condensates when fused to oligomeriza-
tion domains that decrease their saturation concentration (i.e., the
minimal concentration at which proteins phase separate), we
fused N-WASP to the light-sensitive flavin adenine dinucleotide-
binding protein cryptochrome-2 (Cry2) as in previous studies
[33, 34]. Optogenetic activation of Cry2-mCherry fused to N-WASP
caused rapid cluster formation of the protein in HEK cells (Fig. 2B)
in a fashion not normally seen with Cry2-mCherry alone [35].
When we performed live-cell imaging of Cry2-mCherry-N-WASP
and Synaptophysin-miRFP in primary hippocampal cell cultures,
we further observed that N-WASP co-localized with
synaptophysin-positive pre-synaptic compartments (Fig. 2C). To
study the dynamic properties of N-WASP in neuronal projections,
we fused the photoconvertible fluorophore mEos3.2 to the
N-terminus of N-WASP. Upon overexpression in hippocampal
neurons, we performed single-particle tracking (Fig. 2D, E) and
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Fig. 1 Proteomic analyses reveal novel a-Syn interactors. A Schematic representation of the co-immunoprecipitation experiment. Co-
immunoprecipitated proteins were obtained using an antibody against HA, which was incubated with lysates from control and transiently
transfected HEK293/Expi293 cells overexpressing HA-tagged a-Syn. Detection of a-Syn-interacting proteins was performed by LC-MS/MS.
B Panther protein class of immunoprecipitated cytoskeleton-associated proteins. Schematic representation of the experimental workflow.
Protein microchips were incubated with recombinant C monomeric or D fibrillar a-Syn and, after incubation with a primary antibody against
a-Syn, developed using a fluorescent-labeled secondary antibody. Out of ~9000 polypeptides, C 158 and D 159 putative a-Syn-interacting
polypeptides were retrieved. E Venn diagram of common and unique interactors of monomeric and/or fibrillar a-Syn. N-WASP was detected in
both assays. F Representative image of a primary hippocampal neuron stained with antibodies against a-Syn (magenta) and N-WASP (green).
Scale bars = 10 um. G Schematic representation of co-IP strategy using HEK293T cells. Co-IPs were performed using homogenates of H HA-
YFP O/E and | HA-a-Syn O/E HEK293T cells, which were incubated with an anti-HA antibody in the presence of Sepharose beads. Immunoblots
were developed using anti-N-WASP and anti-HA antibodies.
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found that, although confined in an area of around 0.2 pm? (Fig.
2F), N-WASP retained a high motility (D= 0.124 um?s'; Fig. 2G).
These data indicate that N-WASP is a highly dynamic molecule
that maintains fluid-like properties even in discrete neuronal sub-
compartments.
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Next, we assessed how N-WASP behaves in the presence of SV
condensates by employing a minimal reconstitution system
similar to the one used in our previous papers [36, 37]. For this
purpose, we co-expressed mCherry-synapsin 1 (Syn-1) and a
concatemer of SH3 domains of intersectin also tagged with
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Fig. 2 Single-molecule tracking reveals N-WASP behavior in cultured cells. A Immunostaining and confocal imaging analysis of
synaptophysin and N-WASP in mouse-derived hippocampal neurons. Scale bar = 10 um. Line profiles on the right show respective
colocalization analyses of endogenous synaptophysin (magenta) and N-WASP (green) along the line indicated in representative images.
B Photoactivation (1 min with 488 nm-laser) of Cry2-mCherry-N-WASP leads to the formation of condensates in cells. Top: scheme of the
construct. Bottom: representative images of HEK cells before and after activation. Scale bar = 10 um. € Confocal imaging of rat-derived
primary hippocampal neurons 14 days in vitro expressing Cry2-mCherry-N-WASP and Synaptophysin-miRFP. Inset: magnified region
indicating the accumulation of N-WASP at the pre-synapses. Scale bars = 20 ym (entire image) and 5 pm (inset). D Representative fluorescence
image of a neuron expressing mEos3.2-N-WASP. E Single-molecule tracks reconstructed for the image shown in 2D after photoconversion of
mEos3.2 and color-coded for the measured diffusion coefficients. F Mean-square displacement (MSD) curve for 14,042 tracks (from four
distinct regions) indicates the confined motion of mEos3.2-N-WASP. G Distribution of diffusion coefficients for mEOS3.2-tagged N-WASP from
11,313 tracks analyzed (mobile fraction). The average diffusion coefficient was 0.124 pm?s~'. H Representative images of HEK293 cells
expressing mCherry-Syn-1 with SH3-concatamer of intersectin (SH3)a.g, and EGFP-N-WASP. On the right, colocalization analysis of mCherry-
Syn-1/(SH3)a.e (magenta) and EGFP-N-WASP (green) along the lines indicated in representative images (left). I Fluorescence recovery after

photobleaching of EGFP-N-WASP (average + SEM) from three independent transfections indicates swift fluorescence recovery (~50%).

mCherry (SH3)ag that readily co-assemble into condensates in
mammalian cells [37]. In HEK293 cells, EGFP-N-WASP co-localized
with mCherry-Syn-1 within condensates (Fig. 2H). Importantly,
N-WASP maintained its high mobility within these condensates, as
shown by the rapid fluorescence recovery after laser photobleach-
ing of the GFP-positive droplets (i.e., 50% mobile fraction, t;,,~8s)
(Fig. 2I). Upon ectopic expression, Syn-1 and a-Syn also co-
assembled into condensates [19]. The endogenous N-WASP was
also enriched in these condensates in both murine and human
cells (Supplementary Fig. S1D-G). Together, these data demon-
strate the dynamic behavior of N-WASP in Syn-1/SV condensates
in cultured cells.

N-WASP deficiency influences the formation of a-Syn
condensates

In healthy neurons, a-Syn is highly abundant at the synapse
[6, 7, 38] and can form liquid-liquid condensates with Syn-1 [19].
To test if N-WASP and a-Syn can be recruited together to
synapsin 1-driven condensates, we overexpressed BFP-tagged a-
Syn, EGFP-tagged N-WASP, mCherry-tagged Syn-1 and (SH3)ag
in mammalian cells. We observed that Syn-1/(SH3),¢ conden-
sates that contained N-WASP lacked a-Syn and, conversely,
distinct condensates harboring a-Syn largely lacked N-WASP (Fig.
3A). Next, we assessed whether N-WASP-containing structures
were indeed condensates rather than aggregate-like inclusions.
To achieve this, cells were treated with the aliphatic alcohol 1,6-
hexanediol, which broadly disrupts hydrophobic interactions
present in condensates [39]. Live-cell imaging experiments
showed little evidence of aggregate formation, since treatment
with 1,6-HD could largely abolish condensates (Fig. 3B). Building
on our observations that a-Syn and N-WASP did not always co-
condense in the same structures, we tested whether N-WASP
inhibition could influence the sequestering of a-Syn into Syn-1
condensates. As a first proof-of-principle experiment, we
incubated cells with the carbazole derivative wiskostatin which
is capable of binding and inhibiting N-WASP [40]. In wiskostatin-
treated cells, we observed a marked reduction in the number
and size of condensates, along with the depletion of a-Syn from
the remaining condensates (Fig. 3C-E). To confirm these
observations, we downregulated N-WASP using short interfering
RNA (siRNA) and found that diminished N-WASP expression led
to a reduction in the fraction and size of Syn-1 condensates that
were positive for a-Syn (Fig. 3F-H). Together, these data suggest
that N-WASP can influence a-Syn recruitment into Syn-1-
containing condensates.

WSP-1/N-WASP expression modulates a-Syn pathology in C.
elegans

To investigate if N-WASP can influence a-Syn homeostasis in vivo,
we employed C. elegans strains carrying the transgene pki-
52386[unc-54p:a-Syn:YFP] and expressing YFP-tagged a-Syn in the
body wall muscle cells. As a well-established model for studying
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proteotoxicity in vivo in nematodes [41], we initially assessed
locomotion at standard experimental conditions (20 °C) and found
that wsp-1(lof) mutants showed no obvious differences compared
to wt animals, whereas a-Syn O/E nematodes exhibited locomotor
defects (Fig. 4A). Based on our thrashing assays, the genetic
inhibition of WSP-1 protein expression by wsp-1(lof) allele [42] did
not worsen the phenotype of a-Syn O/E nematodes (Fig. 4A). We
also grew animals at a warmer temperature starting from
hatching, since it is known that at 25 °C nematodes exhibit faster
development, reduced lifespan and changes in proteostasis
[43, 44]. Compared to wt animals, wps-1(lof), a-Syn O/E and wps-
1(lof);a-Syn O/E equally compromised C. elegans locomotion at
25 °C (Fig. 4B), suggesting that WSP-1 deficiency had a minor
effect on thrashing defects due to a-Syn O/E. However, while a-
Syn O/E had a marginal lifespan effect at 20 °C, it negatively
impacted C. elegans survival at 25 °C (Fig. 4C, D and Supplemen-
tary table ST4). In each experiment, wsp-1(lof) compromised
C. elegans survival at both temperatures and had an additive
negative effect on a-Syn O/E lifespan at higher temperatures
(Fig. 4C, D and Supplementary Table ST4). Statistical analysis of
median lifespan suggested that wsp-1(lof) and a-Syn O/E may act
independently on organismal survival (Supplementary Table ST4).
Of note, a-Syn O/E had a negligible developmental effect in short-
lived wsp-1(lof) animals that were grown at warmer temperature
(Fig. 4E).

