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SUMMARY

Neurons rely heavily on mitochondrial function including ATP synthesis and calcium buffering, due to
the high energy demand of the brain. The extended and complex architecture of neurons presents a
significant challenge in the maintenance and distribution of mitochondria throughout the cell. Given
that neurons are postmitotic, they are highly susceptible to mitochondrial dysfunction. Timely
degradation of damaged mitochondria through mitophagy is crucial to prevent the accumulation of
defective mitochondria, which can lead to neurodegeneration. More than 99 % percent of
mitochondrial proteins are encoded in the nucleus and imported into mitochondria after synthesis on
cytosolic ribosomes. To ensure a constant supply of fresh mitochondrial proteins in every part of the
neuron, short-lived proteins need to be locally translated in distal parts since transport from the soma
would exceed their lifetime. The short-lived protein PTEN-induced kinase 1 (PINK1) is an important
player in the removal of defective mitochondria via mitophagy by acting as a sensor for mitochondrial
damage. Pink1 mRNA is co-transported with mitochondria along neurites, which allows for on-demand
local translation in distal parts of the neuron. The mitochondrial outer membrane protein
Synaptojanin 2 binding protein (SYNJ2BP) and Synaptojanin 2a (SYNJ2a), which contains an RNA-
binding domain, are involved in tethering Pink1 mRNA to mitochondria. However, it still remains to be
elucidated how mRNA transport as well as subsequent protein translation and function are regulated
in response to local stimuli in neurons. Here, | report that activation of the insulin signaling cascade,
which inhibits the AMPK-activated protein kinase (AMPK), reduces Pinkl mRNA association with
mitochondria. Mechanistically, AMPK phosphorylates the mitochondrial anchor protein SYNJ2BP at
serine 21, which increases its interaction with SYNJ2a. Interestingly, loss of mitochondrial Pink1 mRNA
association upon AMPK inhibition increases PINK1 translation at endolysosomes, which supply amino
acids required for protein synthesis. Furthermore, the ER-chaperone DNAJB6 localizes to the
translation hotspots indicating that DNAJB6 could be involved in guiding PINK1 to its mitochondrial
destination. As insulin drives Pink1 mRNA translation via modulation of AMPK activity, the activation
of the PINK1 protein as well as its role as a ubiquitin kinase in the mitophagy pathway rely on the
presence of insulin. Insulin resistance, which is induced in vitro by addition of apolipoprotein E4, a key
genetic risk factor for Alzheimer’s disease, leads to the retention of Pink1 mRNA at mitochondria and
disrupts proper functioning of PINK1 in neurons. These findings collectively demonstrate a metabolic
shift that governs the localization of Pink1 mRNA as well as translation and function of PINK1 through
signaling pathways involving insulin and AMPK. Furthermore, they propose a mechanistic link between

mitochondrial dysfunction, insulin resistance, and the development of neurodegenerative disorders.
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ZUSAMMENFASSUNG

Neuronen sind aufgrund des hohen Energiebedarfs des Gehirns stark von Mitochondrien abhangig, da
diese ATP herstellen und die Calcium-Homd@ostase erhalten. Die komplexe Architektur von Neuronen
stellt eine besondere Herausforderung bei der Aufrechterhaltung der Mitochondrien in der gesamten
Zelle dar. Da Neuronen postmitotisch sind, sind sie auRerdem sehr anfallig fir mitochondriale
Dysfunktion. Ein rechtzeitiger Abbau von geschadigten Mitochondrien durch Mitophagie ist
notwendig, da eine Anhaufung defekter Mitochondrien zu Neurodegeneration fithren kann. Uber 99 %
der mitochondrialen Proteine werden im Zellkern kodiert und nach der Synthese auf zytosolischen
Ribosomen in die Mitochondrien importiert. Um eine konstante Versorgung mit frisch-synthetisierten
mitochondrialen Proteinen in jedem Teil des Neurons zu gewahrleisten, missen kurzlebige Proteine in
distalen Teilen lokal translatiert werden, da der Transport vom Soma ihre Lebensdauer tberschreiten
wirde. Das kurzlebige Protein PTEN-induzierte Kinase 1 (PINK1) spielt eine wichtige Rolle bei der
Beseitigung defekter Mitochondrien durch Mitophagie. Pink1 mRNA wird zusammen mit
Mitochondrien entlang den Neuriten transportiert, was eine bedarfsgerechte lokale Translation in
distalen Teilen des Neurons ermdglicht. Das mitochondriale Protein Synaptojanin 2-bindendes Protein
(SYNJ2BP) und Synaptojanin 2a (SYNJ2a), das eine RNA-bindende Domaéne besitzt, ermoglichen die
Lokalisierung von Pink1 mRNA an die Mitochondrien. Es bleibt jedoch noch zu klaren, wie der mRNA-
Transport sowie die anschliefende Translation und Funktion in Neuronen in Reaktion auf lokale Reize
reguliert werden. Hier zeige ich, dass die Aktivierung der Insulinsignalkaskade, die die AMP-aktivierte
Proteinkinase (AMPK) hemmt, die Assoziation von Pink1 mRNA mit Mitochondrien reduziert. AMPK
phosphoryliert das mitochondriale Ankerprotein SYNJ2BP an Serin 21, was seine Interaktion mit
SYNJ2a erhoht. Interessanterweise fuhrt der Verlust der mitochondrialen Bindung von Pink1 mRNA
induziert durch AMPK-Hemmung zu einer erhéhten Translation von PINK1 an Endolysosomen, die die
benodtigten Aminosauren bereitstellen. Darlber hinaus lokalisiert das ER-Chaperon DNAJB6 an die
Translation-Hotspots, was darauf hinweist, dass DNAJB6 an der Translokation von PINK1 zu seinem
mitochondrialen Bestimmungsort beteiligt sein kénnte. Da Insulin die Translation von Pink1 mRNA
mittels Modulation von AMPK steuert, sind die Aktivierung des PINK1-Proteins sowie seine Rolle als
Ubiquitin-Kinase in der Mitophagie von Insulin abhangig. Insulinresistenz, die in vitro durch Zugabe von
Apolipoprotein E4, einem genetischen Risikofaktor fiir die Alzheimer-Krankheit, induziert wird, fiihrt
zum Verbleiben von Pink1 mRNA an Mitochondrien und stort die Funktion von PINK1 in Neuronen.
Diese Ergebnisse zeigen einen metabolischen Schalter auf, der die Lokalisierung von Pink1 mRNA sowie
die Translation und Funktion von PINK1 Uber Signalwege, die Insulin und AMPK umfassen, steuert.
Dariber hinaus schlagen sie eine mechanistische Verbindung zwischen mitochondrialer Dysfunktion,

Insulinresistenz und der Entwicklung neurodegenerativer Erkrankungen vor.
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1 INTRODUCTION

1.1 Mitochondria: origin, function and dynamics

Mitochondria are believed to have evolved from bacteria by endosymbiosis about 1.5 billion years ago
(Archibald, 2015). As remnants of their bacterial origin, mitochondria still contain their own genome.
In mammals, the mitochondrial DNA (mtDNA) encodes for 13 proteins, while the remaining 99 % of
mitochondrial proteins are nuclear-encoded. Mitochondria are double membrane organelles with an
outer mitochondrial membrane (OMM) facing the cytosol and an inner mitochondrial membrane
(IMM) forming invaginations known as cristae that protrude into the mitochondrial matrix. The

compartment inbetween the two membranes is referred to as intermembrane space (IMS).

Mitochondria play a critical role in many essential cellular processes placing them in a critical position
for the regulation of cellular life and death. Mitochondria are best known for their function as
powerhouses of the cell by producing energy in form of adenosine triphosphate (ATP) via oxidative
phosphorylation (OXPHOS). The OXPHOS system consists of five main protein complexes that are
embedded in the IMM. Electron transfer from nicotinamide adenine dinucleotide (NADH) and flavin
adenine dinucleotide (FADH,) to oxygen across the protein complexes as well as proton translocation
across the IMM creates an electrochemical gradient that drives ATP synthesis via the final complex
ATP synthase (Papa et al., 2012). Apart from ATP synthesis, however, mitochondria have several other
functions including the regulation of apoptotic cell death, maintenance of calcium (Ca%*) homeostasis,
innate immunity and redox signalling (Kamer & Mootha, 2015; McBride et al., 2006; Nikoletopoulou
et al., 2013; Rambold & Pearce, 2018).

For a long time, mitochondria have been considered to be static structures. This concept has
dramatically changed over the past 30 years, as live cell imaging has revealed mitochondria to be highly
dynamic organelles. They are not only very mobile due to transport along the cytoskeleton (Hollenbeck
& Saxton, 2005) but they also constantly change their morphology by undergoing fission and fusion

events (Bereiter-Hahn & Voth, 1994). These processes are also referred to as mitochondrial dynamics.

Mitochondrial fusion is characterized by conjunction of two mitochondria resulting in one organelle,
whereas fission divides one mitochondrion into two independent organelles. Fusion of the OMM and
IMM is mediated by Mitofusin 1/2 (Mfn1/2) and optic atrophy 1 (OPA1), respectively (Cipolat et al.,
2004; Eura et al., 2003; Griparic et al., 2004). The opposing fission reaction is primarily regulated by
the cytosolic Dynamin-related protein 1 (Drp1) (Frohlich et al., 2013; Ingerman et al., 2005; Smirnova
et al., 2001) as well as its receptors mitochondrial fission factor (Mff) (Gandre-Babbe & van der Bliek,
2008) and mitochondrial dynamics proteins 49 and 51 (MiD49 and MiD51) (Losén et al., 2013; Palmer

et al,, 2011). The balance between fusion and fission contributes to a healthy mitochondrial network
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(Fig. 1a). While mitochondrial fission resulting in smaller organelles is critical for proper mitochondrial
distribution (Ishihara et al., 2009; Z. Li et al., 2004), mitochondrial fusion facilitates exchange of
organellar content to compensate for damaged DNA or proteins (H. Chen et al., 2005; Detmer & Chan,

2007).

In addition to morphological changes, mitochondria also show very complex mobility patterns as they
are transported along microtubule and actin tracks in a dynamic and bidirectional fashion. They
frequently change direction, pause or remain stationary. Tight regulation of mitochondrial transport is
particular important in highly polarized and structurally complex cells such as neurons (as described in
chapter 1.2). Whereas long-range mitochondrial trafficking is mainly mediated by microtubule-
associated motors (kinesin and dynein), shorter movements are dependent on actin and its motor
proteins (myosin) (Hirokawa & Takemura, 2005; Hollenbeck & Saxton, 2005; Morris & Hollenbeck,
1993; Quintero et al., 2009). Mitochondrial transport is mediated by the OMM Rho (Miro) GTPases
and the motor adaptor proteins Milton/TRAK, which couple mitochondria to kinesin and dynein
motors to allow for anterograde and retrograde trafficking, respectively (Fransson et al., 2006; Glater
et al., 2006; Lopez-Doménech et al., 2018; Oeding et al., 2018; Stowers et al., 2002; van Spronsen et
al., 2013). Apart from the mobile mitochondrial pool, there is always a stationary fraction. Syntaphilin
(SNPH) has been identified as a docking protein that anchors mitochondria on microtubules (Kang et

al., 2008) (Fig. 1b).

Due to their essential role in cells, mitochondrial health maintenance is critical for cell survival (Nunnari
& Suomalainen, 2012). As neurons are very dependent on mitochondrial function, maintaining a

healthy mitochondrial network is particularly important in neurons.
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Figure 1: Mitochondrial morphology and motility.

(a) Mitochondrial fusion is mediated by Mfn1, Mfn2 and Opal, while mitochondrial fission is regulated by Drp1
and its receptors Mff, MiD49, and MiD50. (b) Mitochondria are coupled to kinesin and dynein motors via the
OMM GTPase Miro and the motor adaptor protein Milton, which allows for anterograde and retrograde
transport along microtubules. Syntaphilin is a docking protein that anchors stationary mitochondria on
microtubules.

1.2 Mitochondrial maintenance in neurons

Compared to other cell types, neurons are especially challenged in maintaining and distributing
mitochondria throughout the entire cell due to their extended architecture (W. Matsuda et al., 2009;
Misgeld & Schwarz, 2017). Neurons are highly polarized cells that contain different cellular
subcompartments including a cell body (soma), dendrites, an axon, and synapses. This complex
structure consisting of long and highly branched processes has evolved due to the neuron’s function,
which is to transmit information in form of electric signals over long distances. While axons can be up
to one meter long in humans, individual highly branched neurons of certain brain regions even have a
cumulative total axon length of 4.5 m (Bolam & Pissadaki, 2012; W. Matsuda et al., 2009). Apart from
their extraordinary architecture, neurons are postmitotic cells and hence need to survive a human’s
lifetime. Most proteins, on the other hand, last only for minutes, hours, days or weeks due to constant
turnover by proteolytic degradation and synthesis (Goldberg, 2003). While neurons are particularly
challenged in maintaining a healthy mitochondrial network, they are at the same time, however, very
dependent on mitochondrial function. Although the brain only makes up 2 % of the body weight, ATP
generation via OXPHOS in brain mitochondria consumes about 20 % of the body’s oxygen (Attwell &
Laughlin, 2001). Synaptic transmission including the firing of action potentials as well as the
maintenance of resting membrane potential requires a large amount of energy. OXPHQOS, in contrast
to glycolysis, is believed to be the primary ATP source in neurons (Erecifiska & Silver, 1994; Hall et al.,

2012; Harris et al., 2012).

The process that maintains a healthy mitochondrial pool in each compartment throughout the
neuron’s life has been termed mitostasis (Misgeld & Schwarz, 2017). Several issues need to be taken
into account when considering neuronal mitostasis. As the majority of mitochondrial proteins are
nuclear-encoded and the translational machinery is mainly present in the soma, it has been assumed
that mitochondrial biogenesis is mainly restricted to the somatodendritic compartment. This raises,
however, the question how distal mitochondria are maintained. Considering the long distances
between the soma and the synapses in neurons and the speed of mitochondrial transport (around
0.5 um/s, Bros et al., 2015; Ligon & Steward, 2000), several mitochondrial proteins would not survive
the transport as the travel duration exceeds their lifetime. Furthermore, neurons and in particular

synapses are very plastic and therefore constantly changing while adapting to their environment.
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Consequently, mitochondria are also required to respond to these local demands by changing their

distribution accordingly (Misgeld & Schwarz, 2017).

The answer to how the complex process of mitostasis is achieved in neurons lies in the highly dynamic
nature of mitochondria and the control of mitochondrial dynamics. Furthermore, local stimuli
triggering specific signaling pathways likely allows mitochondria to precisely adapt to the shifting needs
of neurons and their different subcompartments. It is possible that neurons have developed their own,
neuron-specific signaling pathways to deal with all the challenges that come along with the complex
neuronal shape. Furthermore, tight regulation of mitochondrial biogenesis and mitochondrial
degradation critically contribute to mitochondrial homeostasis as described in the chapters 1.4 and

1.5.

1.3 Important signaling pathways relevant for mitochondrial homeostasis in neurons

1.3.1 Role of AMPK in mitochondrial homeostasis

AMP-activated protein kinase (AMPK) is known as the master regulator of energy metabolism.
Structurally, AMPK is a heterotrimeric complex composed of three subunits: one catalytic a-subunit
and two regulatory B- and y-subunits (Hardie, 2007). In mammals, there are multiple isoforms of each
subunit (al, a2, B1, B2, v1, y2, y3), which are encoded by separate genes (Cheung et al., 2000;
Stapleton et al., 1996; Thornton et al., 1998). Hence, 12 different combinations of distinct AMPK
complexes are possible as each complex contains one isoform of each subunit (Ross, MacKintosh, et
al., 2016). The catalytic a-subunit contains the kinase domain including a regulatory threonine 172
(T172) residue that is phosphorylated by upstream kinases resulting in AMPK activation (Hawley et al.,
1996). The B-subunit allows AMPK to associate with glycogen as it contains a conserved carbohydrate-
binding domain (Hudson et al., 2003). The y-subunit contains the adenine nucleotide binding region
composed of a tandem of four cystathionine-B-synthase (CBS) domains (Xiao et al., 2007). AMP binding
to the y-subunit results in AMPK activation (Gowans et al., 2013). Apart from AMP, ADP and ATP are
also able to bind to the CBS domains (Fig. 2). While ADP also leads to increased AMPK activity, however
to a lesser extent than AMP, ATP does not. Consequently, AMPK is a real sensor for energy levels as it
senses changes in the ATP-to-ADP/AMP ratio rather than total changes in only one nucleotide (Gowans
et al., 2013; Hardie et al., 2011; Ross, Jensen, et al., 2016). Mechanistically, AMP activates AMPK by
two main actions. First, binding of AMP protects the critical T172 site from phosphatases thereby
preventing its dephosphorylation and keeping AMPK in an active state (Davies et al., 1995). Second,
AMP allosterically activates AMPK that is already phosphorylated at T172 (Gowans et al., 2013; Suter
et al., 2006). There are two main upstream kinases that phosphorylate T172 in the activation loop of

the catalytic AMPK subunit a: liver kinase B1 (LKB1) (in complex with STRAD and MO25) (Hawley et al.,
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2003; Shaw et al., 2004; Woods et al., 2003) and Ca**/calmodulin-dependent protein kinase kinase 2
(CAMKK2) (Hawley et al., 2005; Hurley et al., 2005; Woods et al., 2005). LKB1 is mainly responsible for
AMPK activation during energy stress as well as upon induction of mitochondrial damage (Shackelford
& Shaw, 2009). In contrast, CAMKK2 stimulates AMPK activity in response to increased intracellular
Ca?* levels (Hawley et al., 2005; Hurley et al., 2005; Woods et al., 2005) (Fig. 2). This form of AMPK

activation does not depend on LKB1 and nucleotide levels.

Once activated, AMPK’s main function is to restore energy homeostasis in the cell by stimulating ATP-
producing catabolic processes and inhibiting energy-consuming anabolic processes. AMPK is known to
have more than 100 substrates that are phosphorylated by AMPK on at least 130 sites (Steinberg &
Hardie, 2022). Since AMPK is the central regulator of energy sensing, it is not surprising that AMPK has
been reported to be involved in various aspects of mitochondrial homeostasis such as mitochondrial
morphology, transport, autophagy and mitophagy as well as mitochondrial biogenesis (Herzig & Shaw,

2018) (Fig. 2).

AMPK plays a critical role in the regulation of mitochondrial dynamics. It has been shown to
phosphorylate MFF at S155 and S172 thereby promoting mitochondrial fission (Ducommun et al.,
2015; Toyama et al., 2016). Mechanistically, MFF phosphorylation by AMPK increases mitochondrial
localization of DRP1 (Toyama et al., 2016). Furthermore, the OMM localized mitochondrial fission
regulator 1-like protein (MTFR1L) has recently been identified as a novel AMPK substrate (Tilokani et
al.,, 2022). AMPK-mediated phosphorylation of MTFR1L at S103 and S238 negatively regulates

mitochondrial fusion leading to a more fragmented mitochondrial network (Tilokani et al., 2022).

Mitochondrial transport has also been reported to be influenced by AMPK in neurons. During local
energetic stress, retrograde transport of axonal mitochondria was repressed in an AMPK-dependent
manner (Watters et al., 2020). In line with that, synaptic activity-induced energy deficits in the
presynapse have been shown to activate the AMPK/p21-activated kinase pathway, which recruits and
captures mitochondria via myosin VI and SNPH (Li et al., 2020). Together, these AMPK-dependent
mechanisms increase mitochondrial number in axons to restore energy levels upon energetic stress

caused by synaptic activity.

Additionally, both mitochondrial biogenesis (see chapter 1.4) and mitochondrial degradation via
mitophagy as well as bulk autophagy (see chapter 1.5) are regulated by AMPK signaling. Thus, AMPK
plays a critical role in regulating various aspects of mitochondrial homeostasis. However, it is very likely
that the complex relationship between mitochondria and AMPK is still underestimated. Future studies

might discover many more mitochondrial AMPK substrates.
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Figure 2: Structure and regulation of AMPK.

AMPK is a heterotrimeric complex composed of three subunits. The catalytic a-subunit contains the kinase
domain including regulatory threonine 172 (T172) and serine 485 (5485) residues. Phosphorylation of T172 by
LKB1 (upon energy stress) or CAMKK2 (upon calcium) results in activation of AMPK, while phosphorylation of
S485 by AKT (upon insulin) leads to inhibition of AMPK. The B-subunit contains a conserved carbohydrate-binding
domain, which allows AMPK to associate with glycogen. The y-subunit comprises the adenine nucleotide binding
region consisting of a tandem of four cystathionine-B-synthase (CBS) domains, which enables binding to AMP,
ADP and ATP. AMPK signaling regulates several aspects of mitochondrial homeostasis including mitochondrial
morphology, mitochondrial transport, mitochondrial degradation, and mitochondrial biogenesis.

1.3.2  Role of insulin in mitochondrial homeostasis

Historically, the polypeptide hormone insulin is best known for its action on peripheral glucose
homeostasis, whereas the brain was considered an insulin-insensitive organ for the longest time.
However, this view changed when high insulin levels as well as expression of the insulin receptor (IR)
were found in brain tissues (Havrankova et al., 1978). The highest density of the IR has been detected
in the olfactory bulb, hypothalamus, hippocampus, cerebellum, choroid plexus and cerebral cortex
(Havrankova et al.,, 1981; Hill et al., 1986; Hopkins & Williams, 1997; Mielke & Wang, 2011;
Schulingkamp et al., 2000). The presence of insulin in the brain raised the question about its origin,
which is still controversially discussed. While some are convinced that insulin is of peripheral origin
and enters the brain through the blood-brain barrier (BBB), others have reported that insulin is directly

synthesized by neurons (Ghasemi et al., 2013). It is likely that the majority of the insulin found in the
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brain comes from the periphery, whereas a small amount might be produced de novo in the brain

(Agrawal et al., 2021).

Upon insulin binding, the IR triggers several downstream signaling cascades. Subsequently, the active
insulin-IR complex is internalized by endocytosis. After reaching the early endosome, the majority is
recycled back to the plasma membrane, whereas a small portion is sorted into late endosomes for
degradation via lysosomes (Baldwin et al., 1980; Trischitta et al., 1989). This internalization pathway
contributes to the intensity and duration of the insulin action (Iraburu et al., 2021). One of the best
characterized signaling cascades induced by insulin is mediated via phosphatidylinositol 3-kinase (PI3K)
and AKT (also known as protein kinase B). Insulin binding to the IR stimulates its kinase activity leading
to autophosphorylation as well as phosphorylation of the insulin receptor substrates (IRS).
Phosphorylated IRSs interact with and activate PI3K, which converts phosphatidylinositol-4,5-
bisphosphate (PIP;) to phosphatidylinositol-3,4,5-trisphosphate (PIP3). The second messenger PIPs in
turn stimulates activity of the serine/threonine protein kinase AKT (Taniguchi et al., 2006). A key
downstream substrate of AKT is mammalian target of rapamycin complex 1 (mTORC1). mTORC1 is
composed of the mTOR serine/threonine kinase, the scaffold protein regulatory-associated protein of
MTOR (RAPTOR) as well as associated subunits (G. Y. Liu & Sabatini, 2020). The small GTPase Ras
homolog enriched in brain (Rheb) is an essential activator of mTORC1 (Sancak et al., 2008; Saucedo et
al., 2003), whereas the tuberous sclerosis protein complex (TSC) consisting of TSC1, TSC2 and TBC1
domain family member 7 (TBC1D7) (Dibble et al., 2012) inhibits mTORC1. TSC acts as a GTPase-
activating protein (GAP) towards Rheb and thus inhibits Rheb-induced mTORC1 activation (Inoki, Li, et
al., 2003; Tee et al., 2003; Yang et al., 2021). Insulin-induced activation of AKT phosphorylates TSC2,
which leads to disinhibition of Rheb and thus activation of mTORC1 (Inoki et al., 2002; Manning et al.,
2002). mTORC1 is known as the master regulator of protein synthesis as well as cell growth and
activated when nutrients such as amino acids are sufficient, in contrast to AMPK. Both kinases are
inversely regulated and have been shown to control one another. AMPK inhibits mTORC1 signaling via
two signaling pathways. Firstly, AMPK directly phosphorylates and thereby activates TSC2 leading to
inhibition of Rheb-mediated mTORC1 activity (Inoki, Zhu, et al., 2003). In the second pathway, AMPK
directly phosphorylates the scaffold protein RAPTOR leading to its inhibition (Gwinn et al., 2008).
MTORC1, on the other hand, can also downregulate AMPK signaling by direct phosphorylation (Ling et
al., 2020). Interestingly, insulin has also been shown to inhibit AMPK activity via AKT-mediated
phosphorylation at serine 485 in its catalytic a-subunit (Berggreen et al., 2009; Dagon et al., 2012;
Horman et al., 2006; Kovacic et al., 2003; J. Ning et al., 2011; Soltys et al., 2006; Valentine et al., 2014)
(Fig. 2). This pathway has mainly been described in non-neuronal cells. There are, however, a few

studies confirming its relevance in neurons (Minokoshi et al., 2004; Zakharova et al., 2019).
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Importantly, insulin signaling is tightly associated with neuronal mitochondrial function including ATP
production, respiration, Ca?* buffering as well as protein biogenesis and homeostasis (Schell et al.,
2021). In cortical neurons, insulin has been shown to increase mitochondrial ATP production
(Ruegsegger et al., 2019; N. Zhao et al., 2017). Additionally, insulin treatment enhances mitochondrial
polarisation and reduces intracellular Ca?* levels under resting conditions in sensory neurons (Huang
et al.,, 2003). In Huntingtin striatal cells, insulin and insulin-like growth factor 1 (IGF-1) treatment
decreases mitochondrial reactive oxygen species (ROS) production as well as mitochondrial fission
thereby overall improving mitochondrial function in a PI3K/AKT-dependent manner (Ribeiro et al.,
2014). Also in mice, intranasal insulin application has been observed to increase brain mitochondrial
respiration (Ruegsegger et al., 2018). Insulin signaling elicits its effect on neuronal mitochondria at
several levels, from transcriptional regulation to direct regulation of mitochondrial processes via
AKT/mTORC1/AMPK signaling. The role of insulin in mitochondrial biogenesis is described in

chapter 1.4. However, its role in neuronal mitostasis is less clear.

1.4 Mitochondrial biogenesis

Mitochondria cannot be made de novo but must derive from already existing organelles as
mitochondrial biogenesis requires mtDNA replication. Furthermore, since the majority of
mitochondrial proteins is encoded in the nucleus, mitochondrial import of over 1000 proteins is
required for proper mitochondrial biogenesis. The co-transcriptional regulation factor PGC-la
(peroxisome-proliferator-activated y co-activator-1a) is generally known as the master regulator of
mitochondrial biogenesis. It regulates the activity of different transcription factors including the
nuclear respiration factors 1 and 2 (NRF-1 and NRF-2). NRF-1 and NRF-2 in turn drive the expression of
several nuclear-encoded mitochondrial genes such as the mitochondrial transcription factor A (TFAM),
which promotes transcription and replication of mtDNA (Diaz & Moraes, 2008; Jornayvaz & Shulman,
2010). Several signaling pathways have been shown to regulate mitochondrial biogenesis via the PGC-
10-NRF-1/2-TFAM pathway including the AMP/ATP ratio (via AMPK), Ca?* levels (via CAMK and p38
MAPK) and the NAD*/NADH ratio (via SIRT1). All three pathways result in activation of PGC-1a by either
phosphorylation via AMPK as well as CAMK-stimulated p38 MAPK or by deacetylation via SIRT1
(Cardanho-Ramos & Morais, 2021; Hees & Harbauer, 2022). The described signals are not only all part
of mitochondrial feedback mechanisms within the cell but are also primarily involved in transcriptional
upregulation of mitochondrial genes. In contrast, the hormone insulin plays a role in translational
regulation of mitochondrial biogenesis. The insulin/PI3K/AKT-mediated activation of mTORC1 (as
described in chapter 1.3.2) upregulates the translation of nuclear-encoded mitochondrial proteins via
stimulation of the eukaryotic translation initiation factor 4E (elF4E) (Morita et al., 2013). Insulin,

however, also increases the activity of PGC-1a via AKT-induced inhibition of the transcription factor
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Forkhead Box Protein O1 (FOXO1) (Brunet et al., 1999; Cheng et al., 2009; Kops et al., 1999; Mootha
et al., 2003; Nakae et al., 1999; Patti et al., 2003; Yan et al., 2020). Furthermore, insulin can inhibit
AMPK activity via AKT-mediated phosphorylation (as described in chapter 1.3.2) (Berggreen et al.,
2009; Dagon et al., 2012; Horman et al., 2006; Kovacic et al., 2003; J. Ning et al., 2011; Soltys et al.,
2006; Valentine et al., 2014), thereby decreasing AMPK-mediated transcriptional upregulation of
mitochondrial biogenesis via PGC-1a while at the same time promoting translation of mitochondrial
proteins via mTORC1. This differential regulation of mitochondrial biogenesis at the transcriptional
versus the translational level is supported by the reciprocal inhibition of AMPK and mTORC1 (as
described in chapter 1.3.2). Consequently, inhibition of AMPK signaling by insulin and mTORC1 would
increase mitochondrial protein biogenesis in spite of transcriptional downregulation and vice versa

(Hees & Harbauer, 2022) (Fig. 3).
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Figure 3: Regulation of mitochondrial biogenesis.

Transcriptionally, the PGC-1a-NRF-1/2-TFAM pathway serves as the master regulator of mitochondrial
biogenesis. Cellular signals such as increased AMP/ATP ratio, NAD*/NADH ratio, and Ca?* levels activate AMPK,
SIRT1, and CaMK, respectively, which results in PGC-1a stimulation. PGC-1a facilitates the transcription of
nuclear-encoded mitochondrial genes through NRF-1/2 and the transcription of mitochondrial-encoded genes
by promoting TFAM expression. Translationally, the insulin-induced PI3K/AKT/mTORC1 pathway significantly
influences mitochondrial biogenesis. Through the activation of elF4AE, mTORC1 enhances the translation of
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nuclear-encoded mitochondrial proteins. AKT, in addition to its translational impact, also affects transcription by
inhibiting FOXO1, thereby activating PGC-1a. Additionally, AKT phosphorylation inhibits AMPK. Notably, AMPK
and mTORCL1 can directly phosphorylate and inhibit each other, creating a regulatory interplay (adapted from
Hees & Harbauer, 2022).

