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Summary

Clathrin-mediated endocytosis (CME) is one of the most essential endocytic pathways in
eukaryotic cells, playing a crucial role in the uptake of nutrients and substances such as low-
density lipoprotein receptor (LDLR) and transferrin receptor (TfnR). In neurons, which are
highly polarized, non-mitotic, and possess long axons and dendrites that extend far from the
cell soma, CME is of paramount importance. It plays a pivotal role in synaptic vesicle recycling,
ensuring the continuity of synaptic function and plasma membrane (PM) renewal, which is vital
for neuronal health. Adaptor-associated kinase 1 (AAK1) was originally discovered as a kinase
that phosphorylates the adaptor protein complex-2 (AP-2), enhancing its affinity for the PM and
facilitating the maturation of endocytic pits. Recent studies have uncovered versatile roles for
AAK1 beyond its canonical role in CME, including potential roles in neurodegeneration and
autophagy regulation. Our study aimed to elucidate the role of AAK1 in the brain in vivo,
utilizing both global and conditional knockout (cKO) mouse models of AAK1. Strikingly, these
models demonstrated similar phenotypes, including reduced body weight, hyperactivity in open
field tests, and impaired motor behavior during beam walk assays