Having assessed a few phenotypes linked to a-Syn O/E and wsp-
1(lof) in C. elegans, we sought to test whether WSP-1 deficiency
could shift the balance of a-Syn inclusions from liquid-like
condensates to more toxic species, knowing that over time a-
Syn inclusions convert into intracellular amyloid-like aggregates in
the body wall muscles of C. elegans [9]. We performed western
blot analysis and showed that wsp-7(lof) did not affect the
expression of the transgene encoding YFP-tagged a-Syn neither at
20 °C nor at 25 °C (Fig. 4F, G). We quantified the number and size
of a-Syn inclusions in nematodes grown at 20 °C and found that
wsp-1(lof) promoted the formation of larger a-Syn-containing
inclusions compared to those in control animals (Fig. 4H). We
performed FRAP analysis in young and relatively old (12 days after
hatching) animals and found that wsp-1(lof) negatively affected a-
Syn:YFP mobility in C. elegans muscle cells (Fig. 41, J). At a warmer
temperature, adult wsp-1(lof) animals showed an increased
number of smaller a-Syn:YFP inclusions compared to controls
(Fig. 4K). Importantly, genetic inhibition of WSP-1 protein
expression reduced a-Syn:YFP mobility compared to control
nematodes (Fig. 4L). Together, our data suggest that WSP-1/N-
WASP deficiency can diminish the mobile fraction of a-Syn:YFP
within inclusions and may possibly promote a-Syn conversion into
amyloid-like hydrogels.

In PD pathology, a-Syn readily forms insoluble fibrils that
propagate among neurons and surrounding glia [45]. To assess
the burden caused by preformed fibrils (PFFs) of a-Syn in N-WASP
deficient cells, we employed induced-pluripotent stem cell
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(iPSC)-derived dopaminergic neurons and found that N-WASP Inhibition of mitochondrial complex | does not phenocopy
downregulation further undermined the maintenance of neurite wsp-1(lof) effects on a-Syn pathology

branches upon exposure to exogenous a-Syn PFFs (Supplemen- To better understand how WSP-1/N-WASP modulates a-Syn phase
tary Fig. 2A, B), suggesting that N-WASP dysfunction may promote transition in C. elegans, we decided to perform additional LC-MS/
a-Syn pathology. MS experiments on animals grown at 20 °C and 25 °C (Fig. 5A).
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Fig. 3 N-WASP influences a-Syn LLPS. A Representative images of HEK293 cells expressing a-Syn-BFP, mCherry-Syn-1 with SH3-concatamer
of intersectin (SH3)a.e and EGFP-N-WASP. Panels on the right show respective colocalization analyses of a-Syn-BFP (blue), mCherry-Syn-1
(magenta), and EGFP-N-WASP (green) along the lines indicated in representative images. B Treatment with 1,6-hexanediol (1,6-HD) leads to
dispersion of fluorescence signal from the condensate. Left: condensates before (top) and after (bottom) the addition of 3% 1,6-HD. Right: line
profiles over condensates for a-Syn (blue), synapsin condensates (magenta), and N-WASP (green) before (full line) or after 1,6-HD (dashed line)
treatment. C Wiskostatin treatment (10 pM final concentration) leads to selective dispersion of a-Syn-BFP (a-Syn-BFP) from synapsin
condensates (mCherry-Syn-1). On the left, representative images before, 5 min, and 10 min after treatment. On the right, line profiles of the
condensates are shown (magenta, syn-1; blue, a-Syn). Number (D) and diameter (E) of mCherry-Syn-1 condensates condensates decrease
upon wiskostatin treatment in a statistically significant fashion (paired t-test, two-tailed, confidence level: 95%). F Transfection of siRNA against
N-WASP reduces the formation of synapsin condensates. Representative images of Hela cells expressing a-Syn-BFP and mCherry-Syn-1
condensates further transfected with scrambled (control, top) or N-WASP-directed siRNAs (bottom). Scale bar = 10 um. G Fraction of cells
containing a-Syn within condensates of Syn-1 decreases strongly upon N-WASP knockdown. H The diameters of mCherry-Syn-1 condensates

display a statistically significant decrease upon N-WASP knockdown (Kolmogorov-Smirnov test, two-tailed, confidence level: 95%).

Compared to wt animals grown at 20 °C, we identified 246, 253,
and 258 differentially expressed proteins in wsp-1(lof), a-Syn O/E,
and wsp-1(lof);a-Syn O/E, respectively (Fig. 5B and Supplementary
table ST5). At 25 °C, we obtained 265, 279, and 253 differentially
expressed proteins in wsp-1(lof), a-Syn O/E, and wsp-1(lof);a-Syn
O/E, respectively (Fig. 5C and Supplementary table ST5). All these
three mutant strains displayed an upregulation of proteins related
to muscle function among the most obvious changes (Fig. 5D and
Supplementary table ST6). Moreover, many proteins involved in
mitochondrial metabolism were downregulated in wsp-1(lof) and
a-Syn O/E compared to wt at 25 °C. We observed depletion of
proteins involved in metabolism, including lipid and amino acid
metabolism, that were more prominent in a-Syn O/E, and wsp-
1(lof);a-Syn O/E compared to wsp-1(lof) animals grown at 25 °C
(Fig. 5E and Supplementary table ST6). Together, our data suggest
that aberrant metabolism may accompany the pathology due to
a-Syn O/E and WSP-1/N-WASP deficiency.

To validate some of these in-silico predictions, we decided to
genetically manipulate a few metabolic pathways in nematodes
grown at the two different temperatures (Fig. 5F). Since aberrant
mitochondrial activity is associated with many synucleinopathies
[4, 46], we measured oxygen consumption rate (OCR) using a
Seahorse Analyzer (Fig. 5G). At normal growing conditions (20 °C),
a-Syn O/E animals had the tendency to respire less than wt, with a
basal OCR and spare respiratory capacity similar to those detected
in wsp-1(lof);a-Syn O/E animals (Fig. 5H-J). Interestingly, animals
carrying a wsp-1(lof) showed a reduced spare respiratory capacity
compared to wt animals (Fig. 5J). Notably, a-Syn O/E further
exacerbated the mitochondrial respiratory defects of wsp-1(lof)
mutant animals when grown at 25 °C (Fig. 5K-M). Together, these
data suggest that WSP-1/N-WASP deficiency impairs mitochon-
drial respiration, with a-Syn O/E having an additive effect only in
certain conditions. To determine if inhibition of mitochondrial
bioenergetics may phenocopy the effect of wsp-1(lof) on a-Syn
phase transition, we employed gas-1(fc21) mutant nematodes,
which also exhibit reduced mitochondrial respiration and
shortened lifespan compared to wildtype as shown in our
previous studies [47-49]. Surprisingly, FRAP experiments at
different ages and temperatures showed that a-Syn:YFP was
relatively more mobile in gas-7 mutants compared to control
nematodes (Fig. 5N-Q). At least in C. elegans, mitochondrial
inhibition does not recapitulate the changes of a-Syn mobility
caused by WSP-1 deficiency, possibly indicating that WSP-1
influences a-Syn pathology independently of its effects on
mitochondrial bioenergetics.

Next, we assessed neutral lipids and carried out Oil Red O (ORO)
staining in our four strains. We found that wsp-1(lof) and wsp-
1(lof);a-Syn O/E animals had a reduced ORO staining at both 20 °C
and 25 °C compared to wt, whereas a-Syn O/E animals showed
lower signal only at 25 °C (Fig. 6A, B). To alter lipid metabolism in
C. elegans, we used an extrachromosomal array overexpressing
FAT-7 (Fig. 6C), a fatty acid desaturase that converts stearic acid
into oleic acid and promotes C. elegans lifespan extension [50].
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Although FAT-7 was expressed only in the intestine, it could
increase the overall lipid content in the transgenic nematodes
compared to wt ones (Fig. 6D). We carried out FRAP experiments
in a-Syn::YFP O/E animals and found that FAT-7 expression in the
gut was not sufficient to modify the mobility of a-Syn:YFP
condensates in the muscle cells of neither control nor wsp-1(lof)
mutant nematodes (Fig. 6E-G). This dataset suggests that changes
in lipid metabolism may not be the main driver of a-Syn liquid
phase transition.