Very little is known about regulation of mitochondrial biogenesis in neurons, as the majority of the
studies have been performed in non-neuronal cells. However, as in other cells, PGC-1a is critically
involved in transcriptional control of mitochondrial biogenesis (Cardanho-Ramos & Morais, 2021).
Furthermore, also insulin has been shown to play an important role in the regulation of mitochondrial
protein synthesis in neurons (Ruegsegger et al., 2019). It is, however, very likely that neurons have
developed their own mechanisms and signaling pathways to regulate mitochondrial biogenesis that
specifically meet the needs of cells that are as complex as neurons. One potential mechanism is
controlled localization and transport as well as local translation of mRNAs encoding mitochondrial

proteins in different subcompartments of the neuron as described in chapter 1.6.

1.5 Mitophagy: a selective form of autophagy

Macroautophagy (hereafter autophagy; Greek: ‘self-eating’) is the biological process that involves bulk
degradation and recycling of cytosolic components such as damaged or unwanted proteins or
organelles including mitochondria through lysosomal delivery. Autophagy is highly conserved and
serves both as quality control and recycling mechanism (Mizushima & Komatsu, 2011). It is generally
induced by starvation to facilitate bulk recycling of cellular components and provide the cell with
nutrients. Autophagy, however, can also be activated during stress to prevent accumulation or
aggregation of harmful cellular constituents. The autophagic process is either a non-selective bulk
removal of cytosolic components or a selective, targeted degradation of damaged or unwanted

proteins and organelles.

Briefly, during autophagy an isolation membrane develops to encircle and sequester degradation cargo
thereby forming the autophagosome. After maturation, the autophagosome fuses with a lysosome to
generate an autolysosome, which eventually results in degradation of the engulfed cargo (Mizushima
& Komatsu, 2011). Autophagy is a highly complex process and by now, many autophagy-related (ATG)
proteins have been identified including the serine/threonine protein kinase Unc-51-like kinase 1 (ULK1)
(K. H. Kim & Lee, 2014). As ULK1 has a critical role in the initiation of autophagy during formation of
the autophagosome, its activity is tightly regulated. Under nutrient-rich conditions, mMTORC1 inhibits
autophagy initiation by phosphorylation of ULK1 at S637 and S757, which suppresses its catalytic

activity (Ganley et al., 2009; J. Kim et al.,, 2011). In contrast, during starvation, AMPK directly
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phosphorylates ULK1 on four residues: S467, S555, T574 and S637 (Egan et al., 2011; J. Kim et al., 2011).

The AMPK-dependent phosphorylation of ULK1 is critically required for autophagy initiation.

Since damaged mitochondria produce an excess amount of ROS, which is harmful for the cell, they
need to be rapidly degraded via mitophagy, a selective form of the autophagy pathway. In mammals,
mitophagy is commonly regulated in a ubiquitin-dependent or a receptor-dependent manner. The
receptor-dependent pathway is mediated by FUN14 domain containing protein 1 (FUNDC1) (M. Chen
et al., 2016), BCL2/adenovirus E1B 19-kDa interacting protein 3-like (BNIP3L/NIX) (Y. Li et al., 2021;
Sandoval et al., 2008), and BCL2-L-13 (Guan et al., 2018; Yamaguchi et al., 2016). The ubiquitin-
dependent pathway, on the other hand, is the best characterized mitophagy pathway, which is
mediated by two main players: the nuclear-encoded mitochondrial serine/threonine protein kinase
PTEN-induced kinase 1 (PINK1) and the E3-ubiquitin ligase Parkin (N. Matsuda et al., 2010; Narendra
et al.,, 2008, 2010; Vives-Bauza et al., 2010). Both proteins are commonly mutated in certain
autosomal-recessive forms of Parkinson’s disease (PD) (Kitada et al., 1998; Valente et al., 2004). PINK1
functions as a sensor for mitochondrial damage since it constantly surveys mitochondrial health
making it a critical player in mitochondrial quality control. In healthy mitochondria, driven by the
mitochondrial membrane potential, PINK1 is imported into mitochondria via the translocase of the
outer and inner mitochondrial membrane (TOM and TIM, respectively). In the IMM, PINK1 is first
processed by the matrix processing peptidase (MPP) leading to removal of the N-terminal
mitochondrial targeting signal of PINK1 (Greene et al., 2012). Afterwards, PINK1 is cleaved by the
rhomboid protease presenilin-associated rhomboid-like (PARL) between the amino acids A103 and
F104 within its transmembrane domain (Deas et al., 2011; Jin et al., 2010; Meissner et al., 2011). After
retrotranslocation back into the cytosol, cleaved PINK1 is rapidly degraded by the ubiquitin
proteasome system via the N-end rule pathway (Yamano & Youle, 2013). The import and rapid
degradation of PINK1 prevents the removal of functional mitochondria (Fig. 4a). In damaged
mitochondria, on the other hand, mitochondrial PINK1 import is inhibited due to a loss of
mitochondrial membrane potential or accumulation of misfolded proteins (Jin et al., 2010; Jin & Youle,
2013). As a result, PINK1 stabilizes on the OMM bound to the TOM complex (Maruszczak et al., 2022;
Narendra et al., 2010). In this position, PINK1 is protected from PARL cleavage and proteasomal
degradation. After undergoing autophosphorylation required for its full kinase activity (Okatsu et al.,
2012), PINK1 phosphorylates several substrates on the mitochondrial surface including ubiquitin
bound to mitochondrial surface proteins, which initiates the mitophagy pathway. Phosphorylated
ubiquitin at S65 serves as receptor for the E3-ubiquitin ligase Parkin (Okatsu et al., 2015). Recruitment
of Parkin to the mitochondria (Narendra et al., 2008) leads to its partial activation. Full activation is
achieved after phosphorylation by PINK1 at S65. Parkin then conjugates ubiquitin onto proteins on the
OMM, which can be further phosphorylated by PINK1. This in turn leads to additional rounds of Parkin
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recruitment and activation resulting in a positive feedback mechanism. The coordinated action of
PINK1 and Parkin leads to the decoration of damaged mitochondria with phosphorylated ubiquitin
chains. Autophagy receptors are recruited due to binding to the ubiquitin chains, while at the same
time bound to LC3-associated autophagosomal membranes (Stolz et al., 2014). The autophagy
receptors involved in PINK1/Parkin-dependent mitophagy include Optineurin, nuclear dot protein 52
(NDP52), p62, neighbor of BRCA1 gene 1 (NBR1), and Taxl-binding protein 1 (TAX1BP1), with
Optineurin and NDP52 being the most important ones (Heo et al., 2015; Lazarou et al., 2015; Sarraf et
al.,, 2013; Wong & Holzbaur, 2014). After formation of an autophagosomal membrane around the
damaged mitochondrion, the autophagosome fuses with a lysosome, eventually resulting in

mitochondrial degradation (Lazarou et al., 2015) (Fig. 4b).
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Figure 4: PINK1/Parkin-dependent mitophagy pathway.

(a) In healthy mitochondria, PINK1 is imported via TOM and TIM driven by the mitochondrial membrane
potential. In the IMM, PINK1 is processed by MPP, which removes the N-terminal mitochondrial targeting signal,
before being cleaved by PARL within its transmembrane domain. Following retrotranslocation back into the
cytosol, cleaved PINK1 is degraded via the N-end rule pathway. (b) In damaged mitochondria, a loss of the
mitochondrial membrane potential results in import inhibition of PINK1 and thus stabilization and activation of
PINK1 on the outer mitochondrial membrane. PINK1 phosphorylates multiple substrates including ubiquitin
attached to mitochondrial surface proteins. Phosphorylated ubiquitin acts as a receptor for Parkin. Mitochondrial
recruitment of Parkin and PINK1-mediated phosphorylation result in full activation of Parkin. Once activated,
Parkin conjugates ubiquitin molecules to proteins on the OMM, which are further phosphorylated by PINK1
leading to a positive feedback mechanism. The emerging phosphorylated ubiquitin chains recruit autophagy
receptors such as Optineurin, NDP52, p62, NBR1 and TAX1BP1 resulting in formation of an autophagosomal
membrane around the damaged mitochondrion, which is eventually degraded in lysosomes.
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1.6 mRNA localization, transport and translation in neurons

The complex architecture of neurons combined with the short half-life of some mitochondrial proteins
makes it very challenging for the neuron to maintain mitochondrial functionality within distal parts of
the cell. Given that the majority of mitochondrial proteins is nuclear-encoded and components
required for protein synthesis are mainly present in the cell body, it has long been assumed that
mitochondrial biogenesis is restricted to the somato-dendritic region. However, as mentioned in
chapter 1.2, short-lived mitochondrial proteins would not survive the transport required to reach distal
parts of the axons. A possible solution for this problem is local translation of mitochondrial proteins in
every part of the neurons. Fittingly, nuclear-encoded mitochondrial transcripts have not only been
detected in axons (Aschrafi et al., 2016; Gumy et al., 2011; Shigeoka et al., 2016; Zivraj et al., 2010) but
some of them are even enriched in axons compared to the somatodendritic compartment (Andreassi

et al., 2010; Briese et al., 2016).

There are several ways of how transcripts can be transported within the cell. RNA-binding proteins
(RBPs) play an important role as they can interact with cis-acting factors or ‘zipcodes’ within the mRNA.
‘Zipcodes’ are most frequently found in the 3" untranslated region (UTR) of transcripts (Dalla Costa et
al., 2021; Das et al., 2019; Gomes et al., 2014). Together, mRNAs and RBPs form so-called messenger
ribonucleoprotein (MRNP) granules, which are important for stability of mRNAs as well as regulation
of subcellular transport and localization. mRNPs can interact with cytoskeletal motor proteins or other
adaptor proteins allowing for transport along the neuron (Kanai et al., 2004; McClintock et al., 2018;
Tauber et al., 2020). An emerging concept is organellar tethering of mRNPs allowing for hitchhiking of
mMRNAs on different organelles including mitochondria, early and late endosomes as well as lysosomes
(Cioni et al., 2019; Cohen et al., 2022; Harbauer et al., 2022; Liao et al., 2019; Schuhmacher et al.,
2023).

1.6.1 mRNA hitchhiking on mitochondria and other organelles

Our lab has recently shown that the transcript encoding for the mitophagy protein PINK1 and
potentially other nuclear-encoded mitochondrial mRNAs are associated with mitochondria allowing
for long-distance transport into axons as well as on-demand local translation (Harbauer et al., 2022).
As PINK1 has a very short half-life of about 30 minutes (W. Lin & Kang, 2008; Vincow et al., 2013) due
to its function in the removal of damaged mitochondria (as described in chapter 1.5), a constant supply
of fresh PINK1 protein is critical for mitochondrial health maintenance. By tethering the Pink1
transcript to mitochondria, the organelle carries the mRNA required for its own maintenance and
repair. Interestingly, sequences within the coding region rather than the 3" UTR are required for

association with mitochondria (Harbauer et al., 2022). The tethering complex is composed of the
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mitochondrial outer membrane protein Synaptojanin 2 binding protein (SYNJ2BP, also called OMP25)
and the RNA-binding motif-containing (Hsu & Mao, 2015) phosphatidylinositol phosphatase
Synaptojanin 2 (SYNJ2) (Harbauer et al., 2022) (Fig. 5a). SYNJ2BP is a ubiquitously expressed protein
that localizes to the outer mitochondrial membrane due to its C-terminal transmembrane domain,
while the N-terminal part faces towards the cytosol. SYNJ2a, a splice variant of SYNJ2 that is primarily
expressed in neurons (Harbauer et al., 2022), is recruited to the mitochondria via the specific
interaction between the so-called postsynaptic density protein-95/discs large/zonula occludens-1
(PDZ) motif at its C-terminus and the corresponding PDZ domain at the N-terminus of SYNJ2BP
(Nemoto & De Camilli, 1999). Whereas SYNJ2a binds to the Pink1 transcript, SYNJ2BP acts as
mitochondrial anchor by tethering both SYNJ2a and PinkI mRNA to the mitochondria. Apart from a
few interacting proteins including SYNJ2a as well as the ribosome-binding protein 1 (RRBP1) (V. Hung
et al., 2017), very little is known about the function of SYNJ2BP. Recently, SYNJ2BP itself has been
described as an RBP (Mullari et al., 2017; Qin et al., 2021). Most likely, this mechanism is not exclusive
to Pink1, as multiple other transcripts were found to be associated with SYNJ2a (Harbauer et al., 2022).
Another recent study has found the cytochrome c¢ oxidase subunit 7c (Cox7c) transcript similarly
associated with mitochondria (Cohen et al., 2022). Cox7c mRNA encodes for a subunit of complex IV
of the electron transport chain (Fig. 5a). In both cases, the coding region rather than the 3'UTR
contained the critical sequences necessary for mitochondrial localization and co-transport along axons.
Furthermore, active translation was necessary to target the mRNAs to the organelle (Cohen et al.,

2022; Harbauer et al., 2022).

Apart from mitochondria, several transcripts have recently been found to associate with early
endosomes in a translation-dependent or -independent manner (Popovic et al., 2020) (Fig. 5b). One
example is the mRNA of the early endosomal antigen 1 (EEA1), which encodes an endosomal tethering
factor and fusogen. Again, the 3" UTR is not required for endosomal association, whereas the coding
region is sufficient (Popovic et al., 2020). Lastly, endolysosomal hitchhiking of mRNPs has also been
shown. Rab7-positive endolysosomes associate with RNA granules that contain nuclear-encoded
mitochondrial transcripts allowing for co-transport along axons (Cioni et al., 2019). Furthermore, RNA
granules containing the RBP GTPase-activating protein SH3 domain-binding protein 1 (G3BP1) have
been reported to hitchhike on moving lysosomal-associated membrane protein 1 (LAMP1)-positive
endolysosomes in axons (Liao et al., 2019). Annexin A11 (ANXA11) was identified as the tether between
lysosomes and RNA granules (Liao et al., 2019) (Fig. 5c). It remains to be elucidated what kind of
transcripts are associated with G3BP1-containing RNA granules and specifically whether nuclear-

encoded mitochondrial transcripts are part of them.
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1.6.2 mRNA translation in neurons

Hitchhiking of transcripts on various organelles does not only represent an energy efficient way to
transport mRNAs along the neuron but also allows for on-demand local translation. In this way, a
constant supply of fresh proteins required for maintenance and repair of mitochondria and other
organelles is ensured. The importance of this mechanism becomes particularly evident when looking
at very short-lived proteins such as PINK1. Both prevention of Pink1 mRNA transport by knock down
of the tethering protein SYNJ2BP as well as inhibition of axonal protein translation abolishes
PINK1/Parkin-dependent mitophagy in axons (Harbauer et al., 2022). Hence, local axonal translation
of PINK1 is required for the degradation of damaged mitochondria via local mitophagy in axons (Ashrafi

et al., 2014; Harbauer et al., 2022).

Apart from PINK1, translation of other nuclear-encoded (Cioni et al., 2019; Yoon et al., 2012) as well
as mitochondrial-encoded (Yousefi et al., 2021) mitochondrial transcripts has been observed in axons.
Both mitochondria (Spillane et al., 2013) as well as early endosomes (Schuhmacher et al., 2023) and

endolysosomes (Cioni et al., 2019) have been shown to serve as mRNA translation platforms in axons.

However, the localization of ribosomes to those axonal translation hotspots as well as the general
presence of ribosomes in axons is still controversial. Ribosomes contain two major components, the
small (40S) and the large (60S) ribosomal subunit. Furthermore, ribosomes exist in two different forms:
polysomes and monosomes (80S). A polysome is defined as a group of two or more ribosomes bound
to a single mRNA molecule. A monosome, on the other hand, consists of a single ribosome bound to
an mRNA molecule. Whereas polysomes are considered to be the translationally active ribosome
population, monosomes are thought to be involved in initiation and termination but not in the active
process of elongation (Warner et al., 1963; Warner & Knopf, 2002; Warner & Rich, 1964). Considering
the diversity of nuclear-encoded transcripts present in axons, polysomes, usually easily recognized in
electron microscopy, are surprisingly scarce in axons. Interestingly, a recent study has shown that 80S
monosomes rather than polysomes contribute to local translation in axons thereby bridging the gap
between scarce ribosomal distribution in axons and observed local protein synthesis (Biever et al.,

2020).

Rab7-positive endolysosomes have been found to associate with ribosomes in axons. At these sites,
transcripts encoding mitochondrial proteins are actively translated (Cioni et al., 2019). Furthermore,
an early endosomal Rab5 effector complex called Five-subunit Endosomal Rab5 and RNA/ribosome
intermediary (FERRY) has recently been identified (Schuhmacher et al., 2023). This complex interacts
both with the translation machinery and transcripts enriched for mRNAs encoding for mitochondrial

proteins (Schuhmacher et al.,, 2023) (Fig. 5b). Therefore, this suggests that both moving early



INTRODUCTION | 29

endosomes as well as endolysosomes transport ribosomes that actively translate nuclear-encoded

mitochondrial transcripts thereby contributing to local mitochondrial biogenesis.

e.g. Pink1

e.g. Cox7c

complex

Figure 5: Transport of nuclear-encoded mitochondrial mRNAs in neurons.

RNA granules as well as mitochondria, Rab5-positive early endosomes and Rab7- and Lampl-positive
endolysosomes are actively transported along axons. Hitchhiking nuclear-encoded mitochondrial transcripts,
whether they are part of RNA granules or attached to organelles, can reach distal regions of the neurons allowing
for on-demand local translation. (a) Cox7c and Pink1 mRNA are associated with mitochondria. While the tether
for the Cox7c transcript is not known, Pink1I mRNA is tethered via SYNJ2BP and SYNJ2a. (b) The early-endosomal
localized FERRY complex interacts with the translation machinery and many transcripts that are enriched for
nuclear-encoded mitochondrial genes. (c) Endolysosomes carry G3BP1-positive RNA granules that are tethered
via ANXA11 (adapted from Hees & Harbauer, 2022).

1.7 Lysosomes: a signaling hub for protein translation

Lysosomes are classically associated with the process of degradation and recycling and play an
important role in autophagy as described in chapter 1.5. The lysosomal membrane consists of more
than 100 proteins including the vacuolar H*-ATPase (v-ATPase), which is a proton pump that is required
to pump H* ions from the cytosol into the lysosomal lumen to maintain the acidic environment (Forgac,

2007; Mindell, 2012). The low pH provides an optimal environment for the lysosomal hydrolases
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required for the degradation of macromolecules and organelles. Following degradation, amino acids

and other building blocks are transported back into the cytosol to be recycled in anabolic processes.

It has become more and more clear that the lysosome does not exclusively function as a degradation
and recycling hotspot but that it is also an important hub for metabolic signaling (Lamming & Bar-
Peled, 2019). These two functions are not in conflict but rather act in concert thereby providing an

ideal environment for protein translation.

Interestingly, lysosomes are a crucial hub for the signaling of the two inversely regulated kinases: AMPK
and mTORC1 (Carroll & Dunlop, 2017). It has been found that localization of mTORC1 to Rab7-positive
vesicles is needed for its activation (Sancak et al., 2008). Due to the lack of specific markers for late
endosomes and lysosomes, the distinction between those two organelles and their importance as
signaling hubs is currently not clear. For simplicity, they will be referred to as endolysosomes.
Endolysosomal recruitment of mTORC1 requires the so-called Rag GTPases and a pentameric complex
called Ragulator, which consists of the late endosomal/lysosomal adaptor, MAPK and mTOR activator
(LAMTOR) 1-5 (E. Kim et al., 2008; Sancak et al., 2008, 2010). The Rag GTPases are tethered to the
endolysosomal membrane via Ragulator, which also functions as guanine nucleotide exchange factor
(GEF) for the Rag GTPases (Bar-Peled et al., 2012; Sancak et al., 2010). The v-ATPase senses high
nutrient levels, which results in stimulation of Ragulator’s GEF activity (Bar-Peled et al., 2012; Efeyan
etal., 2013; Zoncu et al., 2011). Upon activation, Rag GTPases bind RAPTOR thereby recruiting mTORC1
to the endolysosomal surface (E. Kim et al., 2008; Sancak et al., 2008, 2010), where it can interact with
its activator protein Rhebl (Bai et al., 2007) (Fig. 6a). Rag GTPase activation and endolysosomal
MTORCL1 recruitment is primarily controlled by amino acid (E. Kim et al., 2008; Sancak et al., 2008) and
glucose availability (Efeyan et al., 2013). GAP activity towards the Rags (GATOR) 1 complex acts as the
GAP of the Rag GTPases and thus terminates mTORC1 signaling (Bar-Peled et al., 2013; Panchaud et
al., 2013).

Intriguingly, the v-ATPase-Ragulator complex is not only required for mTORC1 activation but also for
activation of AMPK signaling. The scaffold protein AXIN, which mediates AMP-induced AMPK
activation by LKB1 (Y.-L. Zhang et al., 2013), has been identified as an interaction partner of LAMTOR1
(C.-S. Zhang et al., 2014). Furthermore, starvation increases the interaction between LKB1-AMPK/AXIN
and LAMTOR1 as well as the other Ragulator members (C.-S. Zhang et al., 2014). In this way, AMPK is
actively recruited to the endolysosomes and activated by phosphorylation via LKB1. Interestingly, AXIN
has been shown to be the key component in regulating endolysosomal recruitment of AMPK and
MTORC1. While AXIN translocates to the endolysosome to activate AMPK, it at the same time mediates
inhibition and endolysosomal dissociation of mMTORC1 by impairing the GEF activity of Ragulator (C.-S.
Zhang et al., 2014) (Fig. 6b).
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Figure 6: AMPK and mTORC1 activation at endolysosomes.

(a) Under conditions of sufficient energy and nutrient availability, the v-ATPase stimulates the GEF activity of the
endolysosomal-localized Ragulator complex, which leads to activation of the Rag GTPases and recruitment of
mTORC1. At the endolysosomal membrane, mTORC1 gets stimulated by interacting with its activator protein
Rheb1. (b) Under conditions of limited energy and nutrient availability, the scaffold protein AXIN mediates AMPK
activation by LKB1 phosphorylation in response to increased AMP levels. AXIN interacts with the Ragulator
complex thereby recruiting AMPK to the endolysosomal membrane. Furthermore, AXIN suppresses the GEF
activity of Ragulator, which results in inhibition and endolysosomal dissociation of mTORC1.

1.8 The importance of membrane contact sites between different organelles in neurons

Membrane contact sites (MCSs) between different organelles including mitochondria, endoplasmic
reticulum (ER) and endolysosomes play very distinct roles in maintaining cellular functions (Elbaz &
Schuldiner, 2011; Murley & Nunnari, 2016; Phillips & Voeltz, 2016; H. Wu et al., 2018). MCSs are
defined as regions where the membranes of two organelles are brought in close proximity (10-30 nm)

via a protein tether (Eisenberg-Bord et al., 2016).

Mitochondria-ER contact sites are to date one of the most well-studied membrane contact sites and
are present in all neuronal compartments. They fulfil many important functions including lipid transfer,

Ca?* homeostasis, mitochondrial dynamics, and autophagy (Markovinovic et al., 2022). To date, several
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mitochondria-ER tethers have been identified that physically connect the two organelles (Wilson &

Metzakopian, 2021).

Mitochondria-endolysosome MCSs have also recently been shown to play a critical role in maintaining
neuronal homeostasis (Cisneros et al., 2022). They are not only involved in regulating both
mitochondrial and endolysosomal dynamics (Cisneros et al., 2022), but they also serve as translation
platforms for mitochondrial proteins in neurons. As described in chapter 1.6, Rab7-positive
endolysosomes transport nuclear-encoded mitochondrial transcripts along axons (Cioni et al., 2019).
These mRNA-carrying endolysosomes have been shown to often pause at axonal mitochondria thereby
forming mitochondria-endolysosome MCSs, which remain for prolonged periods (Cioni et al., 2019). In
line with this, hotspots of Rab5-positive early endosome-associated translation are also observed in
close proximity to mitochondria in neurons (Schuhmacher et al., 2023). This suggests an important role
for contact sites between mitochondria and the endolysosomal compartment in local translation of

nuclear-encoded mitochondrial proteins.

Interestingly, the ER has also been associated with translation of nuclear-encoded mitochondrial
proteins by targeting them to the mitochondrial surface after their translation in the cytosol. In a
recent study, a mechanism called ER-SURF has been identified in yeast (Hansen et al., 2018). ER-
associated chaperones such as Dnal-like protein 1 (Djp1) can bind to certain mitochondrial membrane
protein precursors and facilitate their transfer to the mitochondria (Hansen et al., 2018). Although
there are indications that the ER-SURF pathway is also present in mammalian cells (Lalier et al., 2021),

its relevance as well as the involved proteins need to be elucidated.

So far, only one contact site involving all three organelles (mitochondria, ER and endolysosomes) has
been characterized in mammalian cells. Relevant tethering proteins for this contact site are the ER
transmembrane proteins PDZ domain-containing protein 8 (PDZD8) and Protrudin as well as the late
endosomal protein Rab7 (Elbaz-Alon et al., 2020). PDZD8 contains a Synaptotagmin-like Mitochondrial
lipid-binding Proteins (SMP) domain and has also been shown to be part of an ER-mitochondria MCS
(Hirabayashi et al., 2017). In line with that, PDZD8 can recruit mitochondria to the ER-endolysosome
MCS thereby forming a three-way contact (Elbaz-Alon et al., 2020). The function of this three-way MCS

as well as its presence in neurons remains to be determined.

Taken together, this suggests that the tight interplay of mitochondria, ER and endolysosomes forming
various MCSs is required for proper cellular homeostasis and function. Dysregulation of inter-
organellar communication through MCSs has been observed in several neurodegenerative diseases

including PD and Alzheimer’s disease (AD) (Vrijsen et al., 2022).
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1.9 Alzheimer’s disease, insulin resistance and Apolipoprotein E4

AD is a devastating neurodegenerative disease and the most common form of dementia (Thies, W. &
Bleiler, L., 2011). Typically, AD predominantly affects individuals over the age of 65, known as late-
onset AD. However, when it manifests in individuals younger than 65, it is termed early-onset AD.
Memory loss and cognitive decline are common features of AD. The two main neuropathological
hallmarks include the presence of amyloid plaques consisting of amyloid beta (AB) protein and

neurofibrillary tangles (NFTs) containing hyperphosphorylated tau protein.

Interestingly, it has been shown that brain insulin resistance, which is defined as the failure of neurons
to respond to insulin, as well as insulin deficiency are pathological hallmarks of both metabolic and
cognitive dysfunctions including type 2 diabetes and AD (Kullmann et al., 2016; Laws et al., 2017; Talbot
et al., 2012). Mechanistically, compromised insulin signaling in the brain results in increased
accumulation of AB (Chua et al., 2012) as well as hyperphosphorylated tau protein (Schubert et al.,
2004). In line with that, type 2 diabetes represents a risk factor for AD and general cognitive
impairment (Chatterjee & Mudher, 2018; Han & Li, 2010). As the connection between AD and type 2
diabetes is so evident, AD is sometimes considered as ‘diabetes of the brain’ or ‘type 3 diabetes’ (de la

Monte & Wands, 2008; Nguyen et al., 2020).

Apart from type 2 diabetes, there are several genetic and environmental risk factors for AD (Armstrong,
2019). A major genetic risk factor for developing late onset AD is a polymorphism in the apolipoprotein
E (APOE) gene (Belloy et al., 2020; Corder et al., 1993; Serrano-Pozo et al., 2021; Strittmatter, Saunders,
et al., 1993; Strittmatter, Weisgraber, et al., 1993). Functionally, ApoE is involved in regulating lipid
homeostasis by facilitating the transport of lipids such as cholesterol and phospholipids between cells.
Due to their water insolubility, lipids have to be transported by so-called lipoproteins, which are
hydrophile-lipophile particles. In the brain, lipoproteins are referred to as high-density lipoproteins
(HDL)-like as they are similar to plasma HDL in size and density (Koch et al., 2001; Vitali et al., 2014).
ApoE is their major apolipoprotein component, which is primarily produced by astrocytes and to a
lesser extent by microglia in the brain (Vance & Hayashi, 2010). Furthermore, neurons have been
shown to express ApoE upon excitotoxic injury (Boschert et al., 1999; Xu et al., 2006). In humans, ApoE
is expressed in three isoforms (ApoE2, ApoE3 and ApoE4), which differ only in one or two residues.
While ApoE3 has a cysteine at position 112 and an arginine at position 158, ApoE2 and ApoE4 contain
cysteines and arginines, respectively, at both positions. Despite only minor amino acid changes the
structure and function of ApoE is dramatically affected. The differences at position 112 affects lipid
binding properties, while position 158 has an effect on the receptor-binding affinity to ApoE receptors
(Weisgraber, 1990). The differences in the structure also affect their ability to bind and clear AB

(Strittmatter, Weisgraber, et al., 1993). The most common allele is €3, which is considered to be risk-
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neutral regarding AD, while €2 is neuroprotective. The presence of the €4 allele, on the other hand, is
the strongest risk factor for late-onset AD (Bu, 2009; C.-C. Liu et al., 2013). Interestingly, a recent study
found a link between ApoE4 and insulin resistance. ApoE4 has been shown to interact with the IR
leading to compromised trafficking and signaling by trapping the receptor in early endosomes (N. Zhao
et al., 2017). As described in chapter 1.3.2 the insulin-IR complex is internalized by endocytosis as part
of the normal action of insulin. Following internalization, the majority of the IR is recycled and
translocated back to the plasma membrane where insulin can trigger another round of signalling
(Baldwin et al., 1980; Trischitta et al., 1989). Hence, ApoE4-mediated endosomal trapping of the IR

impairs neuronal insulin signaling and causes insulin resistance (N. Zhao et al., 2017).

Given the growing evidence that central insulin resistance is a primary feature of AD pathology,
intranasal administration of insulin has been used to increase brain insulin levels. This leads to
improved cognitive performance in healthy humans as well as in patients with type 2 diabetes and AD
(Benedict et al., 2007; Briinner et al., 2015; Claxton et al., 2015; Craft, 2012; Novak et al., 2014; Reger
et al., 2008; H. Zhang et al., 2015). Apart from improving cognitive performance, intranasal insulin has
also been shown to improve mitochondrial function (Galizzi & Di Carlo, 2022). Mitochondrial
dysfunction is also a common characteristic of AD (Perez Ortiz & Swerdlow, 2019). However, to date,
the contribution of both insulin resistance and mitochondrial dysfunction to the pathogenesis of the

disease as well as the interplay between each other is not clear (Fig. 7).

Insulin resistance (@) Mitochondrial dysfunction

Apolipoprotein E4 ? Diabetes Type 2

Alzheimer’s disease

Figure 7: Link between insulin resistance, mitochondrial dysfunction and Alzheimer’s disease.

Insulin resistance and mitochondrial dysfunction are common characteristics of both type 2 diabetes and
Alzheimer’s disease (AD). Furthermore, type 2 diabetes is considered a risk factor for AD and apolipoprotein E4,
another key genetic risk factor for AD, causes insulin resistance in vitro. Despite the intricate interconnection
among these factors, the precise contribution of insulin resistance and mitochondrial dysfunction to the
pathogenesis of AD as well as the complex interplay between them remain incompletely understood.
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1.10 Aims and objectives

The protein PINK1 is critical for mitochondrial health maintenance as it plays an important role in
mitochondrial quality control via the PINK1/Parkin-dependent mitophagy pathway (N. Matsuda et al.,
2010; Narendra et al., 2008, 2010; Vives-Bauza et al., 2010). Due to its short lifetime PINK1 needs to
be synthesized locally in order to ensure a constant supply of fresh protein in every part of the neuron.
To achieve this, Pink1 mRNA is co-transported with mitochondria in neurons, which allows for on-
demand local translation also in distal parts of the cell. Pink1 mRNA is tethered to mitochondria via
the RNA-binding protein SYNJ2a and its OMM binding partner SYNJ2BP (Harbauer et al., 2022).
However, it is still unknown what signaling pathways regulate Pink1 mRNA transport as well as
translation and function of PINK1 in neurons. AMPK is known as the master regulator of energy
metabolism and therefore tightly associated with mitochondrial homeostasis (Herzig & Shaw, 2018)
making it a potential candidate for regulating the biology of Pink1 mRNA and PINK1 protein in neurons.
In the context of my thesis, | aimed at elucidating the mechanisms governing the regulation of Pink1
mMRNA and PINK1 protein in neurons, with a specific focus on AMPK signaling. More specifically, | aimed

to address the following questions:

1. Does AMPK signaling regulate mitochondrial Pink1 mRNA localization in neurons?

2. How does this regulation occur at the molecular level?

3. What is the effect on PINK1 translation?

4. What is the effect on PINK1 function in mitochondrial quality control via mitophagy?

5. Are the identified pathway and mechanism relevant in the context of neurodegenerative

diseases?
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2 MATERIALS AND METHODS

2.1 Mice

All mouse procedures were approved by the Government of Upper Bavaria and performed in
accordance with the relevant regulations and guidelines. C57BL/6 WT as well as B6N.129-
Rpl22tmL-tPsam/j (Rp|22-HA) mice (Sanz et al., 2009, JAX stock #011029) were housed in the animal
facility of the Max Planck Institute for Biological Intelligence, Martinsried, Germany under a controlled
environment with ad libitum access to food and water. Animals of either sex were used for the

experiments.

2.2 Cell culture

2.2.1 Primary hippocampal and cortical mouse neurons

Primary mouse neurons were obtained from E16.5 embryos of timed-pregnant mice as described
previously (Harbauer et al., 2022; Hees & Harbauer, 2023). The pregnant mouse was euthanized with
CO; and the embryos were rapidly extracted from the abdomen and put into ice-cold dissociation
medium (Ca*-free Hank’s Balanced Salt Solution with 10 mM kynurenic acid, 100 mM MgCl,, and
100 mM HEPES). The embryos were removed from the amniotic sac and immediately decapitated with
forceps. Under a dissecting microscope, the brains were taken out of the skull and the cerebellum, the
midbrain as well as the meninges were removed leaving the two cortices. The hippocampus was
carefully dissected from each hemisphere and hippocampi and cortices were collected in two separate
tubes containing ice-cold dissociation medium. The tissue was enzymatically dissociated using
papain/L-cysteine (Sigma-Aldrich) for 5 min at 37 °C, which was stopped by addition of trypsin inhibitor
(Abnova). Afterwards, the tissue was washed three times with Neurobasal medium supplemented with
B27 (Thermo Fisher Scientific), L-glutamine, and penicillin/streptomycin (NB+B27+PSG) and finally
dissociated into single cells by trituration (10-15 times) using a p1000 pipette. Hippocampal and
cortical neurons were plated in 3.5 pg/ml laminin (Thermo Fisher Scientific) and 20 pg/ml poly-L-lysine
(PLL; Sigma-Aldrich) coated glass bottom 24 well plates (CellVis), 6 well plates (Greiner) or on acid-
washed glass coverslips (1.5 mm, Marienfeld) in NB+B27+PSG. Primary neurons were kept in a
humidified incubator at 37 °C with 5 % CO,. Every 5 days, 50 % of the medium was replaced with fresh
NB+B27+PSG.

2.2.2  Human induced pluripotent stem cell (iPSC)-derived cortical neurons
Human iPSCs (cell line: HPSI0314-hoik_1) were purchased from the Wellcome Trust Sanger Institute

HipSci Repository and maintained in StemFlex medium (Thermo Fisher Scientific) on Matrigel
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(Corning)-coated 10 cm dishes (Falcon). The medium was exchanged every day with fresh StemFlex
and iPSCs were passaged at 80 % confluency using ReLeSR (Stem Cell Technologies) enzyme free
passaging reagent.

The differentiation of iPSCs into cortical neurons was achieved by overexpression of the transcription
factor neurogenin-2 (NGN-2) as described previously (Hees & Harbauer, 2023; Y. Zhang et al., 2013).
On day -2, iPSCs were dissociated into single cells using Accutase (Thermo Fisher Scientific) and plated
in Matrigel-coated 10 cm dishes (2.5*10° per dish) in StemFlex supplemented with 10 pM Y-27632
(Tocris). After 24 h, on day -1, cells were lentivirally transduced with pLV-TetO-hNGN2-eGFP-puro and
FudeltaGW-rtTA in StemFlex medium required for differentiation into cortical neurons. After 5 h, the
medium was replaced with fresh StemFlex containing 2 pg/ml doxycycline (Takara) to induce TetO
gene expression. On day 0, N2/DMEM/F12/NEAA (N2 medium; Thermo Fisher Scientific) containing
2 ug/ml doxycycline, 0.2 pg/ml laminin (Thermo Fisher Scientific), 10 ng/ml NT-3 (PeproTech) and
10 ng/ml BDNF (PeproTech) was added to the cells. On day 1, a 24 h puromycin selection period was
started by adding fresh N2 medium supplemented with 1 pg/ml puromycin (Enzo Life Sciences),
2 ug/ml doxycycline, 10 ng/ml NT-3, 10 ng/ml BDNF and 0.2 ug/ml laminin to the cells. On day 2, the
N2 medium was replaced by B27/Neurobasal-A/Glutamax (B27 medium; Thermo Fisher Scientific)
supplemented with 2 ug/ml doxycycline, 0.2 ug/ml laminin, 10 ng/ml NT-3, 10 ng/ml BDNF, and 2 uM
Ara-C (Sigma-Aldrich). From day 3 to 6, medium was exchanged every other day (day 3 and 5) with
fresh B27 medium supplemented with 2 pg/ml doxycycline, 0.2 pg/ml laminin, 10 ng/ml NT-3,
10 ng/ml BDNF, and 2 uM Ara-C. On day 7, medium was changed to conditioned Sidhof neuronal
growth medium (NGN2 glial conditioned medium/B27/Neurobasal-A/ NaHCOs/Glucose/ Transferrin/
L-Glutamine) containing 0.2 pg/ml laminin, 10 ng/ml NT-3, and 10 ng/ml BDNF. Furthermore, the
medium was supplemented with 10 uM Y-27632 to prepare the cells for re-plating. The iPSC-derived
cortical neurons were re-plated on day 8. To this end, cells were dissociated using TrypLE Express
(Thermo Fisher Scientific) at 37 °C for 5 min. After inactivation of the enzyme using fetal bovine serum
(FBS), centrifugation at 1000 rpm for 5 min, resuspension in fresh conditioned Stidhof neuronal growth
medium containing 0.2 ug/ml laminin, 10 ng/ml NT-3 and 10 ng/ml BDNF and filtering through a 70 um
cell strainer, cells were seeded in laminin- and PLL-coated 6 well plates (Greiner) (2*10° cells per well).
Human iPSC-derived neurons were kept in a humidified incubator at 37 °C with 5 % CO,. Every other
day, 50 % of the medium was replaced with fresh conditioned Siidhof neuronal growth medium

supplemented with 0.2 pg/ml laminin, 10 ng/ml NT-3 and 10 ng/ml BDNF.

2.2.3 Human embryonic kidney (HEK) 293T cells
HEK293T cells were acquired from ATCC®. They were maintained in Dulbecco’s modified Eagle medium

(DMEM; Thermo Fisher Scientific) supplemented with 10 % FBS and 1 % penicillin/streptomycin (P/S)
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in T75 flasks (Falcon). HEK293T cells were kept in a humidified incubator at 37 °C with 5 % CO,. The
cells were passaged twice a week at approximately 80 % confluency using Trypsin (Thermo Fisher

Scientific). After 15 passages, a new vial of HEK293T cells was thawed.

2.2.4 Helacells

Hela cells were a kind gift from Danny Nedialkova, Max Planck Institute of Biochemistry, Martinsried,
Germany. They were maintained in DMEM (Thermo Fisher Scientific) supplemented with 10 % FBS and
1% P/S in T75 flasks (Falcon). Hela cells were kept in a humidified incubator at 37 °C with 5 % CO,. The
cells were passaged twice a week at approximately 80 % confluency using Trypsin (Thermo Fisher

Scientific). After 15 passages, a new vial of Hela cells was thawed.

2.3 DNA constructs

Mito-mRaspberry-7, mito-meGFP, mito-BFP, EBFP2-C1 (cell fill), YFP-Parkin, pPBbsr2-4031NES (AMPK
FRET biosensor), Mito-ABKAR, Cyto-ABKAR, LAMP1-ABKAR, mCherry-Rab7A, TMEM192-mRFP-3xHA,
pLAMP1-mCherry, Snap-Omp25, pLV-EGFP-Cre, pLIM1-EGFP and scFv-GCN4-sfGFP were purchased
from Addgene (55931, 172481, 49151, 54665, 23955, 105241, 61509, 61510, 65068, 61804, 134641,
45147, 69599, 86805, 19319 and 60907, respectively). Plasmids encoding shRNA targeting AMPKal1,
AMPKa2 and SYNJ2BP (TRCN0000024000, TRCN0000024046 and TRCN0000139049, respectively)
along with a non-targeting control shRNA plasmid (TR30021) in a pLKO vector backbone were acquired
from Sigma-Aldrich. Pinkl-kinase dead-MS2-PP7, Cox4i-MS2-PP7, Atp5f1B-MS2-PP7, split-Venus,
SYNJ2mito WT and VQL/AAA as well as shRNA-resistant myc-tagged SYNJ2BP WT plasmids have
previously been described (Harbauer et al., 2022). The phospho-ablative (S21A) and phospho-mimetic
(521E) mutations of SYNJ2BP were generated by site-directed mutagenesis (Hees & Harbauer, 2023).
For SYNJ2BP purification from E. Coli, the amino acids 1-110 of rat SYNJ2BP WT (cytosolic domain) were
C-terminally tagged with 6xHis-tag and cloned into the bacterial expression vector pET19b vector. The
phospho-ablative (S21A) mutation of SYNJ2BP was generated by site-directed mutagenesis (Hees &
Harbauer, 2023). The Pink1-kinase dead-10xGCN4-12xMS2-PP7 and PINK1-GFP plasmids were a kind
gift from Inmaculada Segura and Angelika Harbauer, Max Planck Institute for Biological Intelligence,
Martinsried, Germany, respectively. The lentiviral packaging plasmids used for virus production
pMD2.G, pRSV-Rev and pMDLg/pRRE as well as the plasmids used for iPSC differentiation into cortical
neurons pLV-TetO-hNGN2-eGFP-puro and FudeltaGW-rtTA were obtained from Addgene (12259,
12253, 12251, 79823 and 19780, respectively).
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2.4 Protein purification of recombinant SYNJ2BP

The purification of SYNJ2BP WT and SYNJ2BP S21A was performed in collaboration with Leopold Urich
and Sabine Suppmann from the Max Planck Institute of Biochemistry, Martinsried, Germany as
described previously (Hees & Harbauer, 2023). The plasmids pET19b-SYNJ2BP-6xHis WT and S21A,
respectively, were transformed into Rosetta E. coli bacteria. The bacteria were initially cultured in 15
ml of ZY auto-induction medium overnight followed by fermenter inoculation when the optical density
reached 0.04. After a 24 h growth period, the bacteria were collected by centrifugation at 8000 rpm
for 10 min at 4 °C, resulting in a pellet weighing 50 g. 50 % of the pellet was then reconstituted in
100 ml of lysis buffer, which consisted of HisBinding Buffer (50 mM NasPO4/Na,HPO, pH 8, 500 mM
NaCl, 10 mM imidazole, and 10% glycerol) supplemented with 2 mM MgCl, 1 mM AEBSF-HCI, 1 pug/ml
Leupeptin, 2 ug/ml Aprotinin, 1 ug/ml Pepstatin, and 2.4 U/ml Benzonase Corefa,. An Avestin system
was used to lyse the bacteria through homogenization, and the resulting lysate was clarified by
centrifugation at 20500 rpm for 30 min at 4 °C. To purify the his-tagged proteins, NiNTA-affinity
chromatography was employed. This involved subjecting the cleared lysate to a linear gradient ranging
from 4 to 100% elution buffer (50 mM Na3P0Os/Na;HPO,4 pH 8, 500 mM NaCl, 250 mM imidazole, and
10% glycerol) over 10 column volumes. The eluate was collected in 1 ml fractions that contained the
recombinant SYNJ2BP. After pooling the fractions, they were subjected to size-exclusion
chromatography using a HiLoad 16/60 Superdex 75 column with SE/storage Buffer (20 mM Tris pH 7.2,
30 mM NaCl, and 10% glycerol). Lastly, the purified protein was concentrated by employing Amicon
Ultra 15 columns in two separate batches, ultimately reaching a final concentration of 1 mg/ml. The

protein was subsequently snap-frozen at -80 °C for storage.

2.5 In vitro phosphorylation assay with recombinant AMPK

The in vitro phosphorylation assay using recombinant AMPK was performed as described previously
(Hees & Harbauer, 2023). From E. Coli purified SYNJ2BP WT and S21A protein were first
dephosphorylated using calf intestinal phosphatase (CIP). In a total volume of 10 ul, 0.5 pg of the
purified SYNJ2BP protein was mixed with 1 pl of CIP (NEB) in 1x rCutSmart Buffer and incubated at
37 °Cfor 1 h. The dephosphorylation reaction was terminated by addition of 1x PhosStop (Roche). For
the in vitro phosphorylation assay, 16 ng active recombinant AMPK (Sigma-Aldrich) was added to the
dephosphorylated SYNJ2BP WT and S21A protein, respectively. The reaction was performed in kinase
reaction buffer (8 mM MOPS/NaOH pH 7, 200 uM EDTA) containing 500 uM ATP (Serva) and 200 uM
AMP (Serva) in a final volume of 30 pl. After incubation at 30 °C for 2 h (shaking at 300 rpm), the

reaction was terminated by addition of 1x Laemmli sample buffer and boiling at 95 °C for 5 min.
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2.6 In vitro phosphorylation assay with neuronal cytosolic extracts

The in vitro phosphorylation assay using neuronal cytosolic extracts was performed as described
previously (Hees & Harbauer, 2023). Mouse primary cortical neurons were plated in PLL- and laminin-
coated 6 well plates (Greiner) (2*10° cells per well) and cultivated in NB+B27+PSG as described above.
On DIV6, neurons were treated with 1 mM AICAR (Abcam) for 2 h or cultured in medium lacking B27
(NB+PSG), and therefore insulin, for 2 h. Afterwards, the cortical neurons were washed twice in ice-
cold PBS, collected in a buffer containing 20 mM Tris/HCl pH 7.2, 10 mM MgCl,, 30 mM Nacl,
1 mM EDTA, 10 % glycerol, protease inhibitor cocktail (Roche) and 200 uM PMSF (80 pl per well) and
mechanically lysed by performing 50 strokes using the tight pestle of a dounce homogenizer. The
lysates were cleared by centrifugation at 5000 rpm for 1 min at 4 °C, snap-frozen and stored at -80 °C.
For the in vitro phosphorylation assay, 25 ul of the neuronal cytosolic extracts as well as 500 uM ATP
(Serva) were added to 0.5 pg of the dephosphorylated SYNJ2BP WT and S21A protein, respectively
(preparation as described above), in a total volume of 40 pl. Following incubation at 30 °C for 2 h
(shaking at 300 rpm), the reaction was terminated by addition of 1x Laemmli sample buffer and boiling

for 5 min at 95 °C.

2.7 Zn**-Phos-Tag SDS-PAGE

Zn**-Phos-Tag sodium dodecyl sulfate polyacrylamide gel electrophoreses (Zn?**-Phos-Tag SDS-PAGE;
Kinoshita et al., 2006) was used to analyze the samples of the SYNJ2BP in vitro phosphorylation assay
as described previously (Hees & Harbauer, 2023). To this end, 20 % polyacrylamide gels were prepared
using 1.4 M Bis-Tris/HCl (pH 6.8) for both separating and stacking gel. Furthermore, 50 uM Phos
binding reagent acrylamide (PBR-A, APExBIO) and 100 puM Zn(NOs), were added to the separating gel.
Electrophoresis was performed for 120 min at 40 mA using a buffer containing 100 mM Tris, 100 mM
MOPS, 5 mM NaHSOs, and 0.1 % SDS. Afterwards, the gel was washed three times for 10 min in
standard transfer buffer containing 1 mM EDTA followed by one 10 min wash in transfer buffer without
EDTA. For immunoblotting, a standard transfer buffer containing 10 % methanol and a PVDF
membrane was used. The transfer was performed for 90 min at 400 mA. Following blocking in 1x
Fluorescent Blocking Buffer (Thermo Scientific) for 60 min at RT, the membrane was decorated with
anti-SYNJ2BP rabbit antibody (1:500; Proteintech, #15666-1-AP) diluted in 5 % milk/TBS-T at 4 °C
overnight. After three washes in TBS for 5 min at RT, the membrane was incubated in secondary
antibody Alexa Fluor Plus goat anti-rabbit 647 (Invitrogen, 1:5000) diluted in 5 % milk/TBS for 120 min

at room temperature followed by another wash in TBS.
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2.8 Immunoblotting

2.8.1 Validation of AMPK knockdown

Mouse primary cortical neurons were plated in PLL- and laminin-coated 6 well plates (Greiner) (2*10°
cells per well) and cultivated in NB+B27+PSG as described above. On DIV1, cortical neurons were
lentivirally transduced with a non-targeting control shRNA or shRNAs against AMPKal and a2,
respectively, for about 8 h. On DIV5, neurons were lysed in a buffer containing 25 mM Tris/HCl pH 7.4,
150 mM NaCl, 1 mM EDTA and 1 % NP-40 supplemented with protease inhibitor cocktail (Roche) and
200 uM PMSF (40 ul per well). The lysates were cleared by centrifugation at 10000 rpm for 1 min at
4 °C. The pellet was discarded, while the supernatant was mixed with Laemmli sample buffer and
boiled for 5 min at 95 °C. The samples were analyzed by SDS-PAGE and immunoblotting on a 12 %
polyacrylamide gel following standard protocols. Anti-Blll tubulin mouse (2G10) antibody (1:2000;
Invitrogen, #MA1-118), anti-AMPKal rabbit (Y365) antibody (1:500; Abcam, #ab32047), and anti-
AMPKa2 mouse (A6A10) antibody (1:500; Invitrogen, #MA5-42560) were used.

2.8.2 Detection of SYNJ2BP and SYNJ2 protein levels

Mouse primary cortical neurons were plated in PLL- and laminin-coated 6 well plates (Greiner) (2*10°
cells per well) and cultivated in NB+B27+PSG as described above. To assess the expression levels of
myc-tagged SYNJ2BP WT, S21A and S21E constructs, cortical neurons were lentivirally transduced with
the corresponding constructs for about 8 h on DIV1. For detection of endogenous expression levels of
SYNJ2BP and SYNJ2 under different conditions, cortical neurons were treated with 1 mM AICAR
(Abcam), 20 uM CC (Abcam), 500 nM insulin (Sigma-Aldrich) or cultured in NB+B27+PSG lacking insulin
for 2 h on DIV6. Afterwards, the cells were lysed in a buffer containing 25 mM Tris/HCl pH 7.4, 150 mM
NaCl, 1 mM EDTA and 1 % NP-40 supplemented with protease inhibitor cocktail (Roche) and 200 uM
PMSF (40 pl per well). The lysates were cleared by centrifugation at 10000 rpm for 1 min at 4 °C. The
pellet was discarded, while the supernatant was mixed with Laemmli sample buffer and boiled for 5
min at 95 °C. The samples were analyzed by SDS-PAGE and immunoblotting on 15 % and 7.5 %
polyacrylamide gels for SYNJ2BP and SYNJ2 detection, respectively, following standard protocols. Anti-
SYNJ2 rabbit antibody (1:500; Proteintech, #13893-1-AP), anti-SYNJ2BP rabbit antibody (1:500;
Proteintech, #15666-1-AP), and anti-Blll tubulin mouse (2G10) antibody (1:2000; Invitrogen, #MA1-

118) were used.

2.8.3 Detection of PINK1 expression levels
PINK1 levels were determined as described previously (Hees & Harbauer, 2023). Human iPSC-derived

cortical neurons were plated in PLL- and laminin-coated 6 well plates (Greiner) (2*10° cells per well)
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and maintained in conditioned Sidhof neuronal growth medium as described above. HEK293T cells
were seeded in 6 well plates (Greiner) (0.5*10° cells per well) and cultivated in DMEM supplemented
with 10 % FBS and 1 % P/S as described above. On DIV14, human iPSC-derived cortical neurons were
cultured in conditioned Stdhof neuronal growth medium lacking insulin or treated with 10 uM AKT
inhibitor VIII (TCI), 1 mM AICAR (Abcam) or 20 uM CC (Abcam) for 2 h. Two days after seeding, HEK293T
cells were treated with 1 uM GSK1904529A (Abcam) or 10 uM AKT inhibitor (TCI) for 2 h. HEK293T cells
and human iPSC-derived cortical neurons were lysed in buffer containing 25 mM Tris/HCI pH 7.4,
150 mM NaCl, 1 mM EDTA and 1 % NP-40 supplemented with protease inhibitor cocktail (Roche) and
200 UM PMSF. The lysates were cleared by centrifugation at 10000 for 1 min at 4 °C. After addition of
1x Laemmli sample buffer the supernatants were boiled for 5 min at 95 °C. The samples were analyzed
by SDS-PAGE and immunoblotting on a 12 % polyacrylamide gel following standard protocols. Anti-
PINK1 rabbit antibody (1:500; Novus Biologicals, #8C100-494), anti-Blll tubulin mouse (2G10) antibody
(1:2000; Invitrogen, #MA1-118), and anti-B-actin mouse (AC-74) antibody (1:500; Sigma-Aldrich,
A5316) and were used.

2.9 Lentivirus production

HEK293T cells were used for the production of lentiviral particles as described previously (Hees &
Harbauer, 2023). The cells were plated in collagen (Sigma-Aldrich)-coated 10 cm dishes (Falcon) (6*10°
cells per dish) and maintained in DMEM supplemented with 10 % FBS and 1 % P/S as described above.
24 h after seeding, each 10 cm dish of HEK293T cells was transfected with 5 pg of the respective
transfer plasmid (mycSYNJ2BP WT, S21A, S21E, pLV-TetO-hNGN2-eGFP-puro, FudeltaGW-rtTA, GFP-
Cre, control GFP, non-targeting control shRNA, AMPKal shRNA or AMPKa2 shRNA) and 5 ug of the
packaging plasmid mix (pMDLg/pRRE, pRSV-Rev, pMD2.G; ratio 4:1:1) using TransIT-Lenti reagent
(Mirus Bio). After 48 h, the medium of the cells, which contained the lentiviral particles, was collected
and cleared by centrifugation at 300xg for 10 min at room temperature. The supernatant was mixed
with lentivirus precipitation solution (Alstem) in a 4:1 ratio (10 ml supernatant and 2.5 ml precipitation
solution per dish) and incubated at 4 °C overnight. On the next day, the mix was centrifuged at 1500xg
for 30 min at 4 °C to sediment the lentiviral particles. The supernatant was discarded and the pellet

was resuspended in 1 ml ice-cold PBS per 10 cm dish, aliquoted and stored at -80 °C.

2.10 Co-immunoprecipitation
Co-immunoprecipitation experiments for assessing the interaction between SYNJ2BP and SYNJ2 were
performed as described previously (Hees & Harbauer, 2023). Mouse primary cortical neurons were

plated in PLL- and laminin-coated 6 well plates (Greiner) (2*10° cells per well) and cultivated in
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NB+B27+PSG as described above. On DIV1, cortical neurons were lentivirally transduced with
mycSYNJ2BP WT for about 8 h. On DIV6, neurons were lysed in a buffer containing 25 mM Tris/HCI
pH 7.4, 150 mM NaCl, 1 mM EDTA and 1 % NP-40 supplemented with protease inhibitor cocktail
(Roche), 200 uM PMSF and PhosStop (Roche) (40 ul per well). The lysates were cleared by
centrifugation at 10000 rpm for 1 min at 4 °C. The pellet was discarded, while the supernatant was
treated either with or without CIP (NEB) for 1 h at 37 °Cin 1x rCutSmart buffer. 10 % of the total lysate
volume was kept as input. The remaining lysate was mixed with buffer containing 20 mM Tris/HCl pH 8,
5 mM MgCl;, 140 mM NaCl, 0.1 % Triton-X, 0.5 mM DTT and 200 uM PMSF in a 1:1 ratio and incubated
with either 2 pg anti-SYNJ2BP rabbit antibody (Proteintech, #15666-1-AP) or anti-flag rabbit antibody
(Sigma-Aldrich; #F7425) as 1gG control per ml lysate for 30 min, rotating, at 4 °C. Afterwards, 10 mg of
1 % BSA-blocked protein A sepharose beads were added to each sample and incubated for another
60 min, rotating, at 4 °C. For the following washing steps, the beads were transferred to columns
(MoBiTec) and washed five times with buffer containing 20 mM Tris/HCl pH 8, 5 mM MgCl,, 140 mM
NaCl, 0.1 % Triton-X, 0.5 mM DTT and 200 uM PMSF. Finally, proteins were eluted in 1x Laemmli sample
buffer for 2 min at 95 °C. The samples were analyzed by SDS-PAGE and immunoblottingona7.5-15%
gradient polyacrylamide gel following standard protocols. Anti-SYNJ2BP rabbit antibody (1:500;
Proteintech, 15666-1-AP), anti-SYNJ2 rabbit antibody (1:500; Proteintech, #13893-1-AP), and anti-plll
tubulin mouse (2G10) antibody (1:2000; Invitrogen, #MA1-118) were used.

2.11 Phospho-mass spectrometry

2.11.1 Sample Preparation

Phospho-mass spectrometry experiments were performed in collaboration with Barbara
Steigenberger from the Max Planck Institute of Biochemistry, Martinsried, Germany as described
previously (Hees & Harbauer, 2023). Mouse primary cortical neurons were plated in PLL- and laminin-
coated 6 well plates (Greiner) (2*10° cells per well) and cultivated in NB+B27+PSG as described above.
On DIV1, cortical neurons were lentivirally transduced with mycSYNJ2BP WT for about 8 h. On DIV,
the cells were cultured for 2 h in NB+B27+PSG lacking insulin and simultaneously treated with or
without 20 uM CC (Abcam) and 500 nM insulin (Sigma-Aldrich), respectively. Afterwards, cells were
collected in ice-cold PBS and pelleted at 10000 rpm for 1 min. The following steps were performed at
the mass spectrometry facility of the Max Planck Institute of Biochemistry, Martinsried. The harvested
cell pellets of approximately 10*10° mouse cortical neurons were mixed with 200 pl of preheated SDC
buffer (1% SDC, 40 mM CAA, 10 mM TCEP in 100 mM Tris, pH 8.0) and incubated at 95 °C for 2 min.
Subsequently, ultrasonication was performed using a Bioruptor Plus sonication system (Diogenode)

for a total of 10 min, with 10 cycles of 30 s at high intensity followed by a 30 s pause. The incubation
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and ultrasonication process was performed twice. Afterwards, MS grade water was used to dilute the
sample in a 1:1 ratio. Protein digestion was carried out by adding 2 ug of Lys-C for a 4 h incubation,
followed by an overnight incubation at 37 °C with 4 pg of trypsin. The resulting peptide solution was
acidified with trifluoroacetic acid (TFA) to a final concentration of 1 %. Desalting of the peptides was
performed using Sep-Pak C18 5cc vacuum cartridges. The desalted peptides were then dried and
resuspended in 220 pl of equilibration buffer (80 % acetonitrile and 0.1 % TFA) right before the
phospho-peptide enrichment process. Alternatively, the peptides were resuspended in buffer A (0.1 %

formic acid (FA)) for the measurement of the total proteome.

2.11.2 Phospho-peptide enrichment

Phospho-peptide enrichment was conducted using an automated AssayMAP Bravo Platform (Agilent
Technologies), employing AssayMAP FE(lll)-NTA cartridges (Agilent Technology). Initially, the
cartridges were primed with 200 pl of priming buffer (100 % acetonitrile and 0.1 % TFA). And
equilibrated with 250 pl of equilibration buffer (80 % acetonitrile and 0.1% TFA). After loading the
sample onto the cartridges, the cartridges were washed with 250 pl of equilibration buffer to remove
any unbound or non-specifically bound peptides. The enriched phospho-peptides were then eluted
using 35 pl of elution buffer (10 % NHs in H,0). To acidify the eluted peptides, 35 ul of 10 % FA was
added. Afterwards, the samples were concentrated using a SpeedVac apparatus for 45 min at 37 °C.

The SpeedVac process involves evaporation of solvents under vacuum to concentrate the peptides.

2.11.3 LC MS/MS data acquisition

The peptides were introduced into a 30 cm column with a 75 um inner diameter (packed in-house with
ReproSil-Pur C18-AQ 1.9 um beads, Dr. Maisch GmbH). This loading process was performed via the
autosampler of the Thermo Easy-nLC 1200 system (Thermo Fisher Scientific), with the column
temperature maintained at 60 °C. The eluted peptides were directly transferred to the benchtop
Orbitrap mass spectrometer Exploris 480 (Thermo Fisher Scientific) using a nanoelectrospray interface.
During peptide separation, buffer A (0.1 % FA) was used for peptide loading. The separation was
achieved at a flow rate of 300 nL/min, utilizing a gradient of buffer B (80 % acetonitrile and 0.1 % FA).
The gradient started at 5 % buffer B and gradually increased to 30 % over a duration of 105 min.
Subsequently, there was a rapid increase to 65 % buffer B in 5 min, followed by a further increase to
95 % buffer B over the next 5 min. The percentage of buffer B was then maintained at 95 % for an
additional 5 min. Operating in a data-dependent mode, the mass spectrometer performed survey
scans in the range of 300 to 1650 m/z, with a resolution of 60000 at m/z = 200. Up to 15 of the most

intense precursor ions were selected for fragmentation using higher energy collisional dissociation
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(HCD) with a normalized collision energy set at 28. The resulting MS2 spectra were captured at a
resolution of 30000 (at m/z = 200). The Automatic Gain Control (AGC) target was set to 3E6 for MS
scans and 1E5 for MS2 scans with a maximum injection time of 25 ms for MS1. The injection time for
MS2 scans was automatically determined. Dynamic exclusion was set to 30 ms, preventing the

reselection of previously fragmented ions within that time window.