Finally, we tested whether proteins related to muscle function
may modulate condensates in animals grown at 20 °C, given that
this term was upregulated in wsp-1(lof);a-Syn O/E animals at this
temperature (Fig. 5D and Supplementary table ST6). Using a
validated RNAi feeding protocol starting from hatching as
described in our previous studies [47, 48, 51], we downregulated
F15G9.1, F42H10.3, myo-1, and tni-4 genes in a-Syn O/E and wsp-
1(lof);a-Syn O/E animals (Fig. 6H). Our RNAi experiments showed
negligible changes in FRAP of a-Syn:YFP liquid-like droplets in
young as well as older adult animals (Fig. 61, J). Similarly, there was
no rescue of condensate mobility following downregulation of the
candidates in wsp-T(lof);a-Syn O/E animals, neither in younger
animals nor in older animals (Fig. 6l-L). In summary, our data
suggest that some of the proteomic changes may contribute to
the pathological phenotype of WSP-1/N-WASP deficiency, how-
ever they are not the main cause of a-Syn LLPS and its eventual
transition into amyloid-like hydrogel (Fig. 6M).

DISCUSSION

Synucleinopathies are common age-related neurodegenerative
diseases, with PD accounting for the high incidence in people
aged 80 years or older [52, 53]. Despite the advance of knowledge
in the scientific community, our understanding of a-Syn inter-
actome changes in certain biological contexts (e.g., aging) as well
as upon exposure to environmental cues remains very limited.
Similarly, it remains elusive which molecular mechanisms govern
the liquid phase transition and aggregation of a-Syn.

Here, we investigate the interactome of a-Syn and report new
evidence connecting a-Syn with cytoskeleton components. Our
findings are in line with previous studies showing that wild type
and mutant a-Syn can interact with actin [54] and actin-binding
proteins such as gelsolin or spectrin [54-56]. Consistent with prior
evidence, a-Syn interaction with actin and actin-binding proteins
includes dysregulation of actin dynamics, altered exo- and
endocytosis, and reduced mitochondrial function [54, 56]. In
addition to a-Syn-dependent regulation of the actin cytoskeleton,
other PD-related proteins, such as Parkin/PARK2 [57, 58] and
VPS35/PARK17 [59], have also been shown to influence the
remodeling of the actin cytoskeleton. In an attempt to elucidate
mechanistically the biological meaning of this network of
interactions, we show that N-WASP expression and activity can
modify the recruitment of a-Syn into liquid-like condensates in
cultured cells. Consistent with a role of N-WASP in modulating

SPRINGER NATURE



J. Jackson et al.

T=20°C T=25°C
T=20°C T=25°C
100 100~
_ 2.0 okok " 2.0 S
H Sokdok E
; e ns
2 15 2 2ad £ 1.5 ok = 3
g ns  skk NS = 2 £
& L g sk NS ns £ 5
> > 2 50 ; 50+
3 101 3 101 g g
: :
2 05 £ 054 —_ -
£ £ — wsp-1 —wsp-1
g g — oSy OE — @Sy OE
=1 = —wsp-1; ceSyn O/E — wsp-1; a-Syn O/E
0.0 0.0- v T ¥ T T T T 1
o s"\ Oﬁ O‘e 0 10 20 30 5 10 15 20 25
WP o Time (days) Time (days)
A
W
E T=25°C F G
72h 96h \1“01e 159 s (‘O‘g 15
5 ) ns
i B adult “oﬁ A0 = o A «° @
- L4 SN <0 S ¢ oA g
« W g5 10 o W g5 10
B L3 3 H
. =e o[ = =] } ol - —]e
E = u < Fos 0 o5
£ u ] H
5 =0 d : actin 'u E At
% P — 0.0 e — 0.0-
B of of S of of
a-Syn:YFP «5‘:._»5"“ a-Syn::YFP 3 :105\,\
« ¥
W& A g% o
w0l o
A
¥
T= 20 °C T= 20 °C (day 5) T= 20 °C (day 12)
g 0.010. De: o8 10 10 10 04 =
S E € hdddd g R z = :sspy "1 C:fsyn oE
0.8 G 08 £ — wso-t;
g B £ 5 : 5
3 £ = 2 = 8
3 oome H g os 3
é 2 oa Eo.s E Eo. § 0z
5 oo g s Z o4 3 2
H 5 E g £ g
W £ § oz 2 ]
S 5 s 2 — aS;noE Lo
§\ — wsp-1,a-Syn OFF
@ b © of S ey 5000 10000 = P o.no 5000 10000 = % g
:
= st oSt i ) e Time (ms) e’
= s e e -
Q
@
=
'— 0
T=25°C T= 25 °C (day 5)
w 0.020- 15 < 08
s o | ) .
5 - E | e £ =
%) ] 2 | — £ <
& 5 @10 = H
@ s = 2
< 2 3 2
£ Gos £ 2
w £ oms H S 0z
le] 3 2 — aSyn 0
£ — wsp-T; aeSyn O/E
000 00 00
Ué RO ot of ° 5000 10000 of of
= Pt ,51‘:_ o Time (ms) 45 5
E s p P
@
=

a-Syn recruitment into intracellular inclusions, we provide a first
line of evidence demonstrating that WSP-1 deficiency can
promote a-Syn pathology in C. elegans. Indeed, when we exposed
nematodes to different experimental paradigms, we found that a-
Syn O/E is relatively well tolerated and does not have a negative
impact on development. However, a-Syn seems to become more
toxic in WSP-1 deficient cells, possibly because it converts into less
mobile condensates that, over time, may transform into
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pathogenic species. This in vivo evidence suggests that disease-
causing WASL mutations may define the threshold of susceptibility
to a-Syn expression, thereby predisposing an organism to a-Syn
proteotoxicity. Consistent with the complex etiology and epide-
miology of PD [60], it may be that N-WASP loss of function variants
represent one of the genetic predispositions promoting a-Syn
pathology under stress and environmental challenges. Although
further studies are necessary, our findings indicate a direct

Cell Death and Disease (2024)15:304



J. Jackson et al.

Fig. 4 wsp-1(lof) negatively affects the dynamics of a-Syn-containing condensates in C. elegans. Locomotor activity of A 7-day-old and B
4-day-old wt (black), wsp-1(lof) (red), a-Syn O/E (blue), and wsp-1(lof);a-Syn O/E (purple) animals grown at A 20 °C or B 25 °C. Each bar represents
meanzSEM (One-way ANOVA with Tukey’s multiple comparison test, ns not significant, ****p < 0.0001; number of animals = 24 (A) and 16-36
(B) from 3 (A) and 5 (B) experiments). C, D Representative lifespan assays of wt, wsp-1(lof), a-Syn O/E, and wsp-1(lof);a-Syn O/E animals grown at
the indicated temperatures. E Developmental assay at 25 °C. The percentage of the population at the indicated larval stages at 72 h (left panel)
and 96 h (right panel) after hatching. Bars represent mean=SEM. Representative western blots (left) and densitometry (right) of a-Syn::YFP
protein expression, in 5-day-old a-Syn O/E and wsp-1(lof);a-Syn O/E animals grown (F) at 20 °C and (G) 25 °C. Bars represent mean + SEM
(Unpaired t-test, ns not significant, n = 3). H Representative images and quantification of the number and size of a-Syn::YFP inclusions in the
heads of 10-day-old a-Syn O/E and wsp-1(lof);a-Syn O/E animals grown at 20 °C. Scale bar = 40 pm. Bars represent mean+SEM (Mann-Whitney
test, ns not significant, ****p < 0.0001, n = 61-72 animals from 4 independent experiments). FRAP traces (left) and quantification of mobile
fraction (right) of individual a-Syn:YFP inclusions in a-Syn O/E and wsp-1(lof);a-Syn O/E animals grown for I 5 and J 12 days at 20 °C. Lines
represent mean normalized intensity+SEM and bars represent mean + SEM (Mann-Whitney test, ns not significant, ****p < 0.0001; | n = 94-95
inclusions, n = 3 biological replicates; J n =92-100 inclusions, n = 3 biological replicates). K Representative images of 5-day-old nematodes
grown at 25 °C (scale bar = 40 pm). Quantification of inclusion number and size is reported as mean+SEM (Mann-Whitney test, *p < 0.05,
***¥n < 0.0001, n = 45-50 inclusions, n = 3 biological replicates). L FRAP traces (left) and quantification of mobile fraction (right) of individual
a-Syn:YFP inclusions in 5-day-old a-Syn O/E and wsp-1(lof);a-Syn O/E animals grown at 25 °C. Lines and bars represent mean+SEM

(Mann-Whitney test, **p < 0.01, n =68-75 inclusions, n = 3 biological replicates).

relationship between a-Syn expression and N-WASP deficiency,
which may partially explain the causative genetic link of
compound heterozygous WASL mutations with an early onset
familial form of PD [30].