2.12 RNAsolation and RT-gPCR

RNA isolation and RT-qPCR experiments were performed as described previously (Hees & Harbauer,
2023). Mouse primary cortical neurons were plated in PLL- and laminin-coated 6 well plates (Greiner)
(2*1068 cells per well) and cultivated in NB+B27+PSG as described above. On DIV6, RNA was isolated
from neurons treated with or without 20 uM CC (Abcam) for 2 h and with 50 nM ApoE3 (PeproTech)
or 50 nM ApoE4 (PeproTech) overnight, respectively, using the QIAGEN RNeasy Mini Kit following the
manufacturer’s instructions. The RNA concentration was determined using a NanoDrop®
spectrophotometer and 500 ng were used for complementary DNA (cDNA) synthesis with gScriptTM
cDNA SuperMix (Quantabio). The RT-qPCR assay was performed in a Mic (magnetic induction cycler)
PCR machine (Bio Molecular Systems) using the PerfeCTa SYBR® Green FastMix (Quantabio) and the
following primers (5 > 3’): Pinkl forward: GCGAAGCCATCTTAAGCAAA; Pinkl reverse:
AGTAGTGTGGGGGCAGCATA; B-actin forward: ACACTGTGCCCATCTACG and p-actin reverse:
GCTGTGGTGGTGAAGCTGTAG.

2.13  Live cell mRNA imaging

Live cell imaging of Pinkl, Cox4i or Atp5f1f mRNA in mouse primary hippocampal neurons was
conducted as described previously (Harbauer et al., 2022; Hees & Harbauer, 2023). Neurons were
plated in PLL- and laminin-coated 24-well glass bottom plates (CellVis) (100*103 cells per well) and
cultivated as described above. On DIV5-7, neurons were transfected with the Pink1 kinase dead (Pink1-
kinase dead-MS2-PP7), Cox4i or Atp5f1p construct containing the MS2 and PP7 binding sites and the
split-Venus construct along with organellar markers (mito-mRaspberry-7, TMEM192-mRFP-3xHA or
mCherry-Rab7a) as well as shRNAs against SYNJ2BP, AMPKal or AMPKa2 and constructs encoding
mycSYNJ2BP WT, S21A, S21E, SYNJ2mito WT, VQL/AAA and Snap-Omp25 using Lipofectamine® 2000
transfection reagent (Thermo Fisher Scientific). While 2 ul Lipofectamine® was used per well, 4 ug of
the Pinkl-kinase dead-MS2-PP7 construct was transfected to prevent retention of RNA inside the
nucleus. Furthermore, the optimal ratio between the two plasmids, Pink1-kinase dead-MS2-PP7 and
split-Venus, was empirically determined to be 4:1. 0.3 pg of the DNA encoding for the organellar

markers, the shRNAs and the SYNJ2BP and SYNJ2 constructs was used per well. Briefly, Lipofectamine®
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and DNAs were mixed in NB+PSG and incubated for at least 20 min at room temperature. After
changing the medium of the neurons from NB+B27+PSG to NB+PSG, prepared DNA-lipofectamine
complexes were added. Following a 20 min incubation, conditioned and fresh NB+B27+PSG was added
to the cells in a 1:1 ratio. The cells were imaged 2 days after transfection, except in the case of co-
transfection with shRNAs against SYNJ2BP, AMPKal or AMPKa2, where expression was allowed for 4
days to achieve an effective knock down of the respective proteins. On DIV9, the neurons were imaged
with an Eclipse Ti2 spinning disk microscope (Nikon) using a 60x/NA 1.2 oil immersion objective, a DS-
Qi2 high-sensitivity monochrome camera and NIS-Elements software (version 5.21.03) at the Imaging
Facility of the Max Planck Institute for Biological Intelligence, Martinsried. Prior to imaging, the
neuronal medium was replaced by Hibernate E medium without phenol red (BrainBits). Furthermore,
the following treatments were performed depending on the respective experiment: 500 nM insulin
(Sigma-Aldrich) for 1 h, 10 uM AKT inhibitor VIII (TCI) for 2 h, 1 uM Wortmannin (EMD Millipore) for
2 h, 1 uM GSK1904529A (Abcam) for 2 h, 20 uM CC (Abcam) for 2 h, 1 mM AICAR (Abcam) for 2 h,
50 nM ApoE3 or ApoE4 (PeproTech) overnight.

2.14 Protein translation assays

2.14.1 SunTag system

Mouse primary hippocampal neurons and Hela cells were plated in PLL- and laminin-coated 24-well
glass bottom plates (CellVis) (100*10% and 50*103% cells per well, respectively) and cultivated as
described above. Hela cells were transfected with the Pinkl kinase dead construct containing the
SunTag repeats (Pinkl-kinase dead-10xGCN4-12xMS2-PP7) and the scFv-GFP construct. In neurons,
depending on the respective experiment, transfection of Pinkl-kinase dead-10xGCN4-12xMS2-PP7
and scFv-GFP was combined with organellar markers (mito-mRaspberry-7, mCherry-Rab7A,
TMEM192-mRFP-3xHA or pLAMP1-mCherry) or plasmids encoding mycSYNJ2BP WT or S21E. While
1 pg of the Pinkl-kinase dead-10xGCN4-12xMS2-PP7 construct was transfected, 0.3 ug of the DNA
encoding for the organellar markers and the mycSYNJ2BP constructs was used per well. Furthermore,
the optimal ratio between the two plasmids, Pink1-kinase dead-10xGCN4-12xMS2-PP7 and scFv-GFP,
was empirically determined to be 4:1. Hela cells were transfected one day after plating using calcium
phosphate, while neurons were transfected on DIV7 in NB+PSG using Lipofectamine® 2000
transfection reagent (Thermo Fisher Scientific) as described above. On DIV9 or 2 days after
transfection, neurons and Hela cells were imaged with an Eclipse Ti2 spinning disk microscope (Nikon)
using a 60x/NA 1.2 oil immersion objective, a DS-Qi2 high-sensitivity monochrome camera and NIS-
Elements software (version 5.21.03) at the Imaging Facility of the Max Planck Institute for Biological
Intelligence, Martinsried. Prior to imaging, the medium was replaced by Hibernate E medium without

phenol red (BrainBits). Furthermore, the following treatments were performed depending on the
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respective experiment: 500 nM insulin (Sigma-Aldrich) for 1 h, 10 uM AKT inhibitor VIII (TCI) for 2 h,
1 UM Wortmannin (EMD Millipore) for 2 h, 1 uM GSK1904529A (Abcam) for 2 h, 20 uM CC (Abcam) for
2 h, 1 mM AICAR (Abcam) for 2 h, 10 nM Torin-2 (Sigma-Aldrich) for 30 min, 100 nM Bafilomycin Al

(Abcam) for 2 h, 200 pg/ml Puromycin (Enzo Life Sciences) for 2 h.

2.14.2 RiboTag assay

Mouse primary cortical neurons from heterozygous B6N.129-Rpl22tmt-1Psam/j (Rpl|22-HA) (Sanz et al.,
2009) E16.5 mouse embryos were plated in PLL- and laminin-coated 6-well plates (Greiner) (2*10° cells
per well) and cultivated as described above. On DIV1, cortical neurons were transduced either with
lentivirus packaged Cre-GFP or control-GFP plasmid for 5-8 h. In the presence of Cre recombinase,
expression of the modified allele of the ribosomal gene Rpl22 (Rpl22-HA) is induced. The
immunoprecipitation of the HA-tagged ribosomes was performed as described above. Briefly, on DIV6,
cells were treated with 1 mM AICAR or 20 uM CC for 2 h followed by lysis (25 mM Tris/HCl pH 7.4,
1 % NP-40, 150 mM NaCl, supplemented with protease inhibitor cocktail (Roche) and 200 uM PMSF)
and centrifugation at 10000 rpm for 1 min. After discarding the pellets, 10 % of the supernatant was
kept as input and the rest was incubated with 0.5 pg anti-HA rabbit antibody (Cell Signaling, #3724)
per ml lysate for 30 min at 4 °C. Following blocking using 1 mg/ml BSA, protein A sepharose beads were
added to the lysate-antibody mix and incubated for additional 60 min at 4 °C. Finally, the beads
underwent five washing steps in columns (MoBiTec) using a buffer containing 20 mM Tris/HC| pH 8,
5 mM MgCl,, 140 mM NaCl, 0.1 % Triton X-100, 0.5 mM DTT and 200 uM PMSF and were eluted by
addition of Laemmli sample buffer followed by boiling at 95 °C for 2 min. Half of each sample was
analyzed by immunoblotting to confirm the successful isolation of HA-tagged ribosomes using anti-HA
rabbit antibody (1:500; Cell Signaling, #3724) and anti-Blll tubulin mouse (2G10) antibody (1:2000;
Invitrogen, #MA1-118). The other half was used for RNA isolation followed by RT-gqPCR as described
above. Briefly, RNA was isolated using the QIAGEN RNeasy Mini Kit following the manufacturer’s
instructions. cDNA synthesis was performed with qScriptTM cDNA SuperMix (Quantabio), while the
RT-gPCR assay was conducted in a Mic PCR machine (Bio Molecular Systems) using the PerfeCTa SYBR®
Green FastMix (Quantabio) and the following primers (5 -2 3’): Pinkl forward:
GCGAAGCCATCTTAAGCAAA,; Pinkl reverse: AGTAGTGTGGGGGCAGCATA.

2.15 PINK1-GFP imaging
Mouse primary hippocampal neurons were plated in PLL- and laminin-coated 24-well glass bottom
plates (CellVis) (100*10° cells per well) and cultivated as described above. On DIV7, neurons were

transfected with 0.3 pg PINK1-GFP and 0.3 pg mito-BFP per well. The transfection was performed in
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NB+PSG using Lipofectamine® 2000 transfection reagent (Thermo Fisher Scientific) as described above.
On DIV9, neuronal medium was replaced by NB+B27+PSG supplemented either with or without insulin
for 2 h. Subsequently, neurons were imaged with an Eclipse Ti2 spinning disk microscope (Nikon) using
a 60x/NA 1.2 oil immersion objective, a DS-Qi2 high-sensitivity monochrome camera and NIS-Elements
software (version 5.21.03) at the Imaging Facility of the Max Planck Institute for Biological Intelligence,
Martinsried. Prior to imaging, the neuronal medium was replaced by Hibernate E medium without

phenol red (BrainBits) supplemented with or without 500 nM insulin.

2.16 Proximity Ligation Assay

Mouse primary hippocampal neurons were plated on acid-washed, PLL- and laminin-coated glass
coverslips (1.5 mm, Marienfeld) (50*103 cells per well) and cultivated as described above. For detection
of PLA signal between endogenous SYNJ2 and SYNJ2BP WT, S21A and S21E, respectively, neurons were
transfected with 0.3 pg mito-meGFP as well as 0.3 pg of the respective SYNJ2BP construct per coverslip
on DIV5. For detection of PLA signal between the PINK1 SunTag signal and ribosomes, neurons were
transfected with 1 pg Pinkl-kinase dead-10xGCN4-12xMS2-PP7 and 0.25 pg scFv-GFP on DIV5. The
transfection was performed in NB+PSG using Lipofectamine® 2000 transfection reagent (Thermo
Fisher Scientific) as described above. For detection of PLA signal between endogenous SYNJ2BP and
SYNJ2, no transfection was conducted. Before fixation on DIV7, the following treatments were
performed depending on the respective experiment: 1 mM AICAR (Abcam) or 20 uM CC (Abcam) were
added to either NB+B27+PSG or Hibernate E medium (BrainBits) and incubated with the neurons for
2 h. For the starvation condition, neurons were kept for 2 h in NB+B27+PSG lacking insulin.
Furthermore, 500 nM insulin (Sigma-Aldrich) and 1 uM GSK1904529A (Abcam) were added to the
neurons cultured in NB+B27+PSG for 1 h and 2 h, respectively. Additionally, the untransfected cells
were stained with 100 nM MitoTracker Deep Red (Invitrogen) at 37 °C for 20 min followed by three
quick washes in the appropriate medium. Subsequently, neurons were fixed with 4 %
paraformaldehyde (PFA; pre-heated to 37 °C) for 15 min at room temperature and permeabilized with
0.3 % Triton/PBS for 10 min at room temperature. The following steps were performed according to
the manufacturer’s instructions (Sigma-Aldrich) and as described (Harbauer et al., 2022; Hees &
Harbauer, 2023). Neurons were blocked using the Duolink blocking solution for 60 min at 37 °Cin a
humidity chamber and afterwards incubated with the primary antibodies (anti-SYNJ2 rabbit antibody,
Proteintech, #13893-1-AP, 1:50; anti-SYNJ2BP mouse antibody, Sigma-Aldrich, #SAB1400613, 1:50;
anti-RPS6 rabbit (5G10) antibody, Cell Signaling Technology, #2217, 1:200) diluted in Duolink antibody
diluent at 4 °C overnight. On the next day, cells were washed with buffer A (0.01 M Tris, 0.15 M NaCl,
0.05 % Tween 20) two times for 5 min at room temperature and afterwards incubated with the Duolink

anti-rabbit plus and anti-mouse minus PLA probes, which were diluted in a 1:5 ratio in the Duolink
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antibody diluent, at 37 °C for 60 min. After two washes with buffer A for 5 min at RT, cells were treated
with a ligase, diluted in the Duolink ligation buffer (1:40), at 37 °C for 30 min, which was again followed
by two washes with buffer A for 5 min at room temperature. Afterwards, a polymerase diluted in the
Duolink amplification buffer (1:80) that contains fluorescently-labeled oligonucleotides (green or far-
red) was added and the cells were incubated at 37 °C for 100 min. Following two washing steps in
buffer B (0.2 M Tris, 0.1 M NaCL) for 10 min at room temperature and a final washing step in 0.01x
buffer B for 1 min at RT, coverslips were mounted using Fluoromount G (Invitrogen) and imaged with
an Eclipse Ti2 spinning disk microscope (Nikon) using a 60x/NA 1.2 oil immersion objective, a DS-Qi2
high-sensitivity monochrome camera and NIS-Elements software (version 5.21.03) at the Imaging

Facility of the Max Planck Institute for Biological Intelligence, Martinsried.

2.17 Fluorescence Lifetime Imaging (FLIM)

Mouse primary hippocampal neurons were plated in PLL- and laminin-coated 24-well glass bottom
plates (CellVis) (100*10° cells per well) and cultivated as described above. On DIV6, neurons were
transfected with 0.3 pg of the AMPK FRET biosensor pPBbsr2-4031NES (Konagaya et al., 2017), Mito-
ABKAR, Cyto-ABKAR or LAMP1-ABKAR (Miyamoto et al., 2015) per well. The transfection was
performed in NB+PSG using Lipofectamine® 2000 transfection reagent (Thermo Fisher Scientific) as
described above. On DIV7, one day before imaging, neuronal medium was replaced by NB+B27+PSG
supplemented either with or without insulin as well as with or without 50 nM ApoE3 (PeproTech) or
50 nM ApoE4 (PeproTech). On DIVS, the neurons were imaged with a LEICA (Wetzlar, Germany) SP8
FALCON confocal laser scanning microscope using an HCX PL APO 63x/1.2 motCORR CS water
immersion objective and the LAS-X software (version 3.5.5) at the Imaging Facility of the Max Planck
Institute of Biochemistry, Martinsried. Prior to imaging, the neuronal medium was replaced by
Hibernate E medium without phenol red (BrainBits) supplemented with or without 500 nM insulin as
well as with or without 50 nM ApoE3 or ApoE4. Furthermore, the following additional treatments were
performed 2 h before imaging to inhibit the insulin pathway: 1 uM GSK1904529A (Abcam), 1 uM
Wortmannin (EMD Millipore) and 10 uM AKT inhibitor VIII (TCI). To analyze AMPK activity, fluorescence
lifetime imaging (FLIM) was performed at 37 °C as described previously (Hees & Harbauer, 2023). To
this end, a pulsed diode laser (PicoQuant) was used to excite the donor of either AMPK FRET biosensor
at 440 nm. The donor lifetime was determined by detection of photon arrival times of a maximum of
1000 photons per brightest pixel between 470 and 512 nm using the phasor analysis approach (Digman
et al., 2008; Hinde et al., 2012).
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2.18 Mitophagy assays

2.18.1 Phospho-ubiquitin and optineurin immunostaining

Immunostaining of phospho-ubiquitin and optineurin was performed as described previously (Hees &
Harbauer, 2023). Mouse primary hippocampal neurons were plated on acid-washed, PLL- and laminin-
coated glass coverslips (1.5 mm, Marienfeld) (50*103 cells per well) and cultivated as described above.
On DIV6, neurons were transfected with 0.3 pg mito-meGFP as well as 0.3 ug SYNJ2BP WT, S21A or
S21E depending on the experiment. The transfection was performed in NB+PSG using Lipofectamine®
2000 transfection reagent (Thermo Fisher Scientific) as described above. On DIV7, one day before
fixation, neuronal medium was replaced by NB+B27+PSG supplemented either with or without insulin
as well as with or without 50 nM ApoE3 or ApoE4 (PeproTech). On the next day, neurons were treated
with or without 1 mM AICAR (Abcam) for 2 h as well as with or without 10 nM Torin-2 (Sigma-Aldrich)
for 30 min. Following induction of mitochondrial damage using 20 uM AA (Alfa Aesar) for 45 min,
neurons were fixed with 4 % PFA (pre-warmed to 37 °C) for 15 min at room temperature. After
permeabilization in 0.3 % Triton X-100/PBS for 10 min and blocking in 1 % BSA/PBS for 1 h at room
temperature, neurons were incubated with primary antibodies (anti-optineurin rabbit antibody (1:500;
Abcam, #ab23666), anti-phospho-ubiquitin S65 rabbit antibody (1:200; Millipore, #ABS1513-1), and
anti-Blll tubulin mouse (2G10) antibody (1:1000; Invitrogen, #MA1-118)) diluted in 1 % BSA/PBS at 4 °C
overnight. On the next day, the fixed neurons were washed three times in PBS for 5 min each at room
temperature and incubated with secondary fluorescent antibodies (Alexa Fluor 568 goat anti-mouse
and Alexa Fluor 647 goat anti-rabbit (Invitrogen, 1:500)) diluted in 1 % BSA/PBS at room temperature
for 2 h followed by additional three washes in PBS. Finally, the coverslips were mounted using
Fluoromount G (Invitrogen) and imaged with an Eclipse Ti2 spinning disk microscope (Nikon) using a
60x/NA 1.2 oil immersion objective, a DS-Qi2 high-sensitivity monochrome camera and NIS-Elements
software (version 5.21.03) at the Imaging Facility of the Max Planck Institute for Biological Intelligence,

Martinsried.

2.18.2 Parkin translocation

Mouse primary hippocampal neurons were plated in PLL- and laminin-coated 24-well glass bottom
plates (CellVis) (100*10° cells per well) and cultivated as described above. On DIV7, neurons were
transfected with 0.3 pg YFP-Parkin, 0.3 pg mito-mRaspberry-7 and 0.3 ug EBFP2-C1 (cytosolic BFP) per
well. The transfection was performed in NB+PSG using Lipofectamine® 2000 transfection reagent
(Thermo Fisher Scientific) as described above. On DIVS8, one day before imaging, neuronal medium was
replaced by NB+B27+PSG supplemented either with or without insulin. On DIV9, the neurons were
imaged with an Eclipse Ti2 spinning disk microscope (Nikon) using a 60x/NA 1.2 oil immersion

objective, a DS-Qi2 high-sensitivity monochrome camera and NIS-Elements software (version 5.21.03)
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at the Imaging Facility of the Max Planck Institute for Biological Intelligence, Martinsried. Prior to
imaging, the neuronal medium was replaced by Hibernate E medium without phenol red (BrainBits)
supplemented with or without 500 nM insulin. To visualize Parkin translocation to damaged
mitochondria, the same dendrites were imaged before and 30 min after 20 uM AA (Alfar Aesar)

treatment as described previously (Harbauer et al., 2022; Hees & Harbauer, 2023).

2.18.3 Mitochondrial and lysosomal colocalization assay

Mouse primary hippocampal neurons were plated in PLL- and laminin-coated 24-well glass bottom
plates (CellVis) (100*102 cells per well) and cultivated as described above. On DIV7, neurons were
transfected with 0.3 pug mito-meGFP and 0.3 ug LAMP1-mCherry per well. The transfection was
performed in NB+PSG using Lipofectamine® 2000 transfection reagent (Thermo Fisher Scientific) as
described above. On DIVS8, one day before imaging, neuronal medium was replaced by NB+B27+PSG
supplemented either with or without insulin. On DIV9, the neurons were imaged with an Eclipse Ti2
spinning disk microscope (Nikon) using a 60x/NA 1.2 oil immersion objective, a DS-Qi2 high-sensitivity
monochrome camera and NIS-Elements software (version 5.21.03) at the Imaging Facility of the Max
Planck Institute for Biological Intelligence, Martinsried. Prior to imaging, the neuronal medium was
replaced by Hibernate E medium without phenol red (BrainBits) supplemented with or without 500 nM

insulin. Furthermore, AA (Alfar Aesar, 20 uM) was added to the neurons 45 min before imaging.

2.19 DNAIJB6 immunostaining

Mouse primary hippocampal neurons were plated on acid-washed, PLL- and laminin-coated glass
coverslips (1.5 mm, Marienfeld) (50*103 cells per well) and cultivated as described above. On DIVS,
neurons were transfected with 1 pg Pinkl1-kinase dead-10xGCN4-12xMS2-PP7 and 0.25 ug scFv-GFP.
The transfection was performed in NB+PSG using Lipofectamine® 2000 transfection reagent (Thermo
Fisher Scientific) as described above. On DIV8, neurons were treated with or without 20 uM CC
(Abcam) for 2 h. Afterwards, neurons were fixed with 4 % PFA (pre-warmed to 37 °C) for 15 min at
room temperature. After permeabilization in 0.3 % Triton X-100/PBS for 10 min and blocking in 1 %
BSA/PBS for 1 h at room temperature, neurons were incubated with the primary antibody anti-DNAJB6
rabbit antibody (1:500; Proteintech, #11707-1-AP) diluted in 1 % BSA/PBS at 4 °C overnight. On the
next day, the fixed neurons were washed three times in PBS for 5 min each at room temperature and
incubated with the secondary fluorescent antibody Alexa Fluor 647 goat anti-rabbit (Invitrogen, 1:500)
diluted in 1 % BSA/PBS at room temperature for 2 h followed by additional three washes in PBS. Finally,
the coverslips were mounted using Fluoromount G (Invitrogen) and imaged with an Eclipse Ti2 spinning

disk microscope (Nikon) using a 60x/NA 1.2 oil immersion objective, a DS-Qi2 high-sensitivity
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monochrome camera and NIS-Elements software (version 5.21.03) at the Imaging Facility of the Max

Planck Institute for Biological Intelligence, Martinsried.

2.20 Correlative light and scanning electron microscopy

For correlative imaging, mouse primary hippocampal neurons were plated in PLL- and laminin-coated
35 mm glass bottom dishes (1.5 gridded coverslip, 14 mm glass diameter, MatTek) (150*103 cells per
dish) and cultivated as described above. On DIV7, neurons were transfected with 1 pg Pink1-kinase
dead-10xGCN4-12xMS2-PP7, 0.25 ug scFv-GFP, 0.3 pug mito-BFP and 0.3 ug TMEM192-mRFP-3xHA.
The transfection was performed in NB+PSG using Lipofectamine® 2000 transfection reagent (Thermo
Fisher Scientific) as described above. On DIV9, the neurons were imaged with an Eclipse Ti2 spinning
disk microscope (Nikon) using a 60x/NA 1.2 oil immersion objective, a DS-Qi2 high-sensitivity
monochrome camera and NIS-Elements software (version 5.21.03) at the Imaging Facility of the Max
Planck Institute for Biological Intelligence, Martinsried. Prior to imaging, the neuronal medium was
replaced by Hibernate E medium without phenol red (BrainBits) and the neurons were treated with or
without 20 uM CC (Abcam) for 2 h. Immediately after imaging, the neurons were fixed using freshly
prepared 2.5 % glutaraldehyde in 0.1 M cacodylate buffer (Science Services). The fixative was prepared
as a 2x solution, pre-warmed to 37 °C and added directly into the Hibernate E medium of the neurons
in a ratio of 1:1. After 5 min at 37 °C, it was replaced by 1x fixative and incubated for additional 25 min
on ice. The fixative was removed by three 5 min washes with 0.1 M cacodylate buffer on ice.
Afterwards, the samples were further processed by Martina Fetting at the electron microscopy hub at
the German Center for Neurodegenerative Diseases (DZNE), Munich, Germany. A reduced osmium
thiocarbohydrazide osmium (rOTO) en bloc staining protocol was applied including postfixation in 2 %
osmium tetroxide (EMS), 1.5 % potassium ferricyanide (Sigma-Aldrich) in 0.1 M sodium cacodylate
buffer (pH 7.4) (Kislinger et al., 2020). Staining was enhanced through a 45-min reaction with 1%
thiocarbohydrazide (Sigma-Aldrich) at 40 °C. Neurons were subsequently rinsed in water and
immersed in a 2 % aqueous solution of osmium tetroxide. Following another wash, they were further
contrasted by an overnight incubation in a 1 % aqueous solution of uranyl acetate at 4 °C and for an
additional 2 h incubation at 50°C. To prepare the samples for further processing, they were
dehydrated using a series of increasing ethanol concentrations and infiltrated with LX112 (LADD). After
curing the block was removed from the glass cover slip by freeze-thaw cycles. The region of interest
was trimmed (TRIM2, Leica) according to the grid pattern that has previously been acquired by
confocal imaging. Serial sections were obtained using a 35° ultra-diamond knife (Diatome) on an
ATUMtome (Powertome, RMC). The sections had a nominal thickness of 80 nm and were collected
onto Kapton tape that had been freshly treated with plasma (custom-built, based on Pelco easiGlow,

adopted from M. Terasaki, U. Connecticut, CT) and was carbon-coated (kindly provided by Jeff
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Lichtman and Richard Schalek). Subsequently, the tape stripes were assembled onto adhesive carbon
tape (Science Services), which in turn was attached to 4-inch silicon wafers (Siegert Wafer) and
grounded using adhesive carbon tape strips (Science Services). EM micrographs were captured using
an Apreo S2 SEM (Thermo Fisher Scientific) as described previously (Kislinger et al., 2023). Hierarchical
imaging of serial sections was performed by mapping the plastic tape strips at low lateral resolution
and acquisition of entire tissue sections at medium resolution (100-200 nm). The region of interest was
correlated by the grid pattern and cellular morphologies and serial sections thereof acquired at 5 nm
lateral resolution. Serial section data were aligned using a combination of automated and manual
processing procedures within Fiji TrakEM2 (Kislinger et al., 2023). Single sections bearing the organellar

structures of interest were selected.

2.21 Quantification and statistical analysis
All data are shown as mean + SEM. GraphPad Prism (version 9.1.0) for Windows, GraphPad Software,

San Diego, California, USA, www.graphpad.com, was used for graphical representation and statistical

analysis. For comparison of two conditions, a student’s or Welch’s t-test was performed, whereas a
one-way ANOVA with Tukey’s or Dunnett’s multiple comparisons was done for comparison of multiple
groups. A p-value of p<0.05 (*) was considered statistically significant and further significance levels
were defined as p<0.01 (**), p<0.001 (***) and p<0.0001 (****). The p-values are mentioned in the

figure in case of statistically non-significant comparisons.

2.21.1 Analysis of immunoblots

The Invitrogen iBright FL1000 Imaging System (Thermo Fisher Scientific) was used to acquire
immunoblot images as described previously (Hees & Harbauer, 2023). Densitometry analysis of images
was performed in Fiji/ImageJ (National Institutes of Health) (Schindelin et al., 2012). The values were

exported to Excel where the protein of interest was normalized to its respective loading control.

2.21.2 Analysis of mRNA imaging

The microscopy images from the Pink1 mRNA imaging were analyzed in Fiji/ImagelJ. The ‘Just Another
Colocalization Plugin’ (JaCoP) (Bolte & Cordeliéres, 2006) was used to quantify the Manders’
colocalization coefficient of the Venus (mRNA signal) and the respective organelle channel
(mitochondria, late endosomes, lysosomes) as previously described (Graber et al., 2013; Harbauer et
al., 2022; Hees & Harbauer, 2023). The quantification was performed on z-stack images. For the cell
body, a squared region containing the entire cell body was chosen and no maximum z-projection was

done. The dendrites were straightened with a 20 pixel margin following maximum z-projection. For
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the rotated Venus quantification, a 10 x 10 um square in the cell body was chosen based on the
organelle channel and excluding the nucleus. The Manders’ coefficient was determined before and
after rotation of the Venus channel. The values of the Manders’ coefficient were exported to Excel and
plotted in GraphPad Prism. Additionally, the length of the mitochondria as well as the number of Pink1
MRNA dots per mitochondrion were determined in the analyzed dendrites. The values were exported
to Excel and the number of Pink1 mRNA dots per um mitochondrion were determined. The data were

plotted in GraphPad Prism.

2.21.3 Analysis of SunTag imaging

The microscopy images from the PINK1 SunTag imaging were analyzed in Fiji/Imagel. All
guantifications were performed on z-stack images. A squared region containing the entire cell body
was chosen and maximum z-projection was performed. A thresholded image of the GFP (SunTag signal)
channel was created and the SunTag clusters were identified using the particle analyzer. The area as
well as the intensities of the non-thresholded images were determined. The JaCoP plugin was used to
quantify the Manders’ colocalization coefficient of the GFP (SunTag signal) and the respective
organelle channel (mitochondria, late endosomes, lysosomes). The quantification was performed on
z-stack images. A squared region containing the entire cell body was chosen and no maximum z-
projection was performed. The values of the Manders’ coefficient as well as the mean gray values

(intensity) and area values were exported to Excel and plotted in GraphPad Prism.

2.21.4 Analysis of proximity ligation assay

The microscopy images from the proximity ligation assay (PLA) were analyzed in Fiji/Imagel. The cell
body of the neuron was identified based on the mitochondrial channel and labeled by a self-drawn
ROI. The number of PLA puncta per cell body was manually counted after maximum z-projection of the
stacked images as previously described (Harbauer et al., 2022; Hees & Harbauer, 2023). The values

were exported to Excel and plotted in GraphPad Prism.

2.21.5 Analysis of p-ubiquitin and optineurin immunostaining

The microscopy images from the p-ubiquitin and optineurin staining were analyzed in Fiji/lmagel. The
JaCoP plugin was used to quantify the Manders’ colocalization coefficient of the p-ubiquitin/optineurin
and the mitochondrial channel as described in Harbauer et al., 2022 and Hees & Harbauer, 2023. The

quantification was performed on z-stack images. The Bl tubulin signal was used to identify intact
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dendrites, which were straightened with a 20 pixel margin following maximum z-projection. The values

of the Manders’ coefficient were exported to Excel and plotted in GraphPad Prism.

2.21.6 Analysis of Parkin translocation

The microscopy images from the Parkin translocation imaging were analyzed in Fiji/Imagel. The
guantification was performed on z-stack images. Images of dendrites before and 30 min after AA
treatment were straightened with a 20 pixel margin following maximum z-projection. The plot profile
function of Fiji/Imagel was used to generate plots of fluorescence intensity against the position along
dendrites for the mitochondrial and the YFP-Parkin channel as previously described (Hees & Harbauer,
2023). Comparison of the intensities of the two channels allowed the identification of Parkin-positive
mitochondria. When the intensity of a YFP-Parkin peak overlapping with a mitochondrial peak was at
least twice as high as the baseline intensity level, the mitochondrion was counted as Parkin positive.

The data were plotted in GraphPad Prism.

2.21.7 Analysis of the mitochondrial and lysosomal colocalization assay

The microscopy images from the mitochondrial and lysosomal colocalization assay were analyzed in
Fiji/Imagel. The ‘Just Another Colocalization Plugin’ (JaCoP) (Bolte & Cordeliéres, 2006) was used to
guantify the Manders’ colocalization coefficient of the mitochondrial and the lysosomal channel. The
quantification was performed on z-stack images. For the cell body, a squared region containing the
entire cell body was chosen and no maximum z-projection was done. The values of the Manders’

coefficient were exported to Excel and plotted in GraphPad Prism.

2.21.8 Analysis of Ct values from RT-qPCR

The Ct values were obtained from the micPCR software version 2.8.10 (Bio Molecular Systems) and
exported to Excel. The Ct values were analyzed using the 222“ method as described previously (Hees
& Harbauer, 2023). The Pink1 transcript levels were first normalized to B-actin levels before
normalization to the respective control treatment. For the RiboTag assay, the ribosome-associated
Pink1 transcript levels following the different treatments were normalized to their respective inputs
as well as to the control condition where the control-GFP instead of the Cre-GFP virus was used. The

final values were plotted in GraphPad Prism.
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2.21.9 Analysis of mass spectrometry

The MaxQuant computational platform (version 2.0.1.0; standard settings) (Cox & Mann, 2008) was
used to analyze the raw data as described previously (Hees & Harbauer, 2023). Briefly, the peak list
was compared to the sequence of rat SYNJ2BP and the reviewed mouse proteome database. A
precursor mass deviation and fragment mass deviation of 4.5 ppm and 20 ppm, respectively, was
allowed. The default individual peptide mass tolerances by MaxQuant were used in the search and the
match-between runs option was turned on. While phosphorylation on serine, threonine and tyrosine,
methionine oxidation, N-terminal acetylation and deamidation on asparagine and glutamine were set
as variable modifications, cysteine carbamidomethylation was defined as static modification.
Furthermore, the label free quantification (LFQ) algorithm and the intensity-based absolute
quantification (iBAQ) algorithm was used for quantification of proteins and for calculating the

approximate abundances of the identified proteins, respectively.
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3 RESULTS

The data and figures in the chapters 3.1 — 3.10, 3.12 and 3.17 — 3.19 are adapted from Hees &
Harbauer, 2023 as well as from the unpublished data in the revised manuscript Hees et al., 2023 (under

review).

3.1 AMPK signaling regulates Pink1 mRNA localization to mitochondria

As mitochondria have a central role in neuronal energy metabolism and PINK1 is important for
mitochondrial quality control, | aimed to investigate whether changes in energy metabolism affect the
mitochondrial association of Pink1 mRNA that was recently shown by our lab (Harbauer et al., 2022). |
therefore treated primary mouse hippocampal neurons cultured in vitro with the AMP analog 5-
aminoimidazole-4-carboxamide ribonucleoside (AICAR) and Compound C (CC), which have been shown
to activate and inhibit AMPK, the master regulator of energy metabolism, respectively (Corton et al.,
1995; Zhou et al., 2001). To examine the effect of AICAR and CC on mitochondrial Pink1 mRNA
localization, | visualized mitochondria by expression of mitochondrially-targeted mRaspberry and
Pink1 mRNA using the MS2/PP7-split Venus approach that has previously been established in our lab
(Harbauer et al., 2022). Briefly, the gene of interest Pink1 is tagged with 12 alternating copies of MS2
and PP7 stem loops that are inserted downstream of the 3" untranslated region (UTR). Additionally, a
kinase-dead mutation (K219M) (Petit et al., 2005) was introduced to avoid effects caused by PINK1
overexpression. This construct is co-expressed together with the phage-derived MS2- and PP7-coat
proteins that are fused each to one half of the yellow fluorescent protein Venus. As a result, only in
the presence of Pink1 mRNA the two halves of Venus are close enough to form a functional fluorescent
protein, thereby visualizing Pink1 mRNA in a background-free manner (B. Wu et al., 2014) (Fig. 8a). In
the presence of the AMPK activator AICAR, mitochondrial PinkI mRNA localization was not affected,
while inhibition of AMPK using CC resulted in a significant decrease of Pink1 mRNA association with
mitochondria. This effect was observed in the soma as well as in dendrites and was quantified using
the Manders’ colocalization coefficient (Fig. 8b-d). Through time-lapse imaging, | could show that Pink1
mMRNA dissociates from mitochondria as early as 20 min following CC treatment (Fig. 8e). Importantly,
the decrease in colocalization was not caused by a general reduction in Pink1 mRNA levels upon CC
treatment (Fig. 8f). | also quantified the Manders’ coefficient in a square within the soma before and
after rotating the Venus channel (Pink1 mRNA) 90 degrees. Under control conditions, the
mitochondrial Pink1 mRNA association was significantly increased compared to its rotated
quantification, which represents the chance level. Upon CC treatment, however, the mitochondrial
Pink1 mRNA localization was comparable between the normal and the rotated quantification and

therefore not different from chance level indicating a CC specific effect on Pink1 mRNA localization

(Fig. 8g).
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Figure 8: AMPK signaling regulates Pink1 mRNA localization to mitochondria.

(a) Schematic illustrating the MS2/PP7-split Venus approach for mRNA imaging. (b) Representative images of
Pink1 mRNA as visualized using the MS2/PP7-split Venus approach and mRaspberry-labeled mitochondria
following control, AICAR (1 mM, 2 h) or CC (20 uM, 2 h) treatment in the soma and in dendrites of primary
hippocampal neurons. (c) Manders’ coefficient based-quantification of the colocalization between the Pink1
mRNA and the mitochondrial channel in the soma as in b. One-way ANOVA with Tukey’s post hoc test; n = 21 - 38;
p < 0.0001 (****). (d) Manders’ coefficient-based quantification of the colocalization between the Pink1 mRNA
and the mitochondrial channel in dendrites as in b. One-way ANOVA with Tukey’s post hoc test; n = 20 - 36;
p <0.0001 (****). (e) Representative images of Pink1 mRNA as visualized using the MS2/PP7-split Venus
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approach and mRaspberry-labeled mitochondria 20 min, 23 min and 26 min after CC (20 uM) treatment. The
white arrow indicates a Pink1I mRNA cluster dissociating from mitochondria. (f) Pink1 transcript levels normalized
to B-actin transcript levels as assessed by RT-qPCR from primary cortical neurons treated with or without CC
(20 uM, 2 h). Two-tailed Welch’s t-test; n = 3. (g) Manders’ coefficient-based quantification of the colocalization
between the Pinkl mRNA and the mitochondrial channel in primary hippocampal neurons treated without and
with CC (20 uM, 2 h) as in b. The term ‘Venus rotated’ indicates that the Pink1 mRNA channel underwent a 90-
degree rotation, and this analysis was conducted within a square area of 10 by 10 um in the soma. One-way
ANOVA with Tukey’s post hoc test; n=19-20; p < 0.01 (**). (h) Pink1 mRNA dot count plotted against the
corresponding dendritic mitochondria length (um) in primary hippocampal neurons following control, AICAR
(1 mM, 2 h) or CC (20 uM, 2 h) treatment. Slope comparison among the three groups by simple linear regression
and one-way ANOVA with Tukey’s post hoc test; n = 140 - 218; p < 0.001 (***), p < 0.0001 (****). (i) Average
number of Pink1 mRNA dots per um mitochondrion in dendrites of primary hippocampal neurons as in h. One-
way ANOVA with Tukey’s post hoc test; n =167 - 310; p < 0.0001 (****). (j) Representative Western blot image
of primary cortical neurons that were lentivirally transduced with control shRNA or shRNA targeting AMPKal1.
(k) Densitometry analysis of the protein bands of AMPKal normalized to the corresponding Blll tubulin bands as
in j. Two-tailed Welch’s t-test; n = 3. (I) Representative Western blot image of primary cortical neurons that were
lentivirally transduced with control shRNA or shRNA targeting AMPKa2. (m) Densitometry analysis of the protein
bands of AMPKa2 normalized to the corresponding BlIl tubulin bands as in . Two-tailed Welch’s t-test; n = 3;
p < 0.05 (*). (n) Representative images of Pink1 mRNA as visualized using the MS2/PP7-split Venus approach and
mRaspberry-labeled mitochondria in the soma of primary hippocampal neurons overexpressing either control
shRNA or shRNAs targeting AMPKal and a2. (o) Manders’ coefficient-based quantification of the colocalization
between the Pinkl mRNA and the mitochondrial channel in the soma as in n. Two-tailed student’s t-test;
n=13-23; p<0.0001 (****),

All data are presented as mean = SEM. Data points correspond to biological replicates (f,k,m), single cells (c,d,g,0)
or single mitochondria (h,i) obtained from >3 biological replicates. Scale bars, 10 um (adapted from Hees &
Harbauer, 2023 and from the unpublished data in the revised manuscript Hees et al., 2023 (under review)).

Since AMPK is known to affect mitochondrial morphology by promoting mitochondrial fission
(Ducommun et al., 2015; Toyama et al., 2016), | also correlated the number of Pink1 mRNA dots to the
mitochondrial length. In line with the results in Fig. 8b-d, CC treatment led to a significant reduction in
the number of Pink1 mRNA dots per um mitochondrion (Fig. 8h,i) suggesting that the observed effect
is independent of changes in mitochondrial morphology. As CC also inhibits other kinases apart from
AMPK (Dasgupta & Seibel, 2018), | confirmed its effect by knockdown of both catalytic subunits of
AMPK using short hairpin RNAs (shRNAs) (Didier et al., 2018). The AMPK al and a2 shRNAs led to a
60 % and 50 % reduction in expression, respectively (Fig. 8j-m). In line with the CC effect, | observed a
reduced mitochondrial Pink1 mRNA localization in the soma upon AMPK knockdown using both

shRNAs (Fig. 8n,0).

Recently, Cox4i and Atp5f18 mRNA have been shown to localize to mitochondria, albeit to a lesser
extent than Pink1 mRNA (Harbauer et al., 2022). Interestingly, CC-mediated AMPK inhibition reduced
mitochondrial association of Atp5f1B but not Cox4i mRNA (Fig. 9a-d) suggesting that, in contrast to
Cox4i, mitochondrial Atp5f1pB transcript tethering is regulated by a similar mechanism as Pink1 mRNA
binding. This is in line with the finding that only Atp5f1B and Pink1 but not Cox4i mRNA were co-
isolated with the RNA-binding protein SYNJ2a (Harbauer et al., 2022). Pink1 mRNA is known to localize

to mitochondria via binding to SYNJ2a, which is tethered to mitochondria via the mitochondrial anchor
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protein SYNJ2BP (Harbauer et al., 2022). Therefore, | tested whether the AMPK-mediated regulation
of mitochondrial Pink1 mRNA localization is also dependent on SYNJ2a. CC treatment of neurons
overexpressing a control protein (snap-tag) fused to the transmembrane domain of SYNJ2BP led to
reduced mitochondrial Pink1 mRNA localization, while overexpression of a SYNJ2a WT construct that
is mitochondrially targeted by the SYNJ2BP transmembrane domain even in the absence of SYNJ2BP
(SYNJ2mito) retained Pink1 mRNA at mitochondria (Fig. 9e,f). In contrast, overexpressing an RNA-
binding deficient mutant of SYNJ2mito VQL/AAA (Harbauer et al., 2022) did not prevent the CC-
mediated dissociation of Pink1 mRNA from mitochondria suggesting that the AMPK-dependent
regulation of mitochondrial Pink1 mRNA localization is also dependent on SYNJ2a. Taken together,
AMPK signaling positively regulates Pinkl mRNA association with mitochondria potentially by

influencing the SYNJ2BP-SYNJ2a tethering complex.
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Figure 9: Regulation of Atp5b and Cox4i mRNA localization as well as dependence on SYNJ2a.

(a) Representative images of Atp5b mRNA as visualized using the MS2/PP7-split Venus approach and
mRaspberry-labeled mitochondria with or without CC (20 uM, 2 h) treatment in the soma of primary
hippocampal neurons. (b) Manders’ coefficient-based quantification of the colocalization between the Atp5b
mRNA and the mitochondrial channel as in a. The term ‘Venus rotated’ indicates that the Atp5b mRNA channel
underwent a 90-degree rotation, and this analysis was conducted within a square area of 10 by 10 um in the
soma. One-way ANOVA with Tukey’s post hoc test; n=13-18; p < 0.001 (***), p < 0.0001 (****),
(c) Representative images of Cox4i mRNA as visualized using the MS2/PP7-split Venus approach and mRaspberry-
labeled mitochondria with or without CC (20 uM, 2 h) treatment in the soma of primary hippocampal neurons.
(d) Manders’ coefficient-based quantification of the colocalization between the Cox4i mRNA and the
mitochondrial channel as in c. The term ‘Venus rotated’ indicates that the Cox4i mRNA channel underwent a 90-
degree rotation, and this analysis was conducted within a square area of 10 by 10 um in the soma. One-way
ANOVA with Tukey’s post hoc test; n = 23; p < 0.05 (*). (e) Representative images of PinkI mRNA as visualized
using the MS2/PP7-split Venus approach and mRaspberry-labeled mitochondria in the soma of primary
hippocampal neurons overexpressing either SYNJ2BP-Snap, SYNJ2mito WT or SYNJ2mito VQL/AAA following CC
(20 uM, 2 h) treatment. (f) Manders’ coefficient-based quantification of the colocalization between the Pink1
mMRNA and the mitochondrial channel in the soma as in e. One-way ANOVA with Tukey’s post hoc test; n=19 - 22;
p <0.001 (***), p < 0.0001 (****),

All data are presented as mean + SEM. Data points correspond to single cells obtained from >3 biological
replicates (b,d,f). Scale bars, 10 um (adapted from the unpublished data in the revised manuscript Hees et al.,
2023 (under review)).

3.2 AMPK signaling regulates the interaction between SYNJ2BP and SYNJ2

In order to better understand the mechanism underlying the AMPK-mediated mitochondrial Pink1
MRNA association, | investigated the effect of AMPK signaling on the interaction between the
mitochondrial tethering protein SYNJ2BP and the RNA binding domain-containing protein SYNJ2 by
performing a proximity ligation assay (PLA) using antibodies against the endogenous proteins SYNJ2BP
and SYNJ2 (Harbauer et al., 2022). Briefly, the so-called PLA probes, which are oligonucleotide-coupled
secondary antibodies, bind to the primary antibodies. If the PLA probes are in close proximity,
hybridizing connector oligos attach to them, which are then ligated resulting in a closed, circular DNA
template. This is amplified by a DNA polymerase using the PLA probe as a primer. Finally,
complementary, fluorescently-labeled oligos bind to the amplified sequences thereby visualizing
protein interaction as discrete spots (PLA puncta) (Fig. 10a). In line with the decrease of mitochondrial
Pink1 mRNA association upon AMPK inhibition (Fig. 8b-d), CC reduced the interaction between
SYNJ2BP and SYNJ2 as quantified by the number of PLA puncta per cell body (Fig. 10b-f). When |
performed the treatments for the PLA experiment in the imaging medium Hibernate E, AICAR
treatment had no effect on the interaction of the two proteins (Fig. 10b-d) consistent with the results
from the Pink1 mRNA localization (Fig. 8b-d), where | also used Hibernate E medium. However, when
performing the treatments for the PLA experiment in the neuronal culture medium, B27-
supplemented Neurobasal, instead of changing it to Hibernate E imaging medium, addition of AICAR

resulted in an increased number of PLA puncta compared to the control condition (Fig. 10e,f). This was
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caused by a drop in the number of baseline puncta (compare Fig. 10d and f). Importantly, the observed
changes in the interaction were not due to altered expression of SYNJ2BP and SYNJ2. Neither AICAR
nor CC significantly affected the protein levels (Fig. 10g-j). Taken together, AMPK signaling positively
regulates the interaction between SYNJ2BP and SYNJ2 and therefore mitochondrial Pink1 mRNA
association. Furthermore, the AMPK-dependent mechanism seems to be responsive to components

that differ between the two media Hibernate E and B27-supplemented Neurobasal.
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Figure 10: AMPK signaling regulates the interaction between SYNJ2BP and SYNJ2.

(a) Schematic illustrating the proximity ligation assay (PLA) to visualize the interaction between SYNJ2BP and
SYNJ2. (b) Representative soma images of primary hippocampal neurons exhibiting the PLA signal for interaction
of SYNJ2BP and SYNJ2 following control, AICAR (1 mM, 2 h) or CC (20 uM, 2 h) treatment in imaging medium
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(Hibernate E medium). (c) Representative images of MAP2-positive dendrites of primary hippocampal neurons
exhibiting the PLA signal for interaction of SYNJ2BP and SYNJ2 following control, AICAR (1 mM, 2 h) or CC (20 uM,
2 h) treatment in imaging medium (Hibernate E medium). (d) Number of PLA puncta per cell body as in b. One-
way ANOVA with Tukey’s post hoc test; n = 15; p < 0.0001 (****). (e) Representative soma images of primary
hippocampal neurons exhibiting the PLA signal for interaction of SYNJ2BP and SYNJ2 following control, AICAR
(1 mM, 2 h) or CC (20 uM, 2 h) treatment in culture medium (B27-supplemented Neurobasal). (f) Number of PLA
puncta per cell body as in e. One-way ANOVA with Tukey’s post hoc test; n = 21; p < 0.01 (**); p < 0.0001 (****),
(g) Representative Western blot image of primary cortical neurons following control, AICAR (1 mM, 2 h) or CC
(20 uM, 2 h) treatment. (h) Densitometry analysis of the protein bands of SYNJ2BP normalized to the
corresponding Bl tubulin bands as in g. One-way ANOVA with Tukey’s post hoc test; n = 4. (i) Representative
Western blot image of primary cortical neurons following control, AICAR (1 mM, 2 h) or CC (20 uM, 2 h)
treatment. (j) Densitometry analysis of the protein bands of SYNJ2 normalized to the corresponding BlII tubulin
bands as in i. One-way ANOVA with Tukey’s post hoc test; n = 4.

All data are presented as mean + SEM. Data points correspond to biological replicates (h,j) or single cells obtained
from >3 biological replicates (d,f). Scale bars, 10 um (adapted from Hees & Harbauer, 2023 and from the
unpublished data in the revised manuscript Hees et al., 2023 (under review)).

3.3 Insulin signaling inhibits AMPK in primary neurons

The growth factor and peptide hormone insulin is an important signaling molecule, which is absent in
the imaging medium Hibernate E but present in the neuronal supplement B27. In line with my
observation that AMPK activity seems to be reduced in neurons cultured in B27-supplemented
Neurobasal containing insulin, it has already been shown that insulin inhibits AMPK activity.
Mechanistically, insulin-mediated AKT activation results in an inhibitory phosphorylation in the
catalytic subunit of AMPK (Berggreen et al., 2009; Dagon et al., 2012; Horman et al., 2006; Kovacic et
al., 2003; J. Ning et al., 2011; Soltys et al., 2006; Valentine et al., 2014). To confirm the inhibitory effect
of insulin on AMPK activity in neurons, | used a Forster Resonance Energy Transfer (FRET)-based AMPK
activity sensor (Konagaya et al., 2017) (Fig. 11a). Briefly, the FRET sensor contains a super enhanced
cyan fluorescent protein (SECFP) and a yellow fluorescent protein for energy transfer (Ypet) as donor
and acceptor, respectively. Inbetween the two fluorescent proteins, there is an AMPK substrate
sequence that can be phosphorylated by activated AMPK thereby leading to a conformational change
within the sensor and as a result FRET occurs. To measure the changes in AMPK activity, | performed
fluorescence lifetime imaging (FLIM). Compared to traditional intensity-based FRET techniques, FLIM
measurements are insensitive to different expression levels of the sensor, bleaching of the sensor as
well as bleed-through artifacts as only the fluorescence lifetime of the donor molecule is determined
(Periasamy et al., 2015). In the context of FRET, energy is transferred from the donor to the acceptor
molecule leading to quenching of the donor fluorescence. As a result, the fluorescence lifetime of the
donor decreases indicating an increased AMPK activity. The addition of increasing insulin
concentrations to Hibernate E medium ranging from 50 nm to 1 uM led to a dose-dependent inhibition

of AMPK activity as quantified by an increased lifetime of the donor (Fig. 11b). This insulin-mediated
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inhibition of AMPK was prevented by addition of inhibitors against the IR (GSK1904529A), PI3K
(Wortmannin) and AKT (AKT inhibitor VIII) (Fig. 11c,d). Taken together, insulin signaling inhibits AMPK

in primary neurons via activation of PI3K and AKT.
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Figure 11: Insulin signaling inhibits AMPK in primary neurons.

(a) Schematic illustrating the FRET-based AMPK sensor to measure AMPK activity. (b) Analysis of AMPK activity
by performing fluorescence lifetime imaging of the FRET-based AMPK activity sensor donor in primary
hippocampal neurons exposed to increasing insulin concentrations for 1 h. One-way ANOVA with Dunnett’s post
hoc test; n =18 - 21; p < 0.05 (*), p < 0.01 (**), p < 0.0001 (****). (c) Schematic illustrating the insulin signaling
pathway. Insulin binding to IR results in activation of PI3K, which converts PIP2 to PIPs. PIP3 in turn stimulates
AKT, which phosphorylates and thereby inhibits AMPK. GSK1904529A, Wortmannin and the AKT inhibitor VIII
inhibit the IR, PI3K and AKT, respectively. (d) Analysis of AMPK activity by performing fluorescence lifetime
imaging of the FRET-based AMPK activity sensor donor in primary hippocampal neurons treated with insulin in
the presence or absence of inhibitors targeting the insulin signaling pathway: IR inhibitor GSK1904529A (1 uM,
2 h); PI3K inhibitor Wortmannin (1 uM, 2 h) and AKT inhibitor VIII (10 uM, 2 h). One-way ANOVA with Tukey’s
post hoc test; n = 10 - 34; p < 0.01 (**).

All data are presented as mean * SEM. Data points correspond to single cells obtained from >3 biological
replicates (b,d) (adapted from Hees & Harbauer, 2023).

3.4 Insulin signaling regulates Pink1 mRNA localization to mitochondria
To investigate whether insulin also reduces mitochondrial Pink1 mRNA association similar to CC
treatment, | again performed Pink1 mRNA imaging using the MS2/PP7-split Venus approach. Addition

of insulin to the Hibernate E imaging medium significantly reduced mitochondrial Pink1 mRNA
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localization (Fig. 12a-c) both in the soma and in dendrites reflecting the CC effect (Fig. 8b-d). The

insulin-mediated impact was prevented when the IR (Fig. 12a-c), PI3K or AKT were inhibited (Fig.

12d,e). This confirms the relevance of the insulin signaling pathway in regulating mitochondrial Pink1

mMRNA tethering.
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Figure 12: Insulin signaling regulates Pink1 mRNA localization to mitochondria.

(a) Representative images of Pink1 mRNA as visualized using the MS2/PP7-split Venus approach and mRaspberry-
labeled mitochondria following control or insulin (500 nM, 1 h) treatment in the presence or absence of the IR
inhibitor GSK1904529A in the soma and in dendrites of primary hippocampal neurons. (b) Manders’ coefficient-
based quantification of the colocalization between the Pink1 mRNA and the mitochondrial channel in the soma
as in a. One-way ANOVA with Tukey’s post hoc test; n =22 - 29; p < 0.0001 (****). (c) Manders’ coefficient-based
quantification of the colocalization between the Pink1 mRNA and the mitochondrial channel in dendrites as in a.
One-way ANOVA with Tukey’s post hoc test; n = 23 - 28; p < 0.0001 (****). (d) Representative images of Pink1
mRNA as visualized using the MS2/PP7-split Venus approach and mRaspberry-labeled mitochondria following
control or insulin (500 nM, 1 h) treatment in the presence of the PI3K inhibitor Wortmannin (1 uM, 2 h) or the
AKT inhibitor VIII (10 pM, 2 h) in the soma of primary hippocampal neurons. (e) Manders’ coefficient-based
quantification of the colocalization between the Pink1 mRNA and the mitochondrial channel in the soma as in d.
One-way ANOVA with Tukey’s post hoc test; n=16-32; p < 0.0001 (****). (f) Manders’ coefficient-based
quantification of the colocalization between the PinkI mRNA and the mitochondrial channel in the soma of
primary hippocampal neurons exposed to increasing insulin concentrations for 1 h. One-way ANOVA with
Dunnett’s post hoc test; n = 13 - 21; p < 0.01 (**); p < 0.001 (***), p < 0.0001 (****). (g) Manders’ coefficient-
based quantification of the colocalization between the PinkI mRNA and the mitochondrial channel in primary
hippocampal neurons treated without and with insulin (500 nM, 1 h) as in a. The term ‘Venus rotated’ indicates
that the Pink1I mRNA channel underwent a 90-degree rotation, and this analysis was conducted within a square
area of 10 by 10 um in the soma. One-way ANOVA with Tukey’s post hoc test; n = 30 - 35; p < 0.0001 (****).

All data are presented as mean + SEM. Data points correspond to single cells obtained from >3 biological
replicates (b,c,e,f,g). Scale bars, 10 um (adapted from Hees & Harbauer, 2023).

As physiological insulin levels in the brain are in the low nanomolar range (Gray & Barrett, 2018), | also
tested lower insulin concentrations. Importantly, the insulin-mediated effect on PinklI mRNA
association was still present using a concentration of 50 nM (Fig. 12f) indicating that this could also
happen physiologically in the brain. Furthermore, addition of insulin resulted in a partial reduction of
mitochondrial Pink1 mRNA localization when compared to the rotated quantification of the Manders’

coefficient (Fig. 12g), consistent with a more physiological inhibition of AMPK.

3.5 Insulin signaling regulates the interaction between SYNJ2BP and SYNJ2

To test whether insulin signaling also affects the interaction between SYNJ2BP and SYNJ2, | performed
the PLA in the B27-supplemented neuronal culture medium with and without insulin. Indeed, whereas
insulin withdrawal for 2 h led to an enhanced interaction as quantified by an increased number of PLA
puncta per soma, addition of 500 nM insulin for 1 h significantly reduced the interaction (Fig. 13a-c).
The insulin-mediated effect was dependent on the IR since co-treatment with an inhibitor prevented
this effect (Fig. 13a,c). Importantly, the observed changes in the interaction were not due to altered
expression of SYNJ2BP and SYNJ2. Neither insulin withdrawal nor addition of insulin significantly
affected the protein levels (Fig. 13d-g). Taken together, these findings indicate that insulin-mediated
activation of IR signaling, PI3K and AKT negatively regulates mitochondrial Pink1 mRNA association due

to a decreased interaction between SYNJ2BP and SYNJ2, most likely via inhibition of AMPK.
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Figure 13: Insulin signaling regulates the interaction between SYNJ2BP and SYNJ2 upstream of AMPK.

(a) Representative soma images of primary hippocampal neurons exhibiting the PLA signal for interaction of
SYNJ2BP and SYNJ2 in full culture medium (B27-supplemented Neurobasal), after insulin withdrawal (2 h) or after
addition of insulin (500 nM, 1 h) in the presence or absence of the IR inhibitor GSK1904529A (1 uM, 2 h).
(b) Representative dendrite images of primary hippocampal neurons exhibiting the PLA signal for interaction of
SYNJ2BP and SYNJ2 after insulin withdrawal (2 h) or after addition of insulin (500 nM, 1 h). (c) Number of PLA
puncta per cell body as in a. One-way ANOVA with Tukey’s post hoc test; n =16 -45; p < 0.0001 (****).
(d) Representative Western blot image of primary cortical neurons following control, insulin withdrawal (2 h) or
addition of insulin (500 nM, 1 h). (e) Densitometry analysis of the protein bands of SYNJ2BP normalized to the
corresponding BlII tubulin bands as in d. One-way ANOVA with Tukey’s post hoc test; n = 3. (f) Representative
Western blot image of primary cortical neurons following control, insulin withdrawal (2 h) or addition of insulin
(500 nM, 1 h). (g) Densitometry analysis of the protein bands of SYNJ2 normalized to the corresponding
BlIl tubulin bands as in f. One-way ANOVA with Tukey’s post hoc test; n = 3.

All data are presented as mean + SEM. Data points correspond to biological replicates (e,g) or single cells obtained
from >3 biological replicates (c). Scale bars, 10 um (adapted from Hees & Harbauer, 2023 and from the
unpublished data in the revised manuscript Hees et al., 2023 (under review)).