While the role of the cytoskeleton is emerging as an important
player in synucleinopathies, a vast literature has reported genetic
mutations linking mitochondria with parkinsonism and/or
inherited PD [4, 61-63]. Given these lines of evidence, we
investigated the impact of wsp-1(lof) on mitochondria in
C. elegans. We report that genetic inhibition of wsp-1/WASL can
impair mitochondrial respiration and worsen metabolic defects
due to a-Syn overexpression. Although we could not conclusively
elucidate the molecular mechanisms underlying these observa-
tions, our findings recapitulate some of the mitochondrial
defects that are often associated with synucleinopathies. At
least in nematodes, it seems that aberrant mitochondrial
respiration may be exacerbated by the cumulative effects of
WSP-1/N-WASP deficiency and a-Syn overexpression. Despite the
influence of wsp-1(lof) on mitochondrial respiration, complex |
deficiency alone was not sufficient to recapitulate the a-Syn:YFP
phase transition changes observed in wsp-1(lof) animals. Rather
than through metabolic changes as upstream effects, we
speculate that WSP-1/N-WASP deficiency may prime the
susceptibility of the proteome to additional stress, which may
further shift the proteostatic balance of a-Syn, its propensity to
undergo LLPS and eventually its toxic aggregation. In addition to
the proteome collapse, cells may undergo further metabolic
challenges due to aberrant mitochondrial bioenergetics as a
consequence of N-WASP deficiency. To support this scenario, it
has been shown that aberrant expression of the WAS family
member WASp causes mitochondrial network fragmentation and
loss of mitochondrial respiration in haemopoietic cells [64]. As in
our experimental paradigms, the loss of a WAS family member
may critically affect the threshold at which cells can buffer stress,
since defective cytoskeleton remodeling may compromise
mitochondrial dynamics, trafficking and biogenesis, with obvious
consequences on cellular homeostasis and survival.

Taken together, our cross-species study broadens the molecular
landscape of the a-Syn interactome and offers a first experimental
framework to better understand how actin remodelers may
contribute to a-Syn phase transition into toxic species.

EXPERIMENTAL PROCEDURES

Antibodies

The following primary antibodies were used in this study: mouse
anti-alpha-synuclein (Bio Legend, 4B12/Synuclein, 807801), mouse
anti-alpha-synuclein  (Invitrogen, AHB0261), mouse anti-GFP
(Roche, 11814460001), mouse anti-HA (Sigma, HA-7, H9658),
rabbit anti-HA (Sigma, H6908), rabbit anti-N-WASP (Cell Signaling,
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30D10, #4848), rabbit anti-N-WASP (polyclonal raised against
peptide 385-401) [65], rabbit anti-N-WASP (Invitrogen, PA5-
52198), mouse anti-synaptophysin 1 (SySy, 7.2, 101 0011), mouse
anti-actin (Abcam, ab14128). Secondary antibodies used in this
study were: HRP-conjugated anti-mouse secondary (Thermo Fisher
Scientific), HRP-conjugated anti-rabbit secondary (Promega,
W4011), Alexa Fluor™ 488-conjugated goat anti-mouse IgG
(Invitrogen, A-11001), Alexa Fluor™ 568-conjugated goat anti-
rabbit 1gG (Invitrogen, A-11011) and Abberior STAR 488-
conjugated goat anti-rabbit IgG (Abberior).

Caenorhabditis elegans strains

The following strains were used in this study: wild type N2 (Bristol),
BAN419  gas-1(fc21)X;pkls2386[unc-54p::a-syn::YFP+unc-119(+)],
BAN534 wsp-1(gm324)IV, BAN550 wsp-1(gm324)IV;pkls2386[unc-
54p:a-syn:YFP+unc-119(+)], BANG686 shEx34[myo-3p::mCherry],
BAN688  pkis2386[unc-54p:alpha  synuclein:YFP  +  unc-
119(+)];shEx34[myo-3p::mCherry]l, BAN689  wsp-1(gm324)IV;pkI-
52386[unc-54p::alpha synuclein:YFP  + unc-119(+)];shEx34[myo-
3p:mCherry], BAN690 shEx1[ges-1p:fat-7 + myo-3p:mCherry],

BAN692  pkis2386[unc-54p:alpha  synuclein:YFP  +  unc-
119(+)];shEx1[ges-1p:fat-7 + myo-3p:mCherry]l, BAN693 wsp-
1(gm324)IV;pkis2386[unc-54p::alpha  synuclein:YFP  +  unc-
119(+)];shEx1[ges-1p:=fat-7 + myo-3p:mCherry], NL5901 pkl-

52386[unc-54p::a-syn::YFP+unc-119(+)]. Nematodes were main-
tained following standard culture methods as in some of our
previous studies [47, 48, 51]. All RNAi experiments were performed
at indicated temperatures by feeding nematodes with HT115
E. coli expressing dsRNA against target genes. Some strains were
provided by the CGC, which is funded by the NIH Office of
Research Infrastructure Programs (P40 OD010440).

Cell cultures

HeLa cells and human embryonic kidney HEK293 and
HEK293T cells were grown in DMEM (Gibco) supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin (100 U/ml
penicillin; 100 mg/ml streptomycin). Cells were transfected with
2 ug of plasmid DNA using either Lipofectamine 2000 (Thermo
Fisher Scientific) or Turbofectin (Origene) following the manufac-
turer’s instructions. For experiments in Hela cells downregulating
N-WASP, the siRNA (siRNA ID: 137396; Thermo Fisher Scientific)
was transfected with Lipofectamine RNAIMAX (Thermo Fish-
erScientific), 24 h prior to plasmid transfection with Lipofectamine
2000 for the transient protein expression. For co-IP mass spectro-
metry sample preparation, suspension cultures of Expi293F™ cells
(HEK derivative) were used. Cultures were maintained in an Expi
expression medium as described in the manufacturer’s protocol
(8% CO,, 37°C, 125rpm). For protein expression, suspension
cultures (30ml) were transfected with 30 ug of plasmid DNA
following the ExpiFectamine transfection guidelines.

SPRINGER NATURE
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B16-F1 cells were routinely grown in Dulbecco’s Modified Eagles
Medium (DMEM, Gibco) supplemented with 10% FBS and 2 mM
t-glutamine (Gibco) at 37 °C and in 5% CO, atmosphere. CRISPR/
Cas9-mediated disruption in B16-F1 cells of the Wasl encoding
N-WASP was achieved essentially following standard procedures

SPRINGER NATURE

[66] and transfection of a vector harboring a CRISPR-gRNA
sequence targeting exon 1 (5-GAGAGACTCGTTCTCTTGCG-3').
Monoclonal cell lines were expanded from single-cell clones
followed by screening for the absence of N-WASP expression by
Western blotting (not shown). Selected clones devoid of N-WASP
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Fig. 5 Mitochondrial complex | deficiency stimulates a-Syn:YFP LLPS. A Schematic representation of the LC-MS/MS experiment. Venn
diagrams indicating the number of differentially expressed proteins (relative to wt) in wsp-1(lof), a-Syn O/E, and wsp-1(lof);a-Syn O/E animals
grown at B 20 °C and C 25 °C. Bubble plots showing the significant WormCat categories that were D upregulated or E downregulated in the
indicated comparisons. Bubble size indicates the number of differentially expressed proteins in the corresponding category, and bubble color
corresponds to p value. F Schematic summary of the experiments performed using wt and mutant nematodes grown at 20 °C or 25 °C.
G Schematic representation of an OCR trace and how basal respiration and maximal respiratory capacity were calculated. H OCR traces of 5-
day-old animals grown at 20 °C. Each point reports mean+SEM across replicates (n = 15-19 from 4 experiments). Quantification of | basal OCR
and J spare respiratory capacity in 5-day-old animals grown at 20 °C. Bars represent mean + SEM (Kruskal-Wallis test with Dunn’s multiple
comparison test, ns not significant, **p < 0.01, n = 15-19 from 4 independent experiments). K Representative OCR traces of 5-day-old animals
grown at 25 °C. Each point reports mean+SEM across replicates (n = 9-12 from 3 independent experiments). Quantification of L basal OCR
and M spare respiratory capacity of 5-day-old wt animals grown at 25 °C. Bars represent mean+SEM (One-way ANOVA with Tukey’s multiple
comparison test, ns not significant, ***p < 0.001, ****p < 0.0001, n = 9-12 from 3 experiments). FRAP of a-Syn::YFP inclusions in the head region
of (N, P) 5-day- and (O, Q) 12-day-old animals grown at N, O 20 °C or P, Q 25 °C. Left, normalized recovery curves of a- Syn O/E (blue) and gas-
1,a-Syn O/E (pink). Right, quantification of the mobile fraction of individual inclusions. Lines and bars represent mean + SEM (Mann-Whitney
test, ns not significant, ***p < 0.001, ***¥*p < 0.0001, number of inclusions = 94-95 (N), 70-71 (0), 95-100 (P), 66-68 (Q), from 3 biological

replicates).