3.6 AMPK phosphorylates SYNJ2BP in its PDZ domain in vitro

As | observed that the interaction between SYNJ2BP and SYNJ2 is positively regulated by AMPK, |
wondered whether one of the two proteins might be a direct phosphorylation target of AMPK. In line
with that idea, a peptide of SYNJ2BP phosphorylated at serine 21 (521) has been detected in a high-

throughput phospho-proteomics screen (Mertins et al., 2014) and its sequence matches the consensus
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motif of AMPK (Steinberg & Hardie, 2022) (Fig. 14a). To investigate whether SYNJ2BP indeed is a
substrate of AMPK, | purified the cytosolic domain of rat SYNJ2BP from E.Coli in collaboration with the
protein core facility at the Max Planck Institute of Biochemistry, Martinsried, Germany and performed
an in vitro kinase assay using recombinant active AMPK. Due to the lack of a phospho-specific SYNJ2BP
antibody, | analyzed the kinase assay using the Zn?*-Phos-Tag approach (Kinoshita et al., 2006), which
changes the electrophoretic mobility of phosphorylated proteins compared to their non-
phosphorylated form. As the SYNJ2BP protein purified from E.Coli was already phosphorylated, | did a
pre-treatment using calf intestinal phosphatase (CIP) before performing the kinase assay using AMPK
(Fig. 14b). Following addition of active AMPK to the reaction, | could indeed observe a slower migrating
species of SYNJ2BP. Importantly, this band was not present when the phospho-ablative form of
SYNJ2BP containing an alanine instead of serine at position 21 (S21A) was used (Fig. 14c). To examine
whether endogenous AMPK activity was also sufficient to induce SYNJ2BP phosphorylation | replaced
the recombinant AMPK with lysates from cortical neurons cultured either in the absence of the B27
supplement (and therefore insulin) or treated with the AMPK activator AICAR. In line with the previous
observation, | detected a slower migrating, phosphorylated SYNJ2BP species upon treatment of
SYNJ2BP WT with B27-starved or AICAR-treated lysates but not when the phospho-ablative SYNJ2BP
S21A mutant was used (Fig. 14d). Taken together, this suggests that SYNJ2BP is a novel substrate of
AMPK.
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Figure 14: AMPK phosphorylates SYNJ2BP in its PDZ domain in vitro.

(a) lllustration depicting the AMPK recognition motif and the sequence of SYNJ2BP encompassing the suggested
phosphorylation site S21. (b) Recombinant SYNJ2BP WT and S21A, respectively, were subjected to
dephosphorylation using CIP and analyzed using Zn?*-PhosTag SDS-PAGE. Note the presence of slower moving
entities that vanish following CIP treatment indicating phosphorylated variants of SYNJ2BP. The asterisk (*) marks
an unspecific band that does not respond to CIP treatment. (c) /n vitro kinase assay using recombinant SYNJ2BP
WT and S21A, respectively, as well as AMPK was analyzed on a Zn?*-PhosTag SDS-PAGE. Note the presence of
slower moving entities only in the presence of AMPK and SYNJ2BP WT but not S21A. The asterisk (*) marks an
unspecific band observed in all samples. (d) /In vitro phosphorylation assay using recombinant SYNJ2BP WT and
S21A, respectively, as well as lysates from cortical neurons cultured in the absence of the B27 supplement (2 h)
or in the presence of AICAR (1 mM, 2 h). The samples were analyzed on a Zn?*-PhosTag SDS-PAGE. Note the
presence of slower moving entities only in the presence of B27-starved or AICAR-treated lysates and SYNJ2BP
WT but not S21A. The asterisk (*) marks an unspecific band observed in all samples (adapted from Hees &
Harbauer, 2023).

3.7 AMPK phosphorylates SYNJ2BP in its PDZ domain in primary neurons

To investigate whether AMPK-dependent phosphorylation of SYNJ2BP is also detectable in living
neurons, | performed phospho-peptide enrichment followed by mass spectrometry (phospho-MS) in
collaboration with the mass spectrometry facility at the Max Planck Institute of Biochemistry,
Martinsried, Germany. As endogenous SYNJ2BP is a very low abundant protein in cultured cortical
neurons (Fig. 15a), | lentivirally overexpressed myc-tagged rat SYNJ2BP (Fig. 15b). Upon
overexpression, | was able to detect a phosphorylated SYNJ2BP peptide, which indeed confirmed

phosphorylation of SYNJ2BP at S21 (Fig. 15c).
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Figure 15: AMPK phosphorylates SYNJ2BP in its PDZ domain in primary neurons.

(a-b) The plots depict the relationship between the quantified proteins, obtained through LC MS/MS analysis,
and the log10-transformed intensity-based absolute quantification (iBAQ) values. The iBAQ values serve as an
estimate of the molar abundance of proteins in the sample. Note that the endogenous SYNJ2BP in cortical
neurons (a) exhibits a relatively low protein rank, which can be enhanced by lentiviral overexpression of myc-
tagged SYNJ2BP WT (b). (c) Annotated MS/MS spectrum of the indicated SYNJ2BP peptide from primary cortical
neurons lentivirally overexpressing myc-tagged SYNJ2BP WT. Note that the ion B3 is indicative of the
phosphorylation of SYNJ2BP at the S21 site. (d) Log2-transformed intensity of SYNJ2BP S21 obtained through
phospho-peptide enrichment followed by LC MS/MS analysis in primary cortical neurons overexpressing myc-
tagged SYNJ2BP WT. The neurons were grown in insulin-free medium (2 h) and treated with or without CC
(20 uM, 2 h). Two-tailed student’s t-test; n =3; p < 0.05 (*). (e) Log2-transformed LFQ intensity of SYNJ2BP
analyzed through LC MS/MS in primary cortical neurons lentivirally overexpressing myc-tagged SYNJ2BP WT. The
neurons were grown in insulin-free medium (2 h) and treated with or without CC (20 uM, 2 h) as in d. Two-tailed
student’s t-test; n = 3. (f) Log2-transformed intensity of SYNJ2BP S21 obtained through phospho-peptide
enrichment followed by LC MS/MS analysis in primary cortical neurons overexpressing myc-tagged SYNJ2BP WT.
The neurons were grown in insulin-free medium (2 h) and treated with or without insulin (500 nM, 1 h). Two-
tailed student’s t-test; n = 4. (g) Log2-transformed LFQ intensity of SYNJ2BP analyzed through LC MS/MS in
primary cortical neurons lentivirally overexpressing myc-tagged SYNJ2BP WT. The neurons were grown in insulin-
free medium (2 h) and treated with or without insulin (500 nM, 1 h) as in f. Two-tailed student’s t-test; n = 4.

All data are presented as mean + SEM. Data points correspond to biological replicates (d,e,f,g) (adapted from
Hees & Harbauer, 2023 and from the unpublished data in the revised manuscript Hees et al., 2023 (under
review)).

Consistent with my in vitro finding, primary cortical neurons cultured in the absence of insulin for 2 h
and simultaneously treated with the AMPK inhibitor CC showed a decreased intensity for the
phosphorylated SYNJ2BP peptide (Fig. 15d). Importantly, the total levels of SYNJ2BP did not decrease
following CC treatment (Fig. 15e). Insulin treatment resulted in a similar trend. Within most biological
replicates, addition of insulin led to a decreased intensity of the phosphorylated SYNJ2BP peptide (Fig.
15f), while the total levels of SYNJ2BP did not change (Fig. 15g). This indicates that SYNJ2BP is also

phosphorylated by AMPK in cultured neurons.

3.8 SYNJ2BP S21 phosphorylation regulates Pink1 mRNA localization to mitochondria

As | observed that AMPK positively regulates Pink1 mRNA localization to mitochondria and
phosphorylates SYNJ2BP, | aimed to investigate whether mitochondrial Pink1 mRNA association is
dependent on SYNJ2BP phosphorylation. As expected, knockdown of SYNJ2BP using shRNA
significantly reduced Pink1 mRNA tethering to mitochondria as visualized using the MS2/PP7-split
Venus approach and quantified by the Manders’ coefficient. Interestingly, only overexpression of
SYNJ2BP WT and a phospho-mimetic mutant of SYNJ2BP containing glutamic acid instead of serine at
position 21 (S21E) was able to rescue the SYNJ2BP knockdown-induced phenotype (Fig. 16a,b).
Overexpression of the phospho-ablative SYNJ2BP S21A mutant, however, could not prevent Pink1
mRNA dissociation from mitochondria (Fig. 16a,b). Importantly, the observed effect was not caused by

different expression levels of the constructs (Fig. 16c,d).
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Figure 16: SYNJ2BP phosphorylation regulates Pink1 mRNA localization to mitochondria.

(a) Representative images of Pink1 mRNA as visualized using the MS2/PP7-split Venus approach and mRaspberry-
labeled mitochondria in the soma of primary hippocampal neurons overexpressing either control shRNA or
shRNA targeting SYNJ2BP as well as SYNJ2BP WT, S21A or S21E. (b) Manders’ coefficient-based quantification of
the colocalization between the Pink1 mRNA and the mitochondrial channel in the soma as in a. One-way ANOVA
with Tukey’s post hoc test; n = 23 - 46; p < 0.0001 (****). (c) Representative Western blot image of primary
cortical neurons lentivirally transduced with myc-tagged SYNJ2BP, S21A or S21E. (d) Densitometry analysis of the
protein bands of SYNJ2BP normalized to the corresponding BlIl tubulin bands as in c. One-way ANOVA with
Tukey’s post hoc test; n = 5. (e) Representative Western blot image of SYNJ2BP immunoprecipitation from
cortical neuron lysates lentivirally transduced with myc-tagged SYNJ2BP WT treated with and without CIP. Note,
reduced SYNJ2 co-precipitation observed with CIP-treated lysates. (f) Densitometry analysis of the protein bands
of SYNJ2 normalized to the corresponding SYNJ2BP bands as in e. Two-tailed Welch’s t-test; n=5.
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(g) Representative images of somata of primary hippocampal neurons exhibiting the PLA signal indicating the
interaction between SYNJ2BP and SYNJ2 upon SYNJ2BP WT, S21A or S21E overexpression. (h) Number of PLA
puncta per cell body as in g. One-way ANOVA with Tukey’s post hoc test; n = 18 - 28; p < 0.0001 (****).

All data are presented as mean = SEM. Data points correspond to biological replicates (d,f) or single cells obtained
from >3 biological replicates (b,h). Scale bars, 10 um (adapted from Hees & Harbauer, 2023 and from the
unpublished data in the revised manuscript Hees et al., 2023 (under review)).

Since AMPK activity positively regulates the interaction between SYNJ2BP and SYNJ2 (Fig. 10b-f), |
tested whether the interaction between SYNJ2BP and SYNJ2a is also dependent on phosphorylation.
To this end, | used two different strategies. First, | immunoprecipitated lentivirally overexpressed myc-
tagged rat SYNJ2BP WT from primary cortical neurons grown in the absence of insulin for 2 h and
quantified the amount of co-precipitated SYNJ2. | observed a specific interaction between SYNJ2BP
and SYNJ2 since the neuronal protein Bl tubulin did not co-precipitate with SYNJ2BP and | did not
detect SYNJ2 in a sample using 1gG control antibodies (Fig. 16e). To investigate the dependence on the
phosphorylation status, | treated the lysates with calf-intestinal phosphatase (CIP) prior to
immunoprecipitation. In this condition, the amount of co-isolated SYNJ2 was diminished (Fig. 16e,f).
Second, | performed a PLA for SYNJ2BP and SYNJ2a in hippocampal neurons overexpressing SYNJ2BP
WT, S21A and S21E, respectively. While the PLA signal as quantified by number of PLA puncta per cell
body was comparable between SYNJ2BP WT and S21E overexpression, there was a significant
reduction in number of PLA puncta when the phospho-ablative SYNJ2BP S21A mutant was
overexpressed (Fig. 16g,h). This suggests that SYNJ2BP phosphorylation at S21 promotes the
interaction with SYNJ2. Taken together, this fully supports the model that AMPK-mediated
phosphorylation of SYNJ2BP at S21 is required for Pinkl mRNA tethering to mitochondria as

phosphorylation strengthens the interaction between SYNJ2BP and SYNJ2.

3.9 Phospho-mimetic SYNJ2BP restores mitochondrial Pink1 mRNA localization upon AMPK
inhibition

The observation that overexpression of the phospho-mimetic SYNJ2BP S21E mutant rescues
mitochondrial Pink1 mRNA localization upon SYNJ2BP knockdown prompted me to investigate
whether SYNJ2BP S21E expression could also prevent the effects mediated by AMPK inhibition. Indeed,
CC-induced reduction of Pink1 mRNA association with mitochondria as visualized by the MS2/PP7-split
Venus approach was prevented both in the soma and in dendrites when the phospho-mimetic SYNJ2BP
mutant was overexpressed (Fig. 17a-c). In line with that, the insulin-mediated effect on Pink1 mRNA
localization was also rescued if instead of SYNJ2BP WT the SYNJ2BP S21E mutant was overexpressed
(Fig. 17d-f). Together, this indicates that phosphorylation of SYNJ2BP at S21 is regulated by insulin as

well as AMPK signaling and influences Pink1 mRNA association with mitochondria.
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Figure 17: Phospho-mimetic SYNJ2BP restores mitochondrial Pink1 mRNA localization upon AMPK inhibition.
(a) Representative images of Pink1 mRNA as visualized using the MS2/PP7-split Venus approach and mRaspberry-
labeled mitochondria in the soma and dendrites of primary hippocampal neurons overexpressing SYNJ2BP WT
or S21E and treated with or without CC (20 uM, 2 h). (b) Manders’ coefficient-based quantification of the
colocalization between the PinkI mRNA and the mitochondrial channel in the soma as in a. One-way ANOVA
with Tukey’s post hoc test; n=16-19; p < 0.05 (*), p < 0.0001 (****). (c) Manders’ coefficient-based
quantification of the colocalization between the Pink1 mRNA and the mitochondrial channel in dendrites as in a.
One-way ANOVA with Tukey’s post hoc test; n = 8 - 15; p < 0.05 (*), p < 0.01 (**). (d) Representative images of
Pink1 mRNA as visualized using the MS2/PP7-split Venus approach and mRaspberry-labeled mitochondria in the
soma and dendrites of primary hippocampal neurons overexpressing SYNJ2BP WT or S21E and treated with or
without insulin (500 nM, 1 h). (e) Manders’ coefficient-based quantification of the colocalization between the
Pink1 mRNA and the mitochondrial channel in the soma as in d. One-way ANOVA with Tukey’s post hoc test;
n=13-16; p < 0.01 (**), p < 0.001 (***). (f) Manders’ coefficient-based quantification of the colocalization
between the Pink1 mRNA and the mitochondrial channel in dendrites as in d. One-way ANOVA with Tukey’s post
hoc test; n =13 - 15; p < 0.0001 (****).

All data are presented as mean + SEM. Data points correspond to single cells obtained from >3 biological
replicates (b,c,e,f). Scale bars, 10 um (adapted from Hees & Harbauer, 2023).



RESULTS | 74

3.10 PINK1 translation is upregulated upon AMPK inhibition

My findings that SYNJ2BP phosphorylation at S21 is important for Pinkl mRNA tethering to
mitochondria raised the question whether the phosphorylation status is also involved in regulating
translation of the PINK1 protein. To address this question, | used three different approaches. First, |
took advantage of the SunTag system. This method allows visualization of single mRNA translation in
living cells in real time by fluorescently labeling nascent polypeptides (Ruijtenberg et al., 2018;
Tanenbaum et al., 2014). Briefly, the SunTag consists of several short peptides that are inserted in
frame within the gene of interest. This construct is co-expressed together with a single-chain variable
fragment antibody fused to GFP (scFv-GFP), which specifically recognizes the SunTag peptides.
Therefore, synthesis of the SunTag peptides by ribosomes leads to binding of several scFv-GFP and a
GFP signal at the site of a translating mRNA (Fig. 18a). Between the transmembrane and the kinase
domain of a rat Pink1 construct, 10 copies of the SunTag peptides were added. Furthermore, a kinase
dead mutation (K219M) (Petit et al., 2005) was introduced to avoid effects caused by PINK1
overexpression. As upon mitochondrial PINK1 import, scFv-GFP can no longer bind to the construct,
only cytosolic PINK1 will be highlighted, which represents the precursor form of PINK1 that will be
targeted to mitochondria and immediately degraded unless mitochondrial damage is induced.
Therefore, the SunTag clusters closely represent the amount of freshly translated PINK1.
Unexpectedly, upon AMPK inhibition via CC | observed a striking increase in the mean intensity and
mean area of the PINK1 SunTag clusters, whereas the AMPK activator AICAR did not significantly affect
their appearance (Fig. 18b-d). As Pink1 mRNA dissociates from mitochondria upon CC treatment (Fig.
8b-d), this suggests that mitochondrial PinkI mRNA tethering and its translation might be inversely
regulated. The CC-mediated effect on the PINK1 SunTag clusters could be prevented by simultaneous
addition of puromycin indicating that the signal indeed corresponds to ongoing protein translation
(Fig. 18e-g), as puromycin disassembles the ribosome. Importantly, overexpression of the scFv-GFP
alone did not result in an increased SunTag signal upon CC addition confirming that the clusters are
not unspecific aggregates of the nanobody (Fig. 18h). Interestingly, an increase in the PINK1 SunTag
signal was not observed in Hela cells upon CC treatment indicating that this might be a neuron-specific
effect (Fig. 18i-k). This is in line with the finding that Pink1 mRNA only localizes to mitochondria in
neurons due to the neuron-enriched splice variant SYNJ2a (Harbauer et al., 2022). As expected, also
insulin treatment resulted in increased translation of PINK1 visualized by the SunTag system. This
effect could be partly prevented by inhibition of the insulin signaling pathway using the IR inhibitor
GSK1904529A, the PI3K inhibitor Wortmannin or the AKT inhibitor VIII (Fig. 18I-n).
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Figure 18: PINK1 translation is upregulated upon AMPK inhibition as reported by the SunTag system.

(a) Schematic illustrating the SunTag system to visualize active protein translation. (b) Representative images of
PINK1 SunTag clusters following control, AICAR (1 mM, 2 h) or CC (20 uM, 2 h) treatment in the soma of primary
hippocampal neurons. (c) Quantification of the mean intensity of the PINK1 SunTag clusters as in b. One-way
ANOVA with Tukey’s post hoc test; n = 9-18; p < 0.01 (**). (d) Quantification of the mean area of the PINK1
SunTag clusters asin b. One-way ANOVA with Tukey’s post hoc test; n =9 - 18; p < 0.001 (***). (e) Representative
images of PINK1 SunTag clusters following CC (20 uM, 2 h) treatment in the presence or absence of puromycin
(200 pg/ml, 2 h) in the soma of primary hippocampal neurons. (f) Quantification of the mean intensity of the
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PINK1 SunTag clusters as in e. One-way ANOVA with Tukey’s post hoc test; n = 25-35; p <0.0001 (****).
(g) Quantification of the mean area of the PINK1 SunTag clusters as in e. One-way ANOVA with Tukey’s post hoc
test; n = 25-35; p < 0.0001 (****). (h) Representative images of the soma of primary hippocampal neurons
overexpressing the scFv-GFP alone without the Pinkl construct with and without CC (20 uM, 2 h) treatment.
Note that overexpression of only the scFv-GFP does not result in formation of clusters following CC treatment.
(i) Representative images of PINK1 SunTag clusters following control or CC (20 uM, 2 h) treatment in the soma
of Hela cells. (j) Quantification of the mean intensity of the PINK1 SunTag clusters as in i. Two-tailed student’s t-
test; n =9 - 11. (k) Quantification of the mean area of the PINK1 SunTag clusters as in i. Two-tailed student’s t-
test; n = 8 - 11. (I) Representative images of PINK1 SunTag clusters following control or insulin (500 nM, 1 h)
treatment in the soma of primary hippocampal neurons. (m) Quantification of the mean intensity of the PINK1
SunTag clusters in the soma of primary hippocampal neurons following control or insulin treatment in the
presence or absence of inhibitors targeting the insulin signaling pathway: IR inhibitor GSK1904529A (1 uM, 2 h);
PI3K inhibitor Wortmannin (1 uM, 2 h) and AKT inhibitor VIII (10 uM, 2 h). One-way ANOVA with Tukey’s post
hoc test; n =8 - 42; p < 0.05 (*). (n) Quantification of the mean area of the PINK1 SunTag clusters in the soma of
primary hippocampal neurons following control or insulin treatment in the presence or absence of inhibitors
targeting the insulin signaling pathway: IR inhibitor GSK1904529A (1 uM, 2 h); PI13K inhibitor Wortmannin (1 uM,
2 h) and AKT inhibitor VIII (10 uM, 2 h). One-way ANOVA with Tukey’s post hoc test; n = 8 -42; p < 0.05 (*),
p <0.001 (***), p < 0.0001 (****),

All data are presented as mean + SEM. Data points correspond to single cells obtained from >2 biological
replicates (c,d,f,g,j,k,m,n). Scale bars, 10 um.

As a second approach, | utilized the RiboTag mouse line to analyze ongoing translation of PinkI mRNA
(Sanz et al., 2009). Briefly, this mouse line has a modified allele of the 60S ribosomal gene Rpl22 (Rpl22-
HA) that is induced in the presence of Cre recombinase. In this way, ribosomes can be tagged and
subsequently isolated by immunoprecipitation. Ribosome-bound mRNAs can be further analyzed by
RT-gPCR (Sanz et al., 2009) (Fig. 19a). | treated cortical neurons obtained from RiboTag mouse embryos
with a control or Cre virus as well as with AICAR or CC to activate and inhibit AMPK, respectively, and
isolated ribosomes from the lysates by immunoprecipitation using the HA-tag (Fig. 19b). Upon CC
treatment | observed a trend towards increased Pink1 mRNA association with the isolated HA-tagged
ribosomes as measured by RT-gqPCR (Fig. 19c). Together with the CC-mediated increase in mean
intensity and mean area of the PINK1 SunTag clusters observed in the previous experiment (Fig. 18b-
d), this could indicate increased PINK1 translation upon AMPK inhibition. It remains to be determined
whether insulin addition also results in increased ribosomal association of Pink1 mRNA. Finally, |
investigated PINK1 expression in human iPSC-derived cortical neurons as commercially available PINK1
antibodies only reliably detect the human PINK1 protein. | analyzed PINK1 protein levels in neurons
treated with AICAR or CC. In line with the SunTag and RiboTag data, | observed increased PINK1 protein
levels upon CC treatment, while AICAR treatment had no effect (Fig. 19d,e). Furthermore, | compared
PINK1 protein levels in neurons cultured in the presence or absence of insulin. Interestingly, already
two hours of insulin withdrawal as well as inhibition of insulin signaling using the AKT inhibitor VIl
reduced PINK1 protein levels (Fig. 19f,g), which is in line with the very short half-life of the protein (W.
Lin & Kang, 2008; Vincow et al., 2013). To confirm this finding in mouse hippocampal neurons, |

overexpressed GFP-tagged PINK1 and compared its protein levels in the presence or absence of insulin
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specifically on mitochondria. In the presence of insulin, the intensity of mitochondrial GFP-tagged
PINK1 was significantly increased (Fig. 19h,i). It remains to be determined whether the effect is due to
decreased synthesis of PINK1 or changes in degradation rates in the absence of insulin. Interestingly,
inhibition of the insulin signaling pathway in HEK293T cells using the IR inhibitor GSK1904529A or the
AKT inhibitor VIII did not lead to reduced PINK1 expression indicating that this mechanism is neuron-
specific (Fig. 19j,k). This is consistent with the observation that CC-mediated inhibition did not result
in increased PINK1 SunTag clusters in Hela cells (Fig. 18i-k). Altogether, these three lines of evidence
suggest that dissociation of Pink1 mRNA from mitochondria, as seen under conditions where AMPK is

inactive, favors its translation.
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Figure 19: PINK1 translation is upregulated upon AMPK inhibition as reported by the RiboTag assay and
immunoblotting.

(a) Schematic illustrating the RiboTag assay to determine ribosomal association of Pinkl1 mRNA.
(b) Representative Western blot image of primary cortical neurons from the RiboTag mouse line. Cortical
neurons were lentivirally transduced with GFP control or GFP-Cre to induce expression of HA-tagged Rpl22 and
treated with AICAR (1 mM, 2 h) or CC (20 uM, 2 h). Ribosomes were isolated by immunoprecipitation against the
HA-tag. (c) Ribosome-associated Pink1 transcript levels as assessed by RT-qPCR following control, AICAR or CC
treatment as in b. One-way ANOVA with Tukey’s post hoc test; n = 4. (d) Representative Western blot image of
human iPSC-derived cortical neurons following control, AICAR (1 mM, 2 h) or CC (20 uM, 2 h) treatment.
(e) Densitometry analysis of the protein bands of PINK1 (full-length) normalized to the corresponding BllI tubulin
bands as in d. One-way ANOVA with Tukey’s post hoc test; n = 5; p < 0.001 (***). (f) Representative Western blot
image of human iPSC-derived cortical neurons cultured in the presence or absence of insulin for 2 h and treated
with or without the AKT inhibitor VIII (10 uM, 2 h). (g) Densitometry analysis of the protein bands of PINK1 (full-
length) normalized to the corresponding BlIl tubulin bands as in f. One-way ANOVA with Tukey’s post hoc test;
n =3; p <0.05 (*). (h) Representative images of somata of primary hippocampal neurons overexpressing PINK1-
GFP and mitochondrially targeted BFP grown with or without insulin for 2 h. (i) Quantification of the intensity of
the mitochondrially localized PINK1-GFP signal normalized to the mito-BFP signal as in h. Two-tailed student’s t-
test; n =11 - 18; p < 0.05 (*). (j) Representative Western blot image of HEK293 cells treated with or without the
IR inhibitor GSK1904529A (1 uM, 2 h) and the AKT inhibitor VIII (10 uM, 2 h). (k) Densitometry analysis of the
protein bands of PINK1 (full-length) normalized to the corresponding B-actin bands as in j. One-way ANOVA with
Tukey’s post hoc test; n = 3.

All data are presented as mean + SEM. Data points correspond to biological replicates (c,e,g,k) or single cells
obtained from 23 biological replicates (i). Scale bars, 10 um (adapted from Hees & Harbauer, 2023 and from the
unpublished data in the revised manuscript Hees et al., 2023 (under review)).

3.11 Ribosomes as well as Pink1 mRNA are present at the PINK1 translation hotspot

As one of the key components for translation are ribosomes, | next examined whether ribosomes are
present at the PINK1 translation hotspots. The RiboTag experiment already indicates an increased
ribosomal Pink1 mRNA association upon AMPK inhibition using CC. However, | also tested whether |
can detect ribosomes in close proximity to the PINK1 SunTag clusters to really confirm that these are
true translation events. Therefore, | again took advantage of the PLA approach. As the scFv-GFP, which
specifically binds to the SunTag peptides, contains a mouse Fc domain (H. Zhao et al., 2016), it can be
recognized by the secondary anti-mouse PLA probe. In addition, a primary antibody against a protein
in the 40S ribosomal subunit Rps6 was used, which can be recognized by the secondary anti-rabbit PLA
probe (Fig. 20a). Both under control conditions and upon CC treatment, | observed a colocalization
between the PLA signal and the PINK1 SunTag signal indicating that ribosomes are indeed in the same
spot as the SunTag clusters (Fig. 20b). Importantly, the PLA signal was abolished when the Pinkl
construct containing the SunTag peptides was not expressed (Fig. 20c). In this condition, the scFv-GFP
was evenly distributed in the cytosol instead of being recruited to translation hotspots, which is in line
with the reduced PLA signal. Furthermore, | performed a control experiment without addition of the
Rps6 antibody and did not detect any PLA signal as expected (Fig. 20d). Apart from ribosomes, the
Pink1 mRNA is required for PINK1 translation. Hence, | co-transfected the constructs required for

visualization of Pink1 mRNA (MS2-PP7 split-Venus system) as well as PINK1 translation (SunTag system
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using scFv-mRaspberry instead of scFv-GFP). Both under control conditions and upon CC treatment, |
observed a colocalization between the two signals (Fig. 20e). Together, this indicates that the PINK1

SunTag clusters indeed represent real translation hotspots.
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Figure 20: Ribosomes as well as Pink1 mRNA are present at the PINK1 translation hotspot.

(a) Schematic illustrating the proximity ligation assay (PLA) to visualize the interaction between the SunTag signal
and ribosomes. (b) Representative images of somata of primary hippocampal neurons overexpressing the Pink1
SunTag construct and exhibiting the PLA signal for the interaction between the SunTag signal and Rps6 following
control or CC (20 pM, 2 h) treatment. (c) Representative images of somata of primary hippocampal neurons
overexpressing the scFv-GFP with or without the Pinkl SunTag construct following control or CC (20 uM, 2 h)
treatment. The PLA was performed as in b and serves as control. Note that there is no PLA signal when the Pink1
construct is not expressed. (d) Representative images of somata of primary hippocampal neurons overexpressing
the Pinkl SunTag construct following control or CC (20 uM, 2 h) treatment. As a control for b, the PLA was
performed without addition of the Rps6 antibody. Note that there is no PLA signal. (e) Representative images of
somata of primary hippocampal neurons overexpressing the Pink1l MS2-PP7 split-Venus constructs and the Pink1
SunTag construct (using scFv-mRaspberry instead of scFv-GFP) following control or CC (20 uM, 2 h) treatment.
Note the colocalization between the Pink1 mRNA and the SunTag clusters.
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3.12  Pink1 mRNA localizes to endolysosomes upon AMPK inhibition

My observation that Pink1 mRNA dissociates from mitochondria upon AMPK inhibition raised the
question where the mRNA is localized when no longer associated with mitochondria. In a recent study,
translation of nuclear-encoded mitochondrial proteins has been shown to occur at endolysosomes in
close proximity to mitochondria in neurons (Cioni et al., 2019). | therefore tested whether AMPK
inhibition would induce Pink1 mRNA localization to endolysosomes visualized by expression of either
the RFP-tagged lysosomal transmembrane protein 192 (TMEM192) or the mCherry-tagged late
endosomal protein Rab7. Indeed, endolysosomal Pink1 mRNA association using either TMEM192 or
Rab7 as a marker significantly increased upon AMPK inhibition using CC (Fig. 21a-d). Consistent with
the CC effect, insulin-induced inhibition of AMPK also resulted in an increased endolysosomal
localization of the Pink1 mRNA (Fig. 21e,f). Taken together, inhibition of AMPK signaling induces Pink1

mMRNA translocation from mitochondria to endolysosomes potentially promoting its translation at this

organelle.
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Figure 21: Pink1 mRNA localizes to endolysosomes upon AMPK inhibition.

(a) Representative images of Pinkl mRNA as visualized using the MS2/PP7-split Venus approach and
endolysosomes visualized by overexpression of mCherry-tagged Rab7 in the soma of primary hippocampal
neurons following control or CC (20 uM, 2 h) treatment. (b) Manders’ coefficient-based quantification of the
colocalization between the Pink1 mRNA and the endolysosomal channel (Rab7) as in a. Two-tailed student’s t-
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test; n = 34 - 39; p < 0.0001 (****). (c) Representative images of Pink1 mRNA as visualized using the MS2/PP7-
split Venus approach and endolysosomes visualized by overexpression of RFP-tagged TMEM192 in the soma of
primary hippocampal neurons following control or CC (20 uM, 2 h) treatment. (d) Manders’ coefficient-based
quantification of the colocalization between the Pink1 mRNA and the endolysosomal channel (TMEM192) as in c.
Two-tailed student’s t-test; n = 16 - 19; p < 0.0001 (****). (e) Representative images of Pink1 mRNA as visualized
using the MS2/PP7-split Venus approach and endolysosomes visualized by overexpression of RFP-tagged
TMEM192 in the soma of primary hippocampal neurons following control or insulin (500 nM, 1 h) treatment.
(f) Manders’ coefficient-based quantification of the colocalization between the PinklI mRNA and the
endolysosomal channel (TMEM192) as in e. Two-tailed student’s t-test; n = 11 - 12; p < 0.001 (***).