expression (Supplementary figure S1A) were confirmed to lack any
Wasl wildtype allele by genotyping, as follows: sequences
resulting from PCR amplification of the Wasl targeting region
potentially harboring the site of disruption were subjected to
Sanger sequencing and analysis by TIDE sequence trace decom-
position [67]. N-WASP expression was also assessed by western
blot using a previously characterized triple KO cell line lacking
Sral, PIR121/CYFIP, and N-WASP [65] (Supplementary Fig. STA).
Primary hippocampal neurons were prepared from PO wild-type
mice (C57BL6/J) as previously described [19]. Neurons were
seeded on coverslips and transfected using a standard calcium
phosphate protocol. For single molecule tracking experiments,
primary rat hippocampal neurons were used.
Induced-pluripotent stem cell (iPSC)-derived midbrain dopa-
minergic neurons (MDANs) were generated from smNPCs, as
previously described [68, 69]. Briefly, iPSC cultures were
dissociated using accutase, centrifuged and resuspended in
neural induction medium (DMEM-F12 (Invitrogen) 1:200
N2 supplement (Invitrogen), 1:100 B27 supplement without
vitamin A (Invitrogen), 2 mM of GlutaMax, 10 uM of SB-431542,
1uM of dorsomorphin, 0.5uM of purmorphamine, and 3 uM
CHIR99021), supplemented with 10 uM of ROCK inhibitor (Tocris).
Cells were cultured in nonadherent plates for 3 days, and on days
4-5, medium was changed to smNPC maintenance medium
(neural induction medium lacking SB-431542 and dorsomorphin,
with 150 uM of ascorbic acid added). On day 6, embryoid bodies
were triturated by pipetting and plated into Matrigel-coated 12-
well plates. Cells were split using accutase and passaged for at
least 6 splits to remove non-smNPC cells from the cultures.
Subsequent differentiation into mMDANs was initiated approxi-
mately 2 days after the previous passage. Medium was changed
to mDAN induction medium (DMEM-F12 (Invitrogen) 1:200
N2 supplement (Invitrogen), 1:100 B27 supplement without
vitamin A (Invitrogen), 100 ng/ml FGF8 (Invitrogen), 1puM
purmorphamine, and 200 pM Ascorbic Acid), and changed every
2-3 days. After 8 days, medium was changed to mDAN
maturation medium (DMEM-F12 (Invitrogen) 1:200
N2 supplement (Invitrogen), 1:100 B27 supplement without
vitamin A (Invitrogen), 10 ng/ml BDNF (PeproTech), 10 ng/ml
GDNF (Peprotech), 1 ng/ml TGF-b3, 200 uM Ascorbic Acid, and
500 uM dbcAMP (Sigma)). On days 8-10, maturation medium was
supplemented with 0.5 uM purmorphamine. On day 9, cultured
cells were split 1:3 into small clumps using accutase. Cells were
maintained in mDAN maturation medium until day 21. Transfec-
tion of shRNA (VectorBuilder, ID VB010000-9346gaz and
VB900072-7764yby) was performed at day 10 with Lipofectamine
3000 (Invitrogen), and medium was changed the following day.
For mDAN treatment, recombinant human a-synuclein (A140C)
was purified from bacteria and labeled with Alexa Fluor™ 647 C,
Maleimide (Thermo Fisher Scientific) as previously described [19].
The preformed fibrils were prepared by mixing 10:1 (unlabeled-
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to-labeled) a-synuclein, as previously described [70]. Freshly
sonicated a-Syn-Alexa Fluor 647 PFFs (100 nM final concentra-
tion) were added on day 14. On day 21, mDANs were fixed with
warm 4% PFA/4% sucrose.

Co-immunoprecipitation for mass spectrometry analysis
Expi293 cells expressing either HA-tagged a-synuclein or mock
controls were harvested 3 days after transfection. Cells were lysed
in a buffer that contained 25 mM Tris-HCI pH 7.4, 150 mM Nadl,
and 0.5 mM TCEP (buffer A) supplemented with complete EDTA-
free Protease Inhibitor Cocktail (Roche) by three consecutive
cycles of freezing and thawing. Soluble protein was separated
from cellular debris by centrifugation at 20,000 x g at 4 °C for
45 min. Approximately 2000 pg of soluble protein supernatant was
subjected to 100 pl of pre-equilibrated anti-HA agarose beads
(Thermo Fisher Scientific, 26181) in a Poly-Prep® gravity flow
chromatography column (Biorad) at 4 °C for 1.5h with slow
rotating agitation. Then, beads were washed with 10 ml of wash
buffer (buffer A), and bound proteins were eluted with hot, non-
reducing 2x SDS-PAGE loading buffer (125 mM Tris-HCl pH 6.8,
20% glycerol, 4% SDS, and 0.1% bromophenol blue).

Co-immunoprecipitations and western blot analysis

Co-IPs were performed using Immunoprecipitation kit (Abcam;
catalog no.: ab206996) following the manufacturer’s instructions.
Briefly, cells expressing HA-a-Syn or HA-YFP (48 h after transfec-
tion) were washed once with PBS and incubated with 2mM
dithiobis (succinimidyl propionate) (Thermo Fisher Scientific,
PG82081) for 30 min for reversible crosslinking. The crosslinking
reaction was stopped by incubating the cells with 25 mM Tris for
15 min. Cells were then washed with PBS and harvested in 500 pl
cold nondenaturing lysis buffer (Abcam, ab206996). Cells were
lysed at 4 °C for 30 min on a rotatory mixer. Lysates were cleared
by centrifugation at 10,000 x g for 10min, and protein
concentration was determined using a Bradford assay. Approxi-
mately 500 ug of total protein was incubated with an anti-HA
antibody (1:100) overnight at 4 °C on a rotatory mixer. Then, 40 pl
of A/G Sepharose bead slurry was added to the protein-antibody
mix and incubated for 1 h at 4 °C. Beads were then collected and
washed by slow-speed centrifugation. Bound proteins were eluted
from the beads by adding 40yl 2x SDS-PAGE loading buffer
(125mM  Tris-HCl pH 6.8, 4% SDS, 20% glycerol, 10% 2-
mercaptoethanol, and 0.005% bromophenol blue) and boiling
for 5 min.

Samples were resolved on 12% poly-acrylamide gels and
transferred onto nitrocellulose membranes using semi-dry transfer
Trans-Blot Turbo (Bio-Rad). Protein detection was performed using
the following primary antibodies at a dilution of 1:1000, followed
by HRP-conjugated secondary antibodies at a 1:2000 dilution.
Immunoblots were developed in ECL and imaged using Chemidoc
imaging system (Bio-Rad).
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Confocal analysis and FRAP in vivo

Nematodes were transferred into a drop of 20 mM levamisole on a
glass slide with a pad of 2% agarose, and a glass coverslip was gently
placed on top. Animals were imaged for a maximum of 20 min
following mounting on the slide. Z-stack images of alpha-synuclein
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inclusions were acquired from the head region, using a 20x objective
and a Zeiss LSM900 confocal microscope. Inclusion size and number
were assessed on maximum Z projections using Imagel.

For FRAP analysis, animals were imaged using a 20x objective
with 4x crop. Individual inclusions in the head to the animal were
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Fig.6 Changes in lipid content and muscle function accompany a-Syn::YFP LLPS. Representative A Oil Red O staining (scale bar = 100 pm)
and B its quantification in wt, wsp-1(lof), a -Syn O/E, and wsp-1(lof);a-Syn O/E animals grown at 20 °C or 25 °C. Each bar represents mean+SEM
(Kruskal-Wallis test with Dunn’s multiple comparison test, ns not significant, ****p <0.0001, n=50-60 animals from 3 independent
experiments). C Schematic representation of the shEx1[ges-1p:fat-74+myo-3p:mCherry] transgene expressing FAT-7 in C. elegans intestine. FAT-7
desaturates stearic acid into oleic acid. D Quantification of ORO staining in wt and fat-7 O/E animals grown at 20 °C. Each bar represents
mean = SEM (Student’s t-test, *p <0.05, n =36 animals from 3 independent experiments). (Fluorescent recovery after photobleaching of
a-Syn:YFP inclusions in the head region of E, G 5-day- and F 12-day-old animals grown at E, F 20 °C and G 25 °C. Left: normalized recovery
curves of a-Syn O/E (blue), a-Syn O/E;fat-7 O/E (light blue), wsp-1(lof);a-Syn O/E (purple), and wsp-1(lof);a-Syn O/E; fat-7 O/E (orange). Right:
quantification of the mobile fraction of individual inclusions. Lines and bars represent the mean+SEM (Kruskal-Wallis with Dunn’s multiple
comparison test, ns not significant, *p < 0.05, ****p < 0.0001, number of inclusions = 54-63 (E), 62-78 (F), 58-61 (G), n = 3 biological replicates).
H Schematic summary of FRAP experiments performed using a-Syn O/E and wsp-1(lof);a-Syn O/E nematodes grown on RNAi at 20 °C.
Fluorescent recovery after photobleaching of a-Syn:YFP inclusions in the head region of animals grown at 20 °C. On the left, normalized
recovery curves are reported for |, J a-Syn O/E or K, L wsp-1(lof);a-Syn O/E animals grown on RNAi against control, F15G9.1, F42H10.3, myo-1, tni-
4. On the right of each panel, quantification of the mobile fraction of individual inclusions are reported. Lines and bars represent the mean
+SEM (Kruskal-Wallis with Dunn’s multiple comparison test, ns none-significant, *p < 0.05, number of inclusions = 45-48 (1), 36-47 (J), 4748 (K),
47-48 (L), n = 3 biological replicates). M Schematic summary of our findings. The expression of Syn-1 promotes the formation of intracellular
condensates that can recruit either a-Syn or N-WASP. Loss of WSP-1/N-WASP negatively affects the recruitment of a-Syn to Syn-1-containing

condensates, possibly shifting the propensity of a-Syn to form amyloid-like hydrogel. Created with BioRender.com.

selected. Following image acquisition of 5 frames (<120 ms per
frame), inclusions were photobleached, and subsequent fluores-
cent recovery was assessed for a further 95 frames. Intensity
measurements of bleached region, whole cell, and background
regions were performed using ImageJ. FRAP recovery curves were
normalized using EasyFRAP web [71]. The mobile fraction was
calculated using the final intensity of normalized recovery curve.

Confocal live-cell imaging

Live-cell imaging was performed on a Nikon spinning disk
confocal CSU-X microscope (Nikon Europe B.V., Diisseldorf, NRW,
Germany) equipped with a temperature stage at 37 °C and a 5%
CO, saturation. A planar Apo objective 60x oil, NA 1.49 was used.
Excitation wavelengths were: 405 nm for BFP; 488 nm for EGFP;
561 nm for mCherry. Image Analysis was done using Image)
(Version: 1.8.0_172/1.53c).

For N-WASP condensation experiments, HEK293 cells were
transfected with 2pg of pCry2-mCh-N-WASP plasmid using
Lipofectamine 2000. After 20 h, cells were imaged by confocal
live-cell imaging (561 nm for mCherry) before and after photo-
activation for 1 min (488 nm for Cry2, laser intensity at 24 mW
output).

Gene ontology biological process pathway enrichment
analysis by ClueGO and WormCat

Alpha-synuclein interaction partners were subjected to pathway
enrichment analysis by ClueGO (v2.5.9), a plug-in application in
Cytoscape [72] (v.3.9.1) (https://cytoscape.org,). The following
parameters were used for ClueGO analysis, analysis mode: ClueGO
(Functional Analysis); Loaded Marker List (Homo sapiens - 9606);
ClueGO settings: Ontologies/Pathways (GO GO_BiologicalProcess-
EBI-UniProt-GOA-ACAP-ARAP_25.05.2022), Evidence: All; Network
specificity: medium; use of GO term Fusion; p value threshold
< 0.05 for pathway significance; GO Tree interval: 3 (minimum)
and 8 (maximum) levels, GO term/pathway selection: 3 genes
(minimum), 4% genes, and kappa score of 0.4, for GO term,
pathway connectivity.

WormbaselDs from upregulated and downregulated proteins
obtained from proteomic analysis of nematode samples were
entered into the online tool WormCat 2.0 [73]. Significant
Category 2 pathways were plotted using R (v. 4.3.1).

Lifespan analysis

Synchronized C. elegans populations were obtained by incubating
gravid adult nematodes with hypochlorite solution, with the
resulting eggs that were then transferred onto bacteria-seeded
NGM plates. At L4/young adult stage, at least 180 animals (30
animals per plate) were transferred to fresh plates. Animals were
transferred every 2 days until egg laying ceased, in order to
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eliminate offspring. Scoring for dead animals was performed every
second day. Death was counted as a lack of touch-evoked
movement, and censored animals were counted due to abnormal
death (e.g., due to internal hatching). Survival curves were plotted
and statistical analysis was performed using GraphPad Prism
(GraphPad Software Inc., San Diego, USA).

Human protein-protein interaction profiling

Protein-Protein Interaction Profiling Service was performed on
ProtoArray™ Human Protein Microarrays v5.1 (ThermoFisher
Scientific, USA) as previously described [31]. Briefly, microarrays
were incubated with blocking buffer (50 mM Hepes, 200 mM Nacl,
0.08% Triton X 100, 25% glycerol, 20 mM glutathione, 1.0 mM DTT,
and 1x synthetic block) at 4 °C for 1h under gentle shaking.
Following blocking, arrays were incubated with either monomeric
or fibrillar human o-Syn, at two concentrations (5 and 50 ng/pl)
diluted in probe buffer (1x PBS, 0.1% Tween-20, and 1x synthetic
block) for 90 min at 4 °C. As a positive control, a microarray was
incubated with 50ng/ml of array control protein (ie., yeast
calmodulin kinase 1 with a biotin and V5 tags at the N terminus)
diluted in probe buffer, and for a negative control one microarray
was incubated with probe buffer alone. Following 5 washes with
probe buffer at room temperature, microarrays were incubated
with anti-a-Syn antibody in probe buffer for 90 min at 4 °C,
followed by secondary antibody for 90 min at 4 °C. Following a
final wash with probe buffer, arrays were washed with distilled
water, dried by centrifugation at 1000 rpm for 1 min, and scanned
using an Axon 4000B fluorescent microarray scanner (Molecular
Devices). Candidate interactors were considered when the
following conditions were satisfied: (a) the fluorescent intensity
value was at least 20-fold higher than the corresponding negative
control; (b) the normalized fluorescent signal was greater than
three standard deviations; (c) the signal-to-noise ratio was higher
than 0.5; and (d) the replicate spot coefficient of variation was
lower than 50%.

Immunohistochemistry in cells

Cells on glass coverslips were washed once in PBS before fixing
with 4% PFA in PBS for 15 min. Following three washes with PBS,
cells were permeabilized and blocked with PBS containing 3%
(w/v) BSA, 10 mM glycine, and 0.1% saponin (PBS/B) for 30 min.
After blocking, coverslips were washed twice with PBS containing
0.1% saponin (PBS/S). Primary antibody incubation (in PBS/B) was
performed for 2 h (dilution 1:500), followed by two PBS/S washes
and subsequent incubation with fluorescently labeled secondary
antibodies (dilution 1:500) in PBS/B for 45 min. After incubation,
coverslips were washed three times with PBS/S and mounted on
glass microscope slides using Fluoroshield with DAPI (Sigma,
F6057) for imaging. For sample mounting samples, Fluoroshield
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without DAPI was used (Sigma, F6182). For immunohistochemistry
of primary neurons, coverslips were washed once gently with PBS
before fixing neurons with 4% PFA in PBS containing 4% (w/v)
sucrose, 1TmM MgCl,, and 0.1 mM CaCl, for 20 min at room
temperature. Following three washes with PBS, cells were
permeabilized with PBS containing 0.1% (v/v) Triton-X 100 (PBT)
for 5 min. After blocking for 30 min in Blocker™ Casein (Thermo
Fisher, 37528) supplemented with 0.1% Triton-X 100 (BCasT),
coverslips were washed once in PBT. Primary antibody incubation
(dilution: 1:500 in BCasT) was performed for 2 h, followed by two
PBT washes and subsequent incubation with fluorescently labeled
secondary antibodies (dilution: 1:400 in BCasT) for 45 min. After
incubation, the coverslips were washed three times with PBT and
mounted on glass microscope slides using Fluoroshield with DAPI
(Sigma, F6057) for imaging.

Oil Red O (ORO) neutral lipid staining

Nematodes were washed off NGM plates, washed 3 times with H,0,
flash-frozen in liquid nitrogen, and stored at —80 °C until required.
On the day prior to staining, ORO stock solution (0.5% w/v in
isopropanol) was diluted to 60% in distilled H,O and left at room
temperature overnight. On the day of staining, ORO solution was
filtered twice to remove insoluble precipitate. Pellets were thawed
on ice and fixed with 4% PFA at 4 °C on a rotary mixer for 20 min.
Fixed worms were washed in PBS, and subsequently dehydrated in
60% isopropanol. To each sample, 1 ml of ORO working solution
was added and incubated overnight at room temperature on a
rotary mixer. Stained animals were washed 3 times in PBS, and
resuspended in 50 ul glycerol, before mounting on a glass slide.
Images were acquired using Zeiss Epi-Scopel-Apotome. Staining
intensity was measured using ImageJ.

Oxygen consumption rate (OCR) measurements

OCR was measured using a Seahorse XFe24 Analyzer (Agilent),
using a modified protocol as previously described [47, 51]. Briefly,
synchronized animals were grown for 5 days at either 20 °C or
25 °C and transferred to freeze-killed OP50 plates for 2 h to empty
their gut of live bacteria. Hydrated XFe24 sensor cartridges were
calibrated, and the assay was run, at either 20 °C or 25 °C,
depending on the initial growth conditions of the animals. Each
well of a Seahorse XFe24 Cell Culture Microplate was filled with
500 pl M9 buffer, and 30 animals transferred into each well, with a
minimum of 3 wells per condition. OCR measurements were taken
at basal conditions, and in response to addition of 20 uM FCCP,
followed by 20 mM sodium azide (NaNs).