All data are presented as mean + SEM. Data points correspond to single cells obtained from >3 biological
replicates (b,d,f). Scale bars, 10 um (adapted from the unpublished data in the revised manuscript Hees et al.,
2023 (under review)).

3.13  PINK1 translation occurs at endolysosomes upon AMPK inhibition

As | observed increased endolysosomal Pinkl mRNA association upon AMPK inhibition, | next
investigated whether its translation occurs at endolysosomes. Upon AMPK inhibition via CC or insulin,
the PINK1 SunTag signal colocalized with endolysosomal markers such as Rab7, LAMP1 and TMEM192
indicating that PINK1 translation indeed occurs at the endolysosomal compartment (Fig. 22a,b). With
an increase in endolysosomal localization, the mitochondrial localization of the SunTag signal

decreased upon CC treatment (Fig. 22b).
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Figure 22: PINK1 translation occurs at endolysosomes upon AMPK inhibition.

(a) Representative images of PINK1 SunTag clusters as well as mitochondria or endolysosomes visualized by
overexpression of mitochondrially-targeted mRaspberry, mCherry-tagged Rab7, mCherry-tagged LAMP1 or RFP-
tagged TMEM192 in the soma of primary hippocampal neurons following control, CC (20 uM, 2 h) or insulin
(500 nM, 1 h) treatment. (b) Manders’ coefficient-based quantification of the colocalization between the PINK1
SunTag and the organelle channel following CC treatment as in a. One-way ANOVA with Tukey’s post hoc test;
n=11-29; p<0.01(**), p<0.0001 (****). (c) Schematicillustrating the FRET-based AMPK activity sensor ABKAR
targeted to mitochondria and to endolysosomes via dAKAP1 and LAMP1, respectively. (d) Representative images
of primary hippocampal neurons overexpressing the FRET-based AMPK activity sensor ABKAR sensor targeted to
the cytosol, to mitochondria or to endolysosomes. (e) Analysis of AMPK activity by performing fluorescence
lifetime imaging of the FRET-based AMPK activity sensor donor ABKAR in primary hippocampal neurons as in d.
One-way ANOVA with Tukey’s post hoc test; n =17 - 26; p < 0.01 (**), p < 0.0001 (****).

All data are presented as mean + SEM. Data points correspond to single cells obtained from >3 biological
replicates (b,e). Scale bars, 10 um.

As mitochondrial Pink1 mRNA association as well as translation at endolysosomes seems to be
inversely regulated by AMPK activity, | next addressed the question whether AMPK activity differs
between mitochondria and endolysosomes. To test this, | took advantage of the AMPK FRET (ABKAR)
constructs tethered to the two organelles via A-kinase anchor protein 1 (AKAP1) and LAMP1 to
measure AMPK activity specifically at mitochondria and endolysosomes, respectively (Miyamoto et al.,
2015) (Fig. 22c¢,d). Interestingly, mitochondrial AMPK activity was significantly higher than lysosomal
AMPK activity (Fig. 22e). Taken together, these results indicate that when a mitochondrion carrying
Pink1 mRNA reaches an endolysosome, the Pinkl mRNA might be released due to a signaling

environment that favors the dephosphorylated state of SYNJ2BP, allowing for ribosomal translation.

3.14 Phospho-mimetic SYNJ2BP decreases endolysosomal-localized PINK1 translation upon
AMPK inhibition

Given the observation that AMPK-mediated SYNJ2BP phosphorylation is critical for Pink1 mRNA
tethering to mitochondria (Fig. 16a,b), | tested whether it is also involved in regulating its translation.
Indeed, overexpression of the phosphomimetic SYNJ2BP S21E mutant compared to SYNJ2BP WT
significantly reduced the mean intensity of the SunTag clusters upon AMPK inhibition using CC or
insulin (Fig. 23a,b). A similar trend was observed for the mean area of the SunTag clusters (Fig. 23c).
Furthermore, both CC- and insulin-induced endolysosomal localization of the PINK1 translation as
visualized by the SunTag system was prevented if instead of SYNJ2BP WT the phospho-mimetic
SYNJ2BP S21E mutant was overexpressed (Fig. 23d-f). Together, this indicates that phosphorylation of
SYNJ2BP at S21 regulates the switch between Pinkl1 mRNA tethering to mitochondria and its

translation at endolysosomes.
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Figure 23: Phospho-mimetic SYNJ2BP decreases endolysosomal-localized PINK1 translation upon AMPK
inhibition.

(a) Representative images of PINK1 SunTag clusters following control, CC (20 uM, 2 h) or insulin (500 nM, 1 h)
treatment in the soma of primary hippocampal neurons overexpressing SYNJ2BP WT or S21E. (b) Quantification
of the mean intensity of the PINK1 SunTag clusters as in a. One-way ANOVA with Tukey’s post hoc test;
n=12-19; p<0.05 (*), p<0.001 (***). (c) Quantification of the mean area of the PINK1 SunTag clusters as in a.
One-way ANOVA with Tukey’s post hoc test; n = 12 - 19. (d) Representative images of PINK1 SunTag clusters as
well as mitochondria and endolysosomes visualized by overexpression of mitochondrially-targeted BFP and RFP-
tagged TMEM192, respectively, in the soma of primary hippocampal neurons overexpressing SYNJ2BP WT or
S21E following control, CC (20 uM, 2 h) or insulin (500 nM, 1 h) treatment. (e) Manders’ coefficient-based
quantification of the colocalization between the PINK1 SunTag and the endolysosomal channel as in d. One-way
ANOVA with Tukey’s post hoc test; n =9 -19; p < 0.001 (***). (f) Manders’ coefficient-based quantification of
the colocalization between the PINK1 SunTag and the mitochondrial channel as in d. One-way ANOVA with
Tukey’s post hoc test; n =11 - 18; p < 0.01 (**).

All data are presented as mean + SEM. Data points correspond to single cells obtained from >3 biological
replicates (b,c,e,f). Scale bars, 10 um.
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3.15 Increased PINK1 translation is not dependent on mTORC1 signaling but on
endolysosomal activity

Endolysosomes are known to be important hubs for metabolic sighaling (Lamming & Bar-Peled, 2019).
Interestingly, both AMPK and mTORC1 are actively recruited to endolysosomes for activation (Carroll
& Dunlop, 2017). Furthermore, mTORC1 is known as the master regulator of protein synthesis and has
been shown to upregulate translation of nuclear-encoded mitochondrial proteins (Morita et al., 2013).
AMPK and mTORC1 signaling are inversely regulated and AMPK can inhibit mTORC1 through different
signaling pathways (Gwinn et al., 2008; Inoki, Zhu, et al., 2003). Therefore, | next tested whether the
CC-induced increase of endolysosomal PINK1 translation is mTORC1-dependent. To test this, | used
Torin-2, a known mTOR inhibitor (Q. Liu et al., 2011, 2013). As observed before, CC addition resulted
in an increased mean intensity as well as mean area of the PINK1 SunTag clusters. Interestingly,
simultaneous treatment with Torin-2 did not prevent this effect (Fig. 24a-c). In line with that, Torin-2
did not prevent the CC-mediated endolysosomal localization of the PINK1 SunTag signal either (Fig.
24d-f) indicating that the upregulation and localization of translation does not depend on mTOR

signaling.

Another reason why endolysosomes are ideal platforms for protein translation is their role as
degradation and recycling centers. During the degradation process amino acids are transported back
into the cytosol, which can be recycled in the synthesis of new proteins. To test whether the
degradative capacity of the endolysosomes plays a role, | combined Bafilomycin Al with CC treatment
and analyzed the mean intensity, mean area as well as localization of the PINK1 SunTag signal.
Bafilomycin Al inhibits the endolysosomal v-ATPase, a proton pump required for the acidification of
the organelle (Forgac, 2007; Mindell, 2012). Interestingly, unlike Torin-2, Bafilomycin Al prevented the
CC-induced increase in the mean intensity and mean area of the PINK1 SunTag clusters (Fig. 24g-i).
Furthermore, the SunTag clusters did not localize to the endolysosomal compartment when the
neurons were treated with both CC and Bafilomycin A1 (Fig. 24j-I). This indicates that the upregulation
and localization of PINK1 translation is dependent on the degradative capacity of the endolysosomal

compartment but not on mTORC1 signaling.
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Figure 24: Increased PINK1 translation is not dependent on mTORC1 signaling but on endolysosomal activity.
(a) Representative images of PINK1 SunTag clusters following control or CC (20 uM, 2 h) treatment in the
presence or absence of Torin-2 (10 nM, 2 h) in the soma of primary hippocampal neurons. (b) Quantification of
the mean intensity of the PINK1 SunTag clusters as in a. One-way ANOVA with Tukey’s post hoc test; n = 22 - 35;
p <0.01 (**), p < 0.0001 (****), (c) Quantification of the mean area of the PINK1 SunTag clusters as in a. One-
way ANOVA with Tukey’s post hoc test; n =22 - 35; p < 0.0001 (****). (d) Representative images of PINK1 SunTag
clusters as well as mitochondria and endolysosomes visualized by overexpression of mitochondrially-targeted
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BFP and RFP-tagged TMEM192, respectively, in the soma of primary hippocampal neurons following control or
CC (20 uM, 2 h) treatment in the presence or absence of Torin-2 (10 nM, 2 h). (e) Manders’ coefficient-based
quantification of the colocalization between the PINK1 SunTag and the endolysosomal channel as in d. One-way
ANOVA with Tukey’s post hoc test; n = 15 -29; p < 0.05 (*), p < 0.0001 (****). (f) Manders’ coefficient-based
quantification of the colocalization between the PINK1 SunTag and the mitochondrial channel as in d. One-way
ANOVA with Tukey’s post hoc test; n = 19 - 35; p < 0.0001 (****). (g) Representative images of PINK1 SunTag
clusters following control or CC (20 uM, 2 h) treatment in the presence or absence of Bafilomycin A1 (100 nM,
2 h) in the soma of primary hippocampal neurons. (h) Quantification of the mean intensity of the PINK1 SunTag
clusters as in g. One-way ANOVA with Tukey’s post hoc test; n = 12 -19; p < 0.001 (***), p < 0.0001 (****),
(i) Quantification of the mean area of the PINK1 SunTag clusters as in g. One-way ANOVA with Tukey’s post hoc
test; n =12 -19; p < 0.0001 (****). (j) Representative images of PINK1 SunTag clusters as well as mitochondria
and endolysosomes visualized by overexpression of mitochondrially-targeted BFP and RFP-tagged TMEM192,
respectively, in the soma of primary hippocampal neurons following control or CC (20 uM, 2 h) treatment in the
presence or absence of Bafilomycin Al (100 nM, 2 h). (k) Manders’ coefficient-based quantification of the
colocalization between the PINK1 SunTag and the endolysosomal channel as in j. One-way ANOVA with Tukey’s
post hoc test; n =12 - 19; p < 0.0001 (****). (I) Manders’ coefficient-based quantification of the colocalization
between the PINK1 SunTag and the mitochondrial channel as in j. One-way ANOVA with Tukey’s post hoc test;
n=10-19; p <0.001 (***), p <0.0001 (****).

All data are presented as mean + SEM. Data points correspond to single cells obtained from >3 biological
replicates (b,c,e,f,h,i,k,l). Scale bars, 10 um.

3.16 DNAJB6 might guide PINK1 to mitochondria via the ER-SURF pathway after translation

In order to have a closer look at the involvement of the different organelles in PINK1 translation upon
AMPK inhibition, | performed correlative light-electron microscopy (CLEM) imaging in collaboration
with Martina Fetting from the electron microscopy hub at the German Center for Neurodegenerative
Diseases (DZNE), Munich, Germany. | could confirm the localization of the PINK1 SunTag signal next to
endolysosomes visualized by expression of RFP-tagged TMEM192. At the same time, lysosomal
engulfment of the signal as would be expected during bulk autophagy could be ruled out. Apart from
endolysosomes, mitochondria visualized by mitochondrially-targeted BFP were also present in close

proximity to the SunTag signal (Fig. 25a).

Interestingly, when having a closer look at the CLEM image, instead of cytosolic polysome structures |
could also detect an ER tubule that seems to resemble rough ER. In yeast, a mechanism called ER-SURF
has recently been described (Hansen et al., 2018). The ER-anchored chaperone Djp1 has been shown
to guide mitochondrial proteins from the cytosol towards the mitochondrial surface. | therefore
investigated the localization of its mammalian homolog Dnal heat shock protein family (Hsp40)
member B6 (DNAJB6) in neurons upon CC treatment. Interestingly, | observed colocalization between
the PINK1 SunTag signal and DNAJB6 only upon CC treatment (Fig. 25b) indicating that the chaperone
DNAJB6 may be indeed involved in guiding PINK1 to the mitochondria.
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Figure 25: DNAJB6 might guide PINK1 to mitochondria via the ER-SURF pathway after translation.
(a) Correlative light-electron microscopy image of PINK1 SunTag clusters as well as mitochondria and
endolysosomes visualized by overexpression of mitochondrially-targeted BFP and RFP-tagged TMEM192,
respectively, in the soma of primary hippocampal neurons following CC (20 uM, 2 h) treatment. Note the arrow
marks an ER tubule that resembles rough ER. (b) Representative images of PINK1 SunTag clusters and DNAJB6
immunostaining in the soma of primary hippocampal neurons following control and CC (20 uM, 2 h) treatment.

Scale bars, 1 um (a) and 10 um (b).

3.17 Insulin supports PINK1 activation and mitophagy

PINK1 acts as a sensor for mitochondrial quality control and tags defective mitochondria with
phosphorylated ubiquitin (p-ubiquitin) in a combined action with the E3-ubiquitin ligase Parkin, which
eventually results in recruitment of the autophagy receptor optineurin and lysosomal delivery of
damaged mitochondria (Lazarou et al., 2015). As | observed increased translation of PINK1 upon AMPK
inhibition mediated by CC or insulin treatment, | tested whether the function of PINK1 as a ubiquitin
kinase during mitophagy was affected by insulin. To this end, | used a phospho-specific antibody
against ubiquitin (S65) and took advantage of the decreased mitochondrial density in dendrites
compared to the soma to visualize p-ubiquitin localization to mitochondria. In the presence of insulin,
| detected increased p-ubiquitin generation at mitochondria upon mitophagy induction using the
complex lll inhibitor Antimycin A (AA). This was, indeed, significantly impaired in neurons grown in
insulin-free medium (Fig. 26a,b), which is in line with reduced PINK1 protein levels under this condition
(Fig. 19,f,g). As phosphorylated ubiquitin serves as Parkin receptor (Okatsu et al., 2015), | next
examined whether Parkin recruitment to mitochondria upon induction of mitophagy was also affected
in the absence of insulin. Using live cell microscopy, | observed impaired mitochondrial Parkin
recruitment in the absence of insulin (Fig. 26¢,d), providing additional support for the positive
regulation of mitophagy via insulin signaling. To further investigate the impact of insulin signaling on

the engulfment of damaged mitochondria into autophagosomes, | also assessed mitochondrial
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recruitment of optineurin, a key autophagy receptor in the PINK1/Parkin-dependent mitophagy
pathway. In line with decreased PINK1 protein levels (Fig. 19f,g) as well as reduced p-ubiquitin (Fig.
26a,b) and Parkin localization to mitochondria (Fig. 26¢,d), AA-induced optineurin recruitment was also
significantly impaired in the absence of insulin (Fig. 26e,f). As the final step of mitophagy, colocalization
of mitochondria with LAMP1-positive lysosomes following AA treatment was only observed when the

neurons were cultured in the presence of insulin overnight (Fig. 26g,h).
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Figure 26: Insulin supports PINK1 activation and mitophagy.

(a) Representative dendrite images of primary hippocampal neurons grown with or without insulin overnight
before treatment with or without 20 uM AA overexpressing mito-meGFP and immunostained for Il tubulin and
phospho-ubiquitin (S65). (b) Manders’ coefficient-based quantification of the colocalization between the
phospho-ubiquitin (S65) and the mitochondrial channel as in a. One-way ANOVA with Tukey’s post hoc test;
n=19-24: p < 0.0001 (****). (c) Representative dendrite images of primary hippocampal neurons
overexpressing YFP-Parkin and mitochondrially targeted mRaspberry grown with or without insulin overnight
before treatment with 20 uM AA. The white arrowheads highlight Parkin-positive mitochondria observed
through live cell imaging before (start) and 30 min after AA treatment. (d) Quantification of Parkin-positive
mitochondria before and after AA addition as in c. One-way ANOVA with Tukey’s post hoc test; n = 8-9;
p <0.05 (*), p < 0.0001 (****). (e) Representative dendrite images of primary hippocampal neurons grown with
or without insulin overnight before treatment with or without 20 uM AA overexpressing mito-meGFP and
immunostained for Bl tubulin and optineurin. (f) Manders’ coefficient-based quantification of the colocalization
between the optineurin and the mitochondrial channel as in e. One-way ANOVA with Tukey’s post hoc test;
n=14-18; p <0.05 (*), p < 0.0001 (****). (g) Representative soma images of primary hippocampal neurons
grown with or without insulin overnight before treatment with or without 20 uM AA overexpressing mito-meGFP
and LAMP1-mCherry. (h) Manders’ coefficient-based quantification of the colocalization between the
mitochondrial and the lysosomal channel as in g. One-way ANOVA with Tukey’s post hoc test; n = 30 - 38;
p <0.05 (*), p < 0.001 (***). (i) Representative dendrite images of primary hippocampal neurons grown in the
presence of insulin overnight before treatment with Torin-2 (10 nM, 30 min) or AICAR (1 mM, 2 h) as well as
20 uM AA. The neurons overexpress mito-meGFP and are immunostained for BlIl tubulin and phospho-ubiquitin
(S65). (j) Manders’ coefficient-based quantification of the colocalization between the phospho-ubiquitin (S65)
and the mitochondrial channel following different treatments as indicated. One-way ANOVA with Tukey’s post
hoc test; n =9-29; p<0.01 (**), p<0.001 (***), p < 0.0001 (****).

All data are presented as mean + SEM. Data points correspond to single cells obtained from >3 biological
replicates (b,d,f,h,j). Scale bars, 10 um (adapted from Hees & Harbauer, 2023 and from the unpublished data in
the revised manuscript Hees et al., 2023 (under review)).

Importantly, the insulin-induced effect on PINK1 availability and function was not dependent on
general translational regulation by mTOR signaling as the mTOR inhibitor Torin-2 did not prevent the
mitochondrial p-ubiquitination (Fig. 26i,j). AMPK activation using AICAR, however, inhibited generation
of p-ubiquitin at mitochondria also in the presence of insulin (Fig. 26i,j). Thus, PINK1 activation and its

function as ubiquitin kinase is mediated by AMPK downstream of insulin signaling.

3.18 Insulin effect on PINK1 activation and mitophagy is mediated through SYNJ2BP
dephosphorylation

Given the insulin-mediated effect on PINK1 activity and mitophagy | next investigated whether this
effect is regulated by SYNJ2BP phosphorylation and consequently Pink1 mRNA localization. Therefore,
| examined whether overexpression of the phospho-ablative SYNJ2BP S21A mutant would be able to
boost PINK1 activity upon insulin withdrawal as measured by p-ubiquitin localization at mitochondria.
Indeed, if instead of SYNJ2BP WT the phospho-ablative SYNJ2BP S21A mutant was overexpressed, p-
ubiquitin localized to mitochondria also in the absence of insulin upon AA treatment indicating PINK1
activity (Fig. 27a,b). Accordingly, overexpression of the phospho-mimetic SYNJ2BP S21E mutant in

neurons cultured in the presence of insulin inhibited PINK1’s function as a ubiquitin kinase (Fig. 27c,d).
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In SYNJ2BP S21E overexpressing neurons, Pinkl mRNA is associated with mitochondria even in the
presence of insulin (Fig. 17d-f). Hence, insulin-induced dissociation of Pink1 mRNA from mitochondria
via SYNJ2BP dephosphorylation positively regulates PINK1 availability and its function in the

PINK1/Parkin-dependent mitophagy pathway.
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Figure 27: Insulin effect on PINK1 activation and mitophagy is mediated through SYNJ2BP dephosphorylation.
(a) Representative dendrite images of primary hippocampal neurons grown without insulin overnight before
treatment with 20 uM AA. The neurons overexpress mito-meGFP as well as SYNJ2BP WT or S21A and are
immunostained for Blll tubulin and phospho-ubiquitin (565). (b) Manders’ coefficient-based quantification of the
colocalization between the phospho-ubiquitin (S65) and the mitochondrial channel under different conditions as
indicated. One-way ANOVA with Tukey’s post hoc test; n = 14-17; p < 0.001 (***), p < 0.0001 (****),
(c) Representative dendrite images of primary hippocampal neurons grown in the presence of insulin overnight
before treatment with 20 uM AA. The neurons overexpress mito-meGFP as well as SYNJ2BP WT or S21E and are
immunostained for Bl tubulin and phospho-ubiquitin (S65). (d) Manders’ coefficient-based quantification of the
colocalization between the phospho-ubiquitin (S65) and the mitochondrial channel under different conditions as
indicated. One-way ANOVA with Tukey’s post hoc test; n = 17 - 20; p < 0.001 (***), p < 0.0001 (****).

All data are presented as mean + SEM. Data points correspond to single cells obtained from >3 biological
replicates (b,d). Scale bars, 10 um (adapted from Hees & Harbauer, 2023).

3.19 ApoE4 inhibits insulin-regulated Pink1 mRNA localization and PINK1 activation

Brain insulin resistance as well as mitochondrial dysfunction are closely associated with the pathology
of AD (Arnold et al., 2018). However, so far, no direct link has been shown between the two
phenomena. The presence of the €4 allele of the apolipoprotein E (ApoE4) has been identified as the

strongest genetic risk factor for late onset AD (Bu, 2009; C.-C. Liu et al., 2013). Interestingly, a recent
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study showed that addition of ApoE4 to neuronal cultures causes insulin resistance in vitro by trapping
the IR in endosomes (N. Zhao et al., 2017). | therefore investigated whether ApoE4 treatment prevents
the insulin-mediated effects on Pink1 mRNA localization as well as PINK1 function. To address this
question, | first confirmed that ApoE4 inhibits the insulin-mediated reduction in AMPK activity. By
measuring the donor lifetime of the AMPK FRET-based activity sensor | indeed observed that the
insulin-induced decrease in AMPK activity was prevented upon ApoE4 addition overnight (Fig. 28a).

Importantly, this was not the case when its homolog ApoE3 was added to the cultured neurons (Fig.

28a).
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Figure 28: ApoE4 inhibits insulin-regulated Pink1 mRNA localization and PINK1 activation.

(a) Analysis of AMPK activity by performing fluorescence lifetime imaging of the FRET-based AMPK activity sensor
donor in primary hippocampal neurons following control or insulin (500 nM, 1 h) treatment in the presence or
absence of ApoE3 (50 nM, overnight) or ApoE4 (50 nM, overnight). One-way ANOVA with Tukey’s post hoc test;
n=31-47; p<0.05(*), p<0.01 (**), p<0.001 (***). (b) Representative images of Pink1 mRNA as visualized
using the MS2/PP7-split Venus approach and mRaspberry-labeled mitochondria in the soma and dendrites of
primary hippocampal neurons following control or insulin (500 nM, 1 h) treatment in the presence of ApoE3
(50 nM, overnight) or ApoE4 (50 nM, overnight). (c) Manders’ coefficient-based quantification of the
colocalization between the Pink1 mRNA and the mitochondrial channel in the soma as in b. One-way ANOVA
with Tukey’s post hoc test; n = 21-30; p < 0.001 (***), p < 0.0001 (****). (d) Manders’ coefficient-based
quantification of the colocalization between the Pink1 mRNA and the mitochondrial channel in dendrites as in b.
One-way ANOVA with Tukey’s post hoc test; n = 22 - 37; p < 0.001 (***), p < 0.0001 (****). (e) Pink1 transcript
levels normalized to B-actin transcript levels as assessed by RT-gPCR from primary cortical neurons treated
cultured in the presence of ApoE3 (50 nM, overnight) or ApoE4 (50 nM, overnight). Two-tailed Welch’s t-test;
n = 3. (f) Representative images of Pink1 mRNA as visualized using the MS2/PP7-split Venus approach and
mRaspberry-labeled mitochondria in primary hippocampal neurons following control or CC (20 uM, 2 h)
treatment in the presence of ApoE3 (50 nM, overnight) or ApoE4 (50 nM, overnight). (g) Manders’ coefficient-
based quantification of the colocalization between the Pink1 mRNA and the mitochondrial channel as in f. One-
way ANOVA with Tukey’s post hoc test; n = 16 - 19; p < 0.0001 (****),

All data are presented as mean + SEM. Data points correspond to single cells obtained from >3 biological
replicates (a,c,d,e,g). Scale bars, 10 um (adapted from Hees & Harbauer, 2023 and from the unpublished data in
the revised manuscript Hees et al., 2023 (under review)).

In line with that observation, ApoE4 but not ApoE3 prevented the insulin effect on Pink1 mRNA
localization visualized using the MS2/PP7 split-Venus approach. In the presence of ApoE4, Pink1 mRNA
remained tethered to the mitochondria both in the soma and in dendrites despite addition of insulin
(Fig. 28b-d). Importantly, the effect on colocalization was not caused by altered Pinkl mRNA levels
upon ApoE3 or ApoE4 treatment (Fig. 28e). Furthermore, ApoE4 did not prevent the CC-mediated
dissociation of Pink1 mRNA from mitochondria suggesting that the ApoE4-induced effect on Pink1

MRNA localization occurs upstream of AMPK (Fig. 28f,g).

As | observed that Pink1 mRNA association to mitochondria is dependent on AMPK-mediated SYNJ2BP
phosphorylation (Fig. 16a,b), | next tested whether overexpression of the phospho-ablative SYNJ2BP
S21A mutant would rescue the ApoE4-induced phenotype. Indeed, mitochondrial Pink1 mRNA
localization was significantly reduced in insulin- and ApoE4-treated neurons, when instead of SYNJ2BP
WT the phospho-ablative SYNJ2BP S21A mutant was overexpressed (Fig. 29a,b). Given the observation
of reduced PINK1 availability and activation in the absence of insulin (Fig. 19f,g and Fig. 25a,b), | tested
whether ApoE4 would also inhibit the insulin-induced effect on PINK1 activity as measured by
mitochondrial p-ubiquitin generation. Unlike its homolog ApoE3, ApoE4 abolished mitochondrial p-
ubiquitination upon induction of mitochondrial damage using AA in the presence of insulin (Fig. 29¢,d).
Taken together, insulin resistance in vitro induced by ApoE4 application dysregulates Pinkl mRNA
localization and consequently PINK1’s function in the removal of damaged mitochondria via

mitophagy.
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Figure 29: ApoE4 inhibits insulin-regulated PINK1 activation.

(a) Representative images of Pink1 mRNA as visualized using the MS2/PP7-split Venus approach and mRaspberry-
labeled mitochondria in primary hippocampal neurons grown in the presence of insulin and treated with ApoE3
(50 nM, overnight) or ApoE4 (50 nM, overnight). The neurons overexpress SYNJ2BP WT or S21A. (b) Manders’
coefficient-based quantification of the colocalization between the Pink1 mRNA and the mitochondrial channel
under different conditions as indicated. One-way ANOVA with Tukey’s post hoc test; n = 18 - 24; p < 0.05 (*).
(c) Representative dendrite images of primary hippocampal neurons grown in the presence of insulin as well as
ApoE3 (50 nM, overnight) or ApoE4 (50 nM, overnight) before treatment with or without 20 uM AA. The neurons
overexpress mito-meGFP and are immunostained for Bl tubulin and phospho-ubiquitin (S65). (d) Manders’
coefficient-based quantification of the colocalization between the phospho-ubiquitin (S65) and the
mitochondrial channel following different treatments as indicated. One-way ANOVA with Tukey’s post hoc test;
n=17-24; p <0.001 (***), p < 0.0001 (****),

All data are presented as mean * SEM. Data points correspond to single cells obtained from >3 biological
replicates (b,d). Scale bars, 10 um (adapted from Hees & Harbauer, 2023).
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4 DISCUSSION

In my project, | discovered a metabolically regulated switch that controls Pink1 mRNA localization,
translation as well as PINK1 function in response to insulin and AMPK signaling. | have shown that
AMPK phosphorylates the mitochondrial anchor protein SYNJ2BP at S21, which leads to a strengthened
interaction with the RNA-binding protein SYNJ2a, thereby increasing the association of Pink1 mRNA
with mitochondria. In this way, efficient transport of Pink1 mRNA into distal parts of the neuron is
ensured, which allows for on-demand local translation of the short-lived PINK1 protein (Harbauer et
al., 2022). However, during AMPK-mediated mitochondrial binding of Pink1 mRNA, its translation as
well as PINK1/Parkin-dependent mitophagy is reduced. This might serve to increase the mitochondrial
content during times of ATP shortage as signaled by AMPK activity (Fig. 30a). Insulin-mediated AMPK
inhibition untethers Pink1 mRNA from mitochondria resulting in translocation of Pinkl mRNA to
endolysosomes. At the endolysosomal compartment, amino acids derived from lysosomal protein
degradation fuel local translation of the PINK1 protein, potentially at ER-associated ribosomes.
Transfer of the PINK1 precursor to mitochondria with the help of chaperones like DNAJB6 facilitates
PINK1 protein import and also PINK1/Parkin-dependent mitophagy during times of energy abundance
(Fig. 30b). Disturbance of proper metabolic regulation, such as insulin resistance in AD, directly impacts
the ability of neurons to upregulate PINK1 translation as needed, which most likely contributes to the

mitochondrial dysfunction observed in AD.
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Figure 30: Insulin signaling regulates Pink1 mRNA localization and translation via modulation of AMPK activity.
(a) During periods of energy shortage, characterized by low ATP levels, increased AMPK activity and decreased
insulin levels, Pink1 mRNA is tethered to mitochondria via SYNJ2BP and SYNJ2a. The interaction between
SYNJ2BP and SYNJ2a is enhanced by AMPK-mediated phosphorylation of SYNJ2BP at S21. Mitochondrial Pink1
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mRNA association results in reduced translation of PINK1 and a subsequent decrease in mitophagy levels. ApoE4
mimics this condition by impeding the insulin-mediated effects. (b) During periods of energy abundance,
characterized by high ATP levels, decreased AMPK activity and increased insulin levels, less Pink1 mRNA is
tethered to mitochondria due to a reduced interaction between SYNJ2BP and SYNJ2a. This results in increased
PINK1 translation at the endolysosomal compartment in close proximity to the ER and mitochondria. DNAJB6
might be involved in guiding the PINK1 protein back to its mitochondrial destination. In this state of energy
abundance, mitophagy is favored samples (adapted from Hees & Harbauer, 2023).