PALM imaging of neurons and Single Particle Tracking (SPT)
The PALM microscope was a Nikon Ti Eclipse (Nikon France S.A.S.,
Champigny-sur-Marne, France) equipped with a Perfect Focus
System (PFS), a motorized stage TI-S-ER, and an 18zimuthal llas’
TIRF arm (Gataca Systems, Massy, France) coupled to a laser bench
containing 405 nm (100 mW), 491 nm (150 mW), 532 nm (1 W),
561 nm (200 mW) and 642 nm (1 W) diodes. Images were recorded
using objective Apo TIRF 100x oil NA 1.49 and a FusionBT sCMOS
camera (Hamamatsu Photonics, Massy, France). Photo-conversion
experiments were done using the llas® scanner system and a
405 nm laser diode while lllumination of the converted mEos3.2
fluorescent protein was exited using the 561 nm laser diode. To
record protein trajectories streams of 4000 frames with an
exposure time of 50 ms were acquired. The 37 °C atmosphere
was created with an incubator box and an air heating system (Life
Imaging Services, Basel, Switzerland). This system was controlled
by MetaMorph software (Molecular Devices, Sunnyvale, USA).
SPT PALM experiments were analyzed using PALMTracer
software, a MetaMorph (Molecular Devices, Sunnyvale, USA)
add-on developed at the Interdisciplinary Institute of Neu-
roscience by Corey Butler (IINS -UMR5297 -CNRS/University of
Bordeaux), Adel Mohamed Kechkar (Ecole Nationale Supérieure de
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Biotechnologie, Constantine, Algeria) and Jean-Baptiste Sibarita
(IINS -UMR5297 -CNRS/University of Bordeaux). Briefly, single-
molecule localization was achieved using wavelet segmentation,
and then filtered out based on the quality of a 2D Gaussian fit. SPT
analysis was then done based on the detections using reconnec-
tion algorithms and for MSD and D calculations on reconnected
trajectories [74, 75].

Plasmids and DNA cloning

The following plasmids were used: a-synuclein-BFP [19], mCherry-
Synapsin 1 and mCherry-(SH3) A [12], GFP-N-WASP (Addgene
plasmid # 47406; kindly provided by Peter McPherson). mEOS3.2-
N-WASP was generated by PCR of N-WASP from GFP-N-WASP
(primer fwd: ATCACTCGAGTGAGCTCGGGCCAGCAG, primer rv:
ATCAACTGCAGAATTCGAAGCTTTCAG) and subcloning into a
pmEOS3.2-C1 backbone using Xhol and Pstl. pCry2-mCh-N-WASP
was generated by restriction enzyme-based cloning (Kpnl/Xhol) of
the N-WASP coding sequence into a pCry2-mCherry backbone
plasmid [34].

Sample preparation, LC-MS/MS measurements, database
searching, and SAINT analysis

Co-IP elution fractions were run using SDS-PAGE. In Gel digestion-
Molecular weight bands were dissected from 18% SDS PAGE gels
of anti-HA ColP elution fractions derived from Expi293 cells either
expressing empty HA-tagged vector or HA-tagged human SNCA
wt. Excised gel bands were destained with 1:1 destain solutions A
and B (Silverquest kit, #L.C6070, Sigma Aldrich), reduced with
10 mM DTT and 2 mM TCEP in 100 mM ammonium bicarbonate
and alkylated using 50 mM IAA in 100 mM ammonium bicarbo-
nate for 30 min at room temperature and in the dark. In gel
digestion was performed overnight at 30 °C with sufficient Trypsin
(20 ng/pl; in 50 mM ammonium bicarbonate) to completely cover
the gel pieces. Peptides were extracted from the gel slices by
adding an equal volume of extraction buffer (1:2 (vol/vol) of 5%
formic acid/ acetronitrile) and incubation at 37 °C with shaking for
15min. Filter-aided sample preparation- young adult wt(N2),
BAN534 wsp-1(gm324)lV, BAN550 wsp-1(gm324)IV;pkls2386[unc-
54p::a-Syn::YFP4+unc-119(+)] and NL5901 pkls2386[unc-54p::a-
Syn:YFP-+unc-119(+)] animals grown at 20 °C or 25 °C, were
collected in water, spun down and stored at -80 °C until further
processing. Samples were lysed in 200 pl Lysis buffer (50 mM
HEPES (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1.5% SDS, 1 mM DTT;
supplemented with 1x protease and phosphatase inhibitor
cocktail (ThermoScientific)). Lysis was aided by repeated cycles
of sonication in a water bath (6 cycles of 1 min sonication (35 kHz)
intermitted by 2 min incubation on ice). Approximately 20 ug of
C. elegans protein lysates were reduced and alkylated prior to
processing by a modified filter-aided sample preparation (FASP)
protocol as previously described [76]. Samples were digested
overnight with Trypsin (1:20; in 50 MM ammonium bicarbonate)
directly on the filters, at 30 °C and precipitated using an equal
volume of 2M KCl for depletion of residual detergents. Tryptic
peptides were then cleaned, desalted on C18 stage tips and re-
suspended in 20 pl 1% FA for LC-MS analysis. Extracted peptides
were dried in a vacuum centrifuge and re-suspended in 30 pl of
5% formic acid for LC-MS analysis. MS runs were performed with
at least 3 biological replicates.

Tryptic peptides were analyzed on a Dionex Ultimate 3000 RSLC
nanosystem coupled to an Orbitrap Exploris 480 MS. Peptides
were injected at starting conditions of 95% eluent A (0.1% FA in
water) and 5% eluent B (0.1% FA in 80% ACN), with a flow rate of
300 nL/min. They were loaded onto a trap column cartridge
(Acclaim PepMap C18, 100 A, 5mmx300 um id. #160454,
Thermo Scientific) and separated by reversed-phase chromato-
graphy on an Acclaim PepMap C18, 100 A, 75 pm x 25 cm (both
columns from Thermo Scientific) using a 75 min linear increasing
gradient from 5% to 31% of eluent B followed by a 20 min linear
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increase to 50% eluent B. The mass spectrometer was operated in
data dependent and positive ion mode with MS1 spectra recorded
at a resolution of 120 K, mass scan range of 375-1550, automatic
gain control (AGC) target value of 300% (3 x 10°) ions, maxIT of
25ms, charge state of 2-7, dynamic exclusion of 60s with
exclusion after 1 time and a mass tolerance of 10 ppm. Precursor
ions for MS/MS were selected using a top-speed method with a
cycle time of 2s. A decision tree was used to acquire MS2 spectra
with a minimum precursor signal intensity threshold of 3 x 10° for
scan priority one and an intensity range of 1 x 10% to 3 x 10° for
scan priority two. Data-dependent MS2 scan settings were as
follows: isolation window of 2 m/z, normalized collision energy
(NCE) of 30% (High-energy Collision Dissociation (HCD), 7.5 K and
15K resolution, AGC target value of 100% (1 x 10°), maxIT set to
20 and 50 ms, for scan priority one and two, respectively. Full MS
data were acquired in the profile mode with fragment spectra
recorded in the centroid mode.

Raw data files were processed with Proteome Discoverer™
software (v2.5.0.400, Thermo Scientific) using SEQUEST® HT search
engine against the Swiss-Prot® Homo sapiens (v2021-06-20) or
Caenorhabditis elegans (v2022-12-14) databases. Peptides were
identified by specifying trypsin as the protease, with up to 2 missed
cleavage sites allowed and restricting peptide length between 7 and
30 amino acids. Precursor mass tolerance was set to 10 ppm, and
fragment mass tolerance to 0.02 Da MS2. Static modifications were
set as carbamidomethylated cysteine, while dynamic modifications
included methionine and N-terminal loss of methionine, for all
searches. Peptide and protein FDR were set to 1% by the peptide
and protein validator nodes in the Consensus workflow. Default
settings of individual nodes were used if not otherwise specified. In
the Spectrum Selector node, the Lowest Charge State = 2 and
Highest Charge State = 6 were used. The INFERYS rescoring node
was set to automatic mode, and the resulting peptide hits were
filtered for maximum 1% FDR using the Percolator algorithm in the
Processing workflow. A second-stage search was activated to
identify semi-tryptic peptides. Both unique and razor peptides were
selected for protein quantification. Proteins identified by site, reverse
or potential contaminants were filtered out prior to analysis.

SAINT analysis of SNCA IP was performed as previously
described [77]. Briefly PSMs of at least 3 biological replicates of
HA only (control) and human SNCA associated protein complexes
were uploaded into CRAPome with the following settings:
Organism- H. sapiens, Experiment Type- Single step Epitope tag
AP MS and Quantitation type- SPC. Probabilistic SAINT Score (SP),
SAINT analysis was performed with user controls, averaging of
biological replicates and 10 virtual controls. Prey proteins with a
Probabilistic SAINT Score (SP) = 0.5 were considered SNCA IP.

Raw MS data are publicly available under the following
accession numbers- ProteomeXchange (PXD050719) and jPOST*
(JPST002992) [78].

Sholl analysis

Fixed mDANs on coverslips were washed with PBS, stained with
Hoechst, and mounted on glass slides using a fluorescent
mounting medium (Dako). Individual cells expressing EGFP
(successfully transfected with shRNA) were imaged using
LSM900 with a 20x objective. For PFF-treated cells, the presence
of Alexa Fluor 647 within the cell was confirmed prior to imaging.
Sholl analysis was performed using the ImageJ Neuroanatomy
plugin, on maximum Z projections, with a step size of 2um. Graphs
were plotted using GraphPad Prism (GraphPad Software Inc., San
Diego, USA). A linear mixed effect model was applied for statistical
analysis by applying a published code adaption for R [79] and
(https://zenodo.org/records/1158612).