4.1 AMPK does not universally promote autophagy

While AMPK is widely recognized for its role in promoting autophagy, including mitophagy, through
the phosphorylation and activation of ULK1 (Egan et al., 2011; J. Kim et al., 2011), the model proposed
in this thesis suggests that AMPK negatively regulates PINK1/Parkin-dependent mitophagy in neurons
(Fig. 26). Notably, a very recent study conducted in non-neuronal cells has challenged the traditional
view by demonstrating that starvation-induced AMPK-mediated phosphorylation of ULK1 inhibits
ULK1 activity, thereby impeding the initiation of autophagy (Park et al., 2023). This discovery aligns
with the findings of this thesis and emphasizes that the current understanding of the relationship
between autophagy initiation and AMPK is still too simplified and requires further investigation.
Autophagy itself is an energy-consuming process and hence, during energy shortage, the cell might
first prioritize other critical processes. Although AMPK initially inhibits autophagy, it does preserve the
cellular ability to perform autophagy by protecting the ULK1-associated autophagy machinery from
caspase-mediated degradation (Park et al., 2023). As neurons are very energy-demanding cells, this
mechanism of initial inhibition of autophagy as well as mitophagy mediated by AMPK might be

particularly pronounced in neurons.

Both starvation-induced activation of AMPK and inhibition of mTOR signaling are generally known to
increase bulk autophagy (Bagherniya et al., 2018). Interestingly, in cultured neurons, however, neither
starvation nor inhibition of mTOR signaling result in enhanced autophagy (Maday & Holzbaur, 2016).
Consistent with these findings, | also observed differences between neurons and non-neuronal cells.
The increased PINK1 translation following AMPK inhibition (Fig. 18b-d,i-k; Fig. 19f,g,j,k) and potentially
also its impact on mitophagy appear to be specific to neurons. The primary function of neuronal
autophagy, including mitophagy, might be the maintenance of cellular homeostasis by degrading aging
organelles and proteins rather than the mobilization of biosynthetic building blocks such as amino
acids as observed in other cell types (Maday & Holzbaur, 2016). The homeostatic function of autophagy
is particularly important in neurons as these cells are postmitotic and need to last an entire lifetime.
Consequently, they heavily rely on quality-control pathways as they cannot divide to dilute out toxic

proteins or organelles.
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Finally, there is relatively limited research focused on the role of AMPK in PINK1/Parkin-dependent
mitophagy. However, in a recent study, a link between the AMPK substrate ULK1 and the PINK1/Parkin-
dependent mitophagy pathway has been identified (C.-M. Hung et al., 2021). Parkin has been shown
to be phosphorylated at S108 by AMPK-dependent ULK1 within five minutes upon induction of
mitochondrial damage (C.-M. Hung et al., 2021). This represents a very early step in the mitophagy
pathway as activation of PINK1 only occurs 30 to 60 minutes later (C.-M. Hung et al., 2021). The
phosphorylation of Parkin at S108 by ULK1 has also been detected in human embryonic stem cell line-
derived neurons (C.-M. Hung et al., 2021). Importantly, the findings of this thesis add another layer to
this complex relationship by demonstrating the necessity of AMPK inhibition for proper PINK1 function
and consequently mitophagy in neurons (Fig. 26). Further research is needed to fully understand the

intricate interplay between AMPK and PINK1/Parkin-mediated mitophagy in neurons.

4.2 Neurons require cell type-specific mitophagy mechanisms

Morphologically, neurons have a very complex structure, which makes maintaining a healthy
mitochondrial network very challenging (Misgeld & Schwarz, 2017) and thus might require neuron-
specific mechanisms. Apart from the challenging mitostasis, neurons heavily rely on mitochondrial
function due to their high energy demand. Therefore, PINK1/Parkin-dependent mitophagy might only
be activated if sufficient energy supply is ensured or if the mitochondrion is severely damaged and
thus harmful to the cell. This hypothesis is supported by the findings presented in this thesis. Fittingly,
PINK1/Parkin-dependent mitophagy is not detectable under basal conditions in neurons (Goldsmith et
al., 2022; Le Guerroué et al., 2017; McWilliams et al., 2018; Ordureau et al., 2021) but can be induced
by stressors such as exhaustive exercise or the progression of aging (Cornelissen et al., 2018; Y.-T. Liu

et al., 2021).

Upon induction of mitochondrial damage, | observed PINK1/Parkin-dependent mitophagy only in the
presence of insulin (Fig. 26), which indicates sufficient ATP levels along with decreased activity of
AMPK. A recent study showed that low concentrations of AA are not sufficient to recruit Parkin to
mitochondria in cultured hippocampal neurons (M.-Y. Lin et al., 2017). Interestingly, these neurons
were imaged in a medium that did not contain any growth factors including insulin. Additionally,
variations in the effectiveness of PINK1/Parkin-dependent mitophagy have also been reported in
human iPSC-derived neurons. While some studies were able to observe mitochondrial Parkin
recruitment upon induction of mitochondrial damage (Oh et al., 2017; Seibler et al., 2011), others claim
that PINK1/Parkin-mediated mitophagy does not occur in human neurons (Rakovic et al., 2013). As |
only observed PINK1/Parkin-dependent mitophagy when insulin was present in the medium, it is

possible that different media composition might explain the different experimental outcomes.
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My findings are in line with previous studies that link PINK1/Parkin-mediated mitophagy to insulin
signaling and AKT activity in neurons (McCoy et al., 2014; Soutar et al., 2018). While AKT inhibition
reduces mitochondrial PINK1 accumulation, Parkin recruitment, ubiquitin phosphorylation as well as
overall mitophagy levels, insulin-mediated AKT stimulation increases the mitophagy pathway (Soutar
et al., 2018). AKT is activated by increased PIP3 levels. Interestingly, PIP; levels have also been shown
to be upregulated by PINK1 itself (Furlong et al., 2019). This could suggest a positive feedback
mechanism, in which PINK1 can promote untethering of its own mRNA by ensuring local AKT activity

and thus AMPK inhibition.

AMPK is known to affect several aspects of mitochondrial homeostasis in neurons. It not only induces
mitochondrial fission but also suppresses retrograde transport of axonal mitochondria and promotes
their anchoring at synapses (S. Li et al., 2020; Toyama et al., 2016; Watters et al., 2020). All of these
pathways ensure the presence of mitochondria in axons and synapses undergoing energy shortage.
Our finding that AMPK activity reduces PINK1 synthesis as well as PINK1/Parkin-dependent mitophagy
fits into the picture as it also increases the mitochondrial content and hence counteracts the energy
shortage. Furthermore, it might serve a second purpose: Reducing the mitophagy process also saves
energy as it is an energy-consuming process itself. Interestingly, PINK1 has also been shown to recruit
mRNAs encoding for mitochondrial OXPHOS proteins to mitochondria and to upregulate their
translation (Gehrke et al., 2015) apart from its role in mitophagy. Protein synthesis is a very energy-
demanding process. Therefore, restraining PINK1 biogenesis to periods of energy abundance as
signaled by increased insulin levels might also restrict translation of other mitochondrial proteins

thereby reducing energy-consuming local translation during ATP shortage.

It is very likely that severely damaged mitochondria are still delivered to degradative lysosomes even
in the absence of insulin. As PINK1/Parkin-dependent mitophagy is less active under these conditions,
it is possible that other mitophagy pathways are upregulated during these energy-limiting conditions
in the absence of insulin. One potential compensatory pathway is the FUNDC1-mediated mitophagy.
FUNDC1 is a protein in the outer mitochondrial membrane and an identified mitophagy receptor (L.
Liu et al.,, 2012). ULK1, activated by AMPK-mediated phosphorylation (Egan et al., 2011; J. Kim et al.,
2011), translocates to mitochondria and phosphorylates and thereby activates FUNDC1 (Tian et al.,
2015; W. Wu et al., 2014). As AMPK signaling is increased during energy-limiting conditions, activation
of ULK1 and FUNDC1 might provide an alternative mitophagy pathway, which allows for removal of
damaged mitochondria when PINK1/Parkin-dependent mitophagy is reduced. It remains to be
determined whether AMPK/ULK1-mediated phosphorylation of FUNDC1 contributes to mitophagy in

neurons.
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4.3 The SunTag system reports increased PINK1 translation upon AMPK inhibition

Inhibition of AMPK leads to a significant increase in the mean intensity as well as the mean area of
PINK1 SunTag clusters suggesting that translation of PINK1 is upregulated (Fig. 18b-d). The SunTag
system visualizes translation of single mRNAs by fluorescently labeling the nascent polypeptide using
an scFv-GFP (Khuperkar et al., 2020). The observed increase in PINK1 SunTag cluster formation upon
AMPK inhibition could represent the accumulation of multiple mRNAs undergoing translation
simultaneously, the presence of multiple ribosomes associated with a single mRNA molecule, or a
combination of both phenomena. In addition to analyzing the mean intensity and area of the SunTag
clusters, another informative parameter is typically the number of clusters per cell. However, due to
the unusually large size and the resolution limits present during confocal light microscopy, it is possible
that multiple individual dots contribute to each large SunTag cluster. Hence, this particular
measurement cannot be utilized in the context of this experiment. Besides an upregulated synthesis
of PINK1, the possibility of impaired degradation of PINK1 also needs to be considered. Based on the
very short half-life of PINK1 and the assumption that scFv-GFP can no longer bind to the construct
upon mitochondrial PINK1 import, only freshly synthesized PINK1 precursors are visualized. This is also
corroborated by the puromycin sensitivity of the SunTag signal (Fig. 18e-g). However, PINK1 protein
that is not properly degraded and hence accumulates in the cell would also very likely be recognized
by the scFv-GFP resulting in SunTag signal. Therefore, the data needs to be confirmed by alternative
methods. One complementary experiment using neuronal cultures from the RiboTag mice showed a
trend towards increased ribosomal Pink1 mRNA association upon AMPK inhibition (Fig. 19b,c), which
supports the hypothesis of upregulated PINK1 synthesis. PINK1 protein levels on Western blot also
mirrored the effect seen with the SunTag system (Fig. 19d-g). Additionally, polysome profiling using
sucrose gradient centrifugation could be performed in the future to specifically determine Pink1 mRNA
association with monosomes versus polysomes. An increased association with the translationally
active polysomes upon AMPK inhibition would further confirm that PINK1 translation is enhanced.
Lastly, the possibility of impaired degradation of PINK1 should be ruled out by a cycloheximide chase

assay.

4.4 PINK1 translation occurs at organellar MCSs

According to the model presented in this thesis, Pinkl mRNA is associated and co-transported with
mitochondria, increasingly translated in proximity to the ER and endolysosomes to finally exert its
function back at mitochondria. The back and forth of the mRNA as well as the protein between
mitochondria and endolysosomes seems to be very inefficient at first sight. However, the mRNA

molecules as well as the protein do not have to travel a long way because there are MCSs between
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organelles such as mitochondria, ER and endolysosomes, which are critically involved in maintaining
cellular functions (Elbaz & Schuldiner, 2011; Murley & Nunnari, 2016; Phillips & Voeltz, 2016; H. Wu et
al., 2018). Interestingly, translation of proteins seems to preferentially occur at organellar contact sites
in neurons (reviewed in Hees & Harbauer, 2022). Rab7-positive endolysosomes have been shown to
serve as translation platform for nuclear-encoded mitochondrial transcripts in axons (Cioni et al.,
2019). The endolysosomes stop in close proximity to mitochondria thereby forming mitochondria-
endolysosome MCSs. In line with that, | observed increased PINK1 translation as visualized by the
SunTag system at the endolysosomal compartment upon AMPK inhibition (Fig. 22a,b). This
compartment serves as an ideal platform for protein translation as its environment is rich in amino
acids and other building blocks that are transported back into the cytosol following degradation inside
the organelle. Supporting its importance as a metabolic signaling hub, both AMPK and mTORC1 are
localized to the endolysosomes (Carroll & Dunlop, 2017; Lamming & Bar-Peled, 2019). While PINK1
translation was not dependent on mTORC1 signaling (Fig. 24a-f), inhibition of the degradative capacity
of the endolysosomes using Bafilomycin Al prevented the effect on PINK1 synthesis mediated by
AMPK inhibition (Fig. 24g-1). Translation of PINK1 was not only no longer localized to the
endolysosomal compartment but also significantly reduced confirming the importance on this

organelle in protein synthesis.

Intriguingly, | also observed the ER in close proximity to the PINK1 translation hotspot as well as next
to the mitochondria and endolysosomes (Fig. 25a). To date, only one MCS involving all three organelles
(mitochondria, ER, and endolysosomes) has been characterized in mammalian cells including the ER
transmembrane proteins PDZD8 and Protrudin as well as the late endosomal protein Rab7 as
important tethers (Elbaz-Alon et al., 2020). As indicated by the name, PDZD8 contains a PDZ domain
similar to the mitochondrial anchor protein SYNJ2BP. It is interesting to speculate that the RNA-binding
protein SYNJ2a, which contains the complementary PDZ motif, might be able to interact with PDZD8
thereby bringing Pink1 mRNA along. However, both presence and function of this three-way MCS
remains to be elucidated in neurons. Another open question is how ribosomes localize to those
translation hotspots in neurons. Interestingly, apart from interacting with SYNJ2a, SYNJ2BP also has a
known interaction partner at the rough ER: RRBP1 (V. Hung et al., 2017). As the rough ER is associated
with ribosomes, this tether pair has been shown to play an important role in protein translation (V.
Hung et al., 2017). It is intriguing to speculate that the interaction between SYNJ2BP and RRBP1
increases upon AMPK inhibition, oppositely regulated compared to SYNJ2BP and SYNJ2a interaction,

which could potentially facilitate translation of Pink1 mRNA.

After all, PINK1 is a mitochondrial protein, which raises the question how PINK1 finds its way back to
mitochondria after being translated at another organelle. In a recent study, the so-called ER-SURF

pathway has been identified in yeast (Hansen et al., 2018). Mitochondrial membrane protein
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precursors are bound by ER-associated chaperones such as Djp1, which facilitate their transfer to the
mitochondria (Hansen et al., 2018). Interestingly, | found the mammalian homolog of Djp1, DNAIBS,
to colocalize with the PINK1 SunTag clusters in my experiments (Fig. 25b). This suggests that PINK1
protein translated at endolysosomes in close proximity to the ER gets translocated back to the
mitochondria with the help of the chaperone DNAIJB6. In line with that DNAJB6 has been found to
restore mitophagy in the neuron-like cell line SK-N-SH overexpressing the PD-associated Parkin C289G
mutant (Rose et al., 2011). DNAJB6 prevents aggregation of Parkin C289G and promotes its localization
to damaged mitochondria (Rose et al., 2011). It is intriguing to speculate that DNAJB6 plays a similar
role in mitochondrial PINK1 localization in neurons. It remains to be determined whether knockdown
of DNAJB6 affects PINK1/Parkin-dependent mitophagy or even prevents the formation of PINK1

SunTag clusters.

In another recent study in yeast, so-called MitoStores have been identified (Kramer et al., 2023).
MitoStores are cytosolic deposits that transiently store nuclear-encoded mitochondrial proteins
containing N-terminal mitochondrial targeting signals. The MitoStore formation, which is controlled by
the chaperones Hsp42 and Hspl04 in yeast, counteracts potentially aberrantly accumulating
mitochondrial precursor proteins when protein synthesis exceeds the capacity of the mitochondrial
import system (Kramer et al., 2023). It is possible that the observed PINK1 SunTag clusters upon AMPK
inhibition represent chaperone-controlled MitoStores. This could mean that during energy abundance
PINK1 is increasingly synthesized and then transiently stored until needed. However, it remains to be

investigated if this is the nature of PINK1 SunTag clusters.

Finally, proximity-specific ribosome profiling could be conducted in the future. In this approach, a
selective biotin ligase (BirA) biotinylates a specific acceptor tag sequence (Avi-Tag), which is placed on
the ribosomal protein Rpl10a (Williams et al., 2014). Purification of the biotinylated ribosomes by
performing a streptavidin pull down would also allow to investigate ribosomal Pink1 mRNA association
upon AMPK inhibition. Moreover, BirA could also be targeted to specific organelles such as
mitochondria, endolysosomes and the ER to investigate the localization of PINK1 translation. This
approach could be used to confirm my finding that PINK1 may be synthesized by ER-associated

ribosomes upon AMPK inhibition.

4.5 Pink1 mRNA tethering and translation are inversely regulated

My findings indicate that there is metabolically regulated switching between mitochondrial association
of Pink1 mRNA and translation of Pink1 mRNA at endolysosomes. This metabolic control is mediated
by AMPK downstream of insulin signaling. The insulin signaling off/AMPK on state is required for Pink1

mMRNA association with mitochondria allowing for co-transport into distal parts of the neuron. In
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contrast, the insulin signaling on/AMPK off state favors translation of PINK1 at endolysosomes as well
as mitophagy. AMPK is generally known to upregulate mitochondrial biogenesis via activation of the
transcription factor PGC-1a (Jager et al., 2007). According to my model, AMPK reduces biogenesis of
PINK1 and potentially other nuclear-encoded mitochondrial proteins that are regulated in the same
way such as Atp5f1f. This AMPK-mediated downregulation, however, occurs at the translational level,
while Pink1 transcript levels do not change. In line with that, insulin signaling, which reduces AMPK
activity, has been shown to induce translation of nuclear-encoded mitochondrial transcripts via
activation of mTORC1, which in turn stimulates the elF4E (Morita et al., 2013). Hence, there is a
differential regulation of mitochondrial biogenesis at the transcriptional versus the translational level
(Hees & Harbauer, 2022). While insulin- and mTORC1-mediated AMPK inhibition downregulates PGC-
la-dependent transcription, it may increase translation of mitochondrial proteins. In line with that,
other studies also hypothesized that AMPK might inhibit mitochondrial biogenesis (Cardanho-Ramos
& Morais, 2021) as it counteracts mTORC1-induced protein synthesis in neurons (Ishizuka et al., 2013).
While my findings support the hypothesis, the mechanism is not dependent on mTORC1 as inhibition
of mTOR signaling does not prevent the effect on PINK1 translation (Fig. 24a-f). Instead, it is dependent
on reversible phosphorylation of SYNJ2BP. AMPK-mediated SYNJ2BP phosphorylation increases Pink1
MRNA binding to mitochondria. Dephosphorylation, in contrast, untethers Pinkl mRNA from
mitochondria and allows for efficient translation at the endolysosomal compartment. Interestingly,
multiple sequences within the coding region of the mRNA seem to be required for efficient binding to
the RNA-binding protein SYNJ2a (Harbauer et al., 2022). This is not only in line with other studies
reporting that the coding region rather than the UTRs are required for binding (Cohen et al., 2022;
Popovic et al., 2020) but also supports the model that Pink1 mRNA binding and translation by
ribosomes cannot occur simultaneously. While translation is required for the first round of tethering
(Harbauer et al., 2022), the Pink1 transcript needs to dissociate from mitochondria to enable efficient

reading of the sequence by ribosomes.

Furthermore, unraveling the identity of the phosphatase dephosphorylating SYNJ2BP at S21 and
thereby enabling dissociation of Pink1 mRNA from mitochondria would immensely contribute to a
better understanding of the underlying regulatory mechanisms. Constructing an interactome centered
around SYNJ2BP and the implementation of proximity labeling strategies might offer valuable insights,
given that the phosphatase should exhibit at least transient interactions with SYNJ2BP. Moreover, the
phosphatase’s scope should extend beyond mere mitochondrial localization; it should also be enriched
at endolysosomes and the ER. This is crucial as these organelles emerge as plausible sites for Pink1
mRNA dissociation from mitochondria and subsequent translation. Importantly, my observations have
revealed diminished AMPK activity at endolysosomes in contrast to mitochondria (Fig. 22e), thereby

providing a conducive environment for the phosphatase’s action. Taken together, the identification of
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the phosphatase, positioned to promote PINK1/Parkin-dependent mitophagy in contrast to its
counterpart kinase AMPK, has the potential to unveil a new layer of regulatory complexities within this

intricate mechanism.

4.6 Ribosomes might be stalled during AMPK-mediated mitochondrial Pink1 mRNA tethering

In neurons, ribosomes are mainly detected in the somato-dendritic compartment, while their presence
in the axonal compartment is still controversial. Hence, local translation in axons is also a matter of
debate. However, it has recently been shown that axonal ribosomes are only rarely seen grouped into
polysomes. Instead, 80S monosomes mainly contribute to axonal local translation (Biever et al., 2020),

which explains the scarce ribosomal distribution in axons.

While | could show that ribosomes are localized to the somatic PINK1 SunTag clusters by performing a
PLA experiment (Fig. 20a-d), the origin of these ribosomes still needs to be determined. They might
either accompany mitochondria and their mRNA cargo during transport or their recruitment could
depend on specific signaling cues. During energy shortage, characterized by AMPK activation and
consequently mitochondrial Pink1 mRNA association, | observed reduced translation of PINK1 (Fig.
18b-d). Hence, if ribosomes are associated with the traveling mRNA, translation might be limited to
monosomes or even stalled under these circumstances. The binding of SYNJ2a within the coding region
of Pink1 mRNA (Harbauer et al., 2022) might block the ribosome from translating the transcript.
Employing ribosomal footprinting would allow to identify the sequences with increased ribosomal
occupancy, thereby serving as a method to test whether ribosomes are mainly localized upstream of
the SYNJ2a binding region during periods of energy insufficiency. Furthermore, polysome profiling
could help to assess whether PinkI mRNA association shifts from monosomes to polysomes upon

translational activation, which is induced by AMPK inhibition.

There are two spatially separate populations of cytosolic ribosomes: free ribosomes and membrane-
bound ribosomes attached to the cytosolic side of the ER. My findings show that upon AMPK inhibition
PINK1 translation occurs in close proximity to the ER suggesting that the PINK1 protein is synthesized
on ER-associated ribosomes and not free cytosolic ribosomes as previously assumed. As discussed in
chapter 4.4, PINK1 may therefore be the first mammalian protein that follows the ER-SURF pathway
(Hansen et al., 2018). Considering the limited availability of free cytoplasmic ribosomes in axons,
translating on the ER membrane could potentially increase the chances of PINK1 translation upon
formation of contact sites between mitochondria and the ER. However, it still remains to be shown

whether stretches of rough ER are present in axons.
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4.7 Insulin resistance causes mitochondrial dysfunction in the context of AD in vitro

Brain insulin resistance as well as mitochondrial dysfunction are a frequent characteristic of both
metabolic and cognitive dysfunctions including type 2 diabetes and AD (Kullmann et al., 2016; Laws et
al., 2017; Perez Ortiz & Swerdlow, 2019; Rovira-Llopis et al., 2017; Talbot et al., 2012). However, to
date, the intricate relationship between insulin resistance and mitochondrial dysfunction and how this
contributes to the pathogenesis of various diseases are not completely understood. On one hand,
impaired mitochondrial function compromises cellular energy production, which can contribute to
insulin resistance by disrupting insulin signaling pathways. On the other hand, insulin resistance can
directly affect mitochondrial function by impairing mitochondrial biogenesis and function (Gonzalez-
Franquesa & Patti, 2017). My findings shed light on the question by providing evidence for the cause
and the consequence in the interplay of insulin resistance and mitochondrial dysfunction in the context
of AD. According to my findings, mitochondrial dysfunction can be directly caused by insulin resistance,
which was induced by addition of the key genetic AD-risk factor ApoE4 in vitro. ApoE4 traps the IR in
early endosomes thereby impairing proper insulin signaling (N. Zhao et al., 2017) and disturbing AMPK-
regulated Pink1 mRNA localization. As a result, Pink1 mRNA remains tethered to mitochondria even in
the presence of insulin (Fig. 28b-d), which impairs the removal of damaged mitochondria via
mitophagy (Fig. 29c¢,d) potentially leading to the accumulation of dysfunctional mitochondria. In line
with that, other studies have already shown that ApoE4 impairs PINK1/Parkin-dependent mitophagy
(reviewed in H. Chen et al., 2022). Human ApoE4 carriers have reduced total PINK1 levels as well as
reduced p-ubiquitin levels in the brain (Sohn et al., 2021). Furthermore, ApoE4 transgenic mice show
lower cleaved PINK1 levels in hippocampal neurons, while full-length PINK1 levels are increased
(Simonovitch et al., 2019). Using my experimental setup, it remains to be determined whether addition
of ApoE4 also prevents insulin-mediated translation of PINK1. Nevertheless, my findings indicate that
impaired mitophagy resulting in accumulation of defective mitochondria might be a direct
consequence of insulin resistance in vitro. Interestingly, mitophagy has also been suggested as a
potential therapeutic strategy for insulin resistance (P. Ning et al., 2022) thereby again turning the
causal relation of the two phenomena and demonstrating the complex relationship between

mitochondrial dysfunction and insulin resistance.

Considering that type 2 diabetes is also characterized by both insulin resistance and mitochondrial
dysfunction, the outcomes of my research could potentially hold relevance for understanding and
addressing the neurological parts of this metabolic disorder. While it is widely recognized that
mitochondrial dynamics, mitochondrial biogenesis, and mitochondrial function are compromised in
type 2 diabetes, there is relatively limited research focused on the specific aspects of neuronal
PINK1/Parkin-dependent mitophagy (Galizzi & Di Carlo, 2022; Luo et al., 2022; Rovira-Llopis et al.,

2017). Arecent study, however, showed that PINK1 levels are reduced in the midbrain of diabetic mice
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(Su et al., 2020). In line with that, high glucose as observed in diabetes also decreases PINK1 protein
expression in neuron-like PC12 cells thereby inhibiting PINK1/Parkin-mediated mitophagy (Su et al.,
2020). Based on these findings, it is plausible to consider the applicability of my model not only in AD

but also in metabolic disorders associated with insulin resistance such as type 2 diabetes.

While, on one hand, application of insulin has been shown to be beneficial in both diabetes and
neurodegeneration (Benedict et al., 2007; Briinner et al., 2015; Claxton et al., 2015; Craft, 2012; Novak
etal.,2014; Reger et al., 2008; H. Zhang et al., 2015), a reduction in insulin signaling, on the other hand,
extends the lifespan in multiple organisms, a phenomenon known as longevity (Clancy et al., 2001; S.-
S. Kim & Lee, 2019; Ogg et al., 1997). In line with this, AMPK, which is inhibited by insulin signaling, has
also been shown to promote longevity (Apfeld et al., 2004; Mair et al., 2011; Martin-Montalvo et al.,
2013; Stenesen et al., 2013). However, the involvement of AMPK activity in the treatment of
neurodegenerative diseases is still a subject of controversy (Muraleedharan & Dasgupta, 2022). The
seemingly contradictory findings on the role of insulin-related signaling in neurodegeneration and
longevity implies that both insufficient and excessive levels of insulin (Kolb et al., 2020) as well as both
inhibition and overactivation of AMPK are detrimental to the physiological balance. This again shows
the complex biology of insulin signaling and is in line with my model that both metabolic states (insulin

signaling on/off) are required for proper mitochondrial quality control and hence neuronal survival.

4.8 Conclusion and perspectives

The findings of my project provide new insights into the role of insulin and AMPK signaling in PINK1-
dependent mitophagy in neurons. Throughout the study, | thoroughly investigated the five aims and
research questions stated in chapter 1.10. | found that AMPK signaling regulates mitochondrial Pink1
mMRNA localization downstream of insulin signaling in neurons (1). Mechanistically, AMPK
phosphorylates the mitochondrial anchor protein SYNJ2BP at S21, thereby increasing its interaction
with the RNA-binding protein SYNJ2a (2). AMPK-mediated mitochondrial binding of Pink1 mRNA
reduces its translation, while insulin-induced untethering of Pink1 mRNA from mitochondria leads to
increased translation at the endolysosomal compartment in close proximity to the ER and
mitochondria (3). As a result, insulin promotes mitochondrial quality control via the PINK1/Parkin-
dependent mitophagy pathway (4). Finally, ApoE4-induced insulin resistance prevents the effects on
Pink1 mRNA localization, translation and PINK1 function, which is relevant in the context of AD (5) (Fig.

30).

Apart from providing valuable insights into the significance of insulin and AMPK signaling in PINK1-
dependent mitochondrial quality control, this thesis has also given rise to several emerging questions

that require further investigation and have the potential to bring significant advancements in the field.
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At the molecular and mechanistic level, the project has uncovered the inverse regulation of AMPK-
mediated binding of Pink1 mRNA on one hand and the increased PINK1 translation at
endolysosomes/ER contact sites upon AMPK inhibition on the other hand. However, the exact
mechanism of transfer of the transcript and the protein between the different organelles remains to
be elucidated (chapter 4.4). Another aspect that remains unanswered is the mechanism through which
ribosomes are directed towards the translation hotspot in neurons. It is unclear whether ribosomes
are always associated with Pink1 mRNA and blocked from translating by SYNJ2a or whether they are
only recruited during episodes of active translation. Furthermore, my experiments were carried out
within the somatodendritic compartment. Although the occurrence of mitochondrial transport of
Pink1 mRNA in axons has been previously established (Harbauer et al., 2022), the AMPK-mediated

regulation of both transcript and protein specifically in axons remains to be shown.

At the translational and therapeutic level, the project has revealed an interesting connection between
mitochondrial dysfunction, insulin resistance, and neurodegeneration. The topic of AMPK activity in
neurodegenerative diseases is still controversial. Some studies claim that AMPK activation is
neuroprotective while other studies suggest the opposite (Muraleedharan & Dasgupta, 2022).
Similarly, insulin has been observed to have both positive and negative effects (Kolb et al., 2020). This
shows the complexity of insulin and AMPK signaling and suggests that a fine balance between both
metabolic states is required for neuronal health. How this can be translated into pharmacological or
dietary interventions will be an interesting but also challenging task, which requires more basic

research into the metabolic regulation of neuronal health.

Overall, the project has not only provided crucial insights into the fundamental processes of mitophagy
regulation via AMPK and insulin signaling but has also sparked numerous avenues for further research,
both at the molecular and mechanistic level, and at the translational and therapeutic level. Exploring
these questions will advance our knowledge and potentially lead to innovative treatments for various

diseases including AD, PD and type 2 diabetes.
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