Thrashing assay

Individual animals were transferred into a drop of M9 buffer on a
glass slide. Each full-body bends (left to right to left again) were
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counted for a total of 90s for each animal. Body bends for 8
animals per strain per experiment were assessed.

DATA AVAILABILITY
Raw MS data are publicly available under the following accession numbers-
ProteomeXchange (PXD050719) and jPOST* (JPST002992).
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Conclusions and outlook

In this thesis, my goal was to address the following questions:

1. What molecular mechanisms counteract aberrant mitochondrial

bioenergetics?

2. What mechanisms contribute to mitochondrial dysfunction and

proteotoxicity in synucleinopathies such as Parkinson’s disease?

In Chapter | of my experimental work, we aimed to address the first goal of
the thesis. We demonstrated that micu-1 loss induces a mitochondrial bioenergetic
defect in C. elegans, which activates molecular mechanisms that upregulate the
proteins SPL-1 and VPS-39. Some of these molecular signatures are evolutionarily
conserved in human cells. We found that SPL-1/SGPL1 and VPS-39/VPS39 act in
parallel to support an increase in lysosomal and mitochondrial biogenesis, along with
enhanced autophagy. We hypothesised that the role of these proteins is to stimulate
the production and transfer of membrane lipids, via the enzymatic activity of SPL-
1/SGPL1 and the role of VPS-39/VPS39 in mitochondria-lysosome contacts,
respectively (Spiegel & Milstien, 2003; Gonzalez Montoro et al., 2018; ladarola et al,
2020). We found that these conserved mechanisms were present in different long-
lived C. elegans mitochondrial mutants, in MICU1 KO cultured cells and in a mouse
model of myopathy.

In our study, we provided evidence that genetic inhibition of MCU does not
cause detectable mitochondrial defects in C. elegans at basal conditions.
Importantly, MCU loss does not rescue most of the phenotypes associated with
MICU1 deficiency. This observation may be important for the treatment of MICU1-
related disease, and highlights that the MCU complex may not be an appropriate
therapeutic target.

The outcome of MICU1 KO seems to be independent of its function in the
MCU complex. We reasoned that MICU1 loss negatively affects mitochondrial
bioenergetics by its role in cristae remodelling. In support of this line of thinking,
recent studies have shown that MICU1 inhibition can lead to the widening of cristae
junctions and decreased membrane potential in mammalian cells (Gottschalk et al.,
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2019; Gottschalk et al., 2022; Tomar et al., 2023). Consistently, mutations in
subunits of the cristae-regulating MICOS complex also lead to energy defects and
mitochondrial disease in humans (Eramo et al, 2020; Khosravi & Harner, 2020).
Further investigation into the role of MICU1 in cristae organisation should be carried
out, to improve our understanding of diseases caused by M/ICU7 mutations.

Future work should also aim to further investigate the role of VPS39 and
SGPL1 in human mitochondrial syndromes and neurodegenerative diseases. A
particularly interesting aspect of this study is the involvement of mitochondria-
lysosome contact sites in compensating for mitochondrial dysfunction. The exact
function of these VPS39-dependent mitochondria-lysosome contact sites are
currently poorly understood and mainly addressed in yeast. In our models, we show
that these contact sites contribute to mitochondrial network expansion in response to
OXPHOS inhibition. Therefore, the identification of specific molecular species that
are transferred at these contact sites will add to our understanding of the
mechanisms that regulate mitochondrial biogenesis.

Finally, the activation of these pathways in patients should be assessed, to
investigate whether the magnitude of activation correlates with disease severity. For
example, it could be that patients with more severe pathology fail to upregulate
VPS39 and SGPL1 expression or fail to increase the number of mitochondria-
lysosome contact sites. If this is the case, modulation of these pathways may act as
a beneficial target to enhance mitochondrial function for the treatment of
mitochondrial disease.

Mitochondrial defects are often observed in a variety of neurodegenerative
diseases. Thus, in the second chapter of this thesis, we aimed to understand the
mechanisms that contribute to mitochondrial dysfunction and proteotoxicity in the
neurodegenerative disease Parkinson’s disease. We identified the actin nucleation
promoting factor WSP-1/N-WASP as a modulator of a-Syn biomolecular
condensates. Loss of activity in WSP-1/N-WASP leads to depletion of a-Syn from
condensates of its physiological interaction partner Synapsin 1 and reduces the
mobility of a-Syn in condensates in C. elegans (Hoffmann et al., 2021). We
hypothesise that N-WASP is involved in the recruitment of a-Syn into Synapsin 1

condensates at the synapse, and that loss of activity leads to depletion of a-Syn from
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the synapse, allowing for aberrant LLPS in other cellular compartments which may
contribute to pathological inclusion formation.

As an initial observation in our study, we found that a a-Syn interacts with a
relatively large group of cytoskeleton-associated proteins, particularly actin-
associated proteins. Other studies have previously shown that a-Syn interacts with
some actin-binding proteins, such as spectrin and gelsolin, however the
physiological function of these interactions are largely unknown (Welander et al,
2011; Ordonez et al, 2018). There is growing evidence to support that the
cytoskeleton can influence the behaviour of biomolecular condensates, and vice
versa (Mohapatra & Wegmann, 2023). Furthermore, the actin cytoskeleton has been
shown to be important in the synapse as a molecular scaffold for synaptic vesicle
clusters, the regulation of the vesicle cycle, and the regulation of endocytosis
(Gentile et al, 2022). It could be possible that actin-regulating proteins in general are
involved in LLPS at the synapse. This could be further explored in future studies, not
only to help understand the physiological processes occurring in the synapse, but
also to help us understand diseases that affect synapse function.

Compound heterozygous mutations in N-WASP have been identified in
patients with early-onset PD. One of the identified mutations leads to skipping of
exon 10, and subsequent loss of part of the N-WASP VCA domain. The VCA domain
is responsible for the interaction of N-WASP with actin and the Arp2/3 complex,
which will impact the induction of actin polymerisation. The second mutation is a
P380L missense mutation, which is found in the proline-rich region of the protein
(Kumar et al., 2021). Evidence suggests that the proline rich region of N-WASP is
important for its ability to phase separate, which in turn aids in its ability to recruit and
activate the Arp2/3 complex (Li et al., 2012). These two mutations in N-WASP are
likely a loss of function in their ability to efficiently activate Arp2/3-dependent actin
nucleation. Future work could investigate whether additional mutations that influence
N-WASP phase separation, or other modifiers of N-WASP activity, are also
associated with parkinsonism. Furthermore, it would also be important to identify
whether any other mutations in N-WASP also affect the recruitment of a-Syn into
synapsin 1 condensates, or whether they lead to hardening of a-Syn condensates.

With respect to the effect of WSP-1/N-WASP on mitochondrial function, we

found that WSP-1 loss of function and a-Syn overexpression resulted in a similar
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decrease in expression of mitochondrial and metabolic proteins. Consistent with this
proteomic signature, we showed that wsp-1(lof) and a-Syn O/E had impaired
mitochondrial respiration and reduced storage of neutral lipids. At least in some
experimental conditions, the outcome of wsp-1(lof) and a-Syn O/E had an additive
effect. To date, the connection between the actin cytoskeleton and mitochondrial
function remains a topic of interest. Some evidence suggests that actin plays an
essential in the response to acute mitochondrial damage and depolarisation, and
promotes rapid glycolytic activation to recover ATP production (Kruppa et al, 2018;
Chakrabarti et al, 2022; Fung et al, 2022). It could be that N-WASP and other actin-
regulatory proteins are important for mitochondrial function and certain metabolic
pathways, and that impairment in their function may contribute to mitochondrial
dysfunction in diseases such as PD.

Since WSP-1 loss of function seems to have a dual role in regulating a-Syn
condensates and mitochondrial metabolism in C. elegans, we hypothesised that
altered mitochondrial function itself may lead to aberrant LLPS of a-Syn. To test this,
we assessed the mobility of a-Syn condensates in Cl deficient gas-1(fc21)
nematodes. Contrary to our expectations, the gas-1(fc21) mutation increased
mobility of a-Syn condensates, suggesting that mitochondrial dysfunction may
promote the maintenance of a liquid-like state of a-Syn condensates. Having said
that, it would be important to clarify the role of mitochondrial function in the regulation
of biomolecular condensates. This would further help us to understand the
contribution of mitochondrial dysfunction in proteostasis and neurodegenerative
processes.

Together, this thesis work has contributed to the growing understanding of the
mechanisms that compensate for aberrant mitochondrial energy production and
demonstrates the notable importance of mitochondria-lysosome contact sites.
Furthermore, it draws attention to the relatively understudied involvement of
cytoskeletal proteins in a-Syn physiology, biomolecular condensation processes, and

mitochondrial function.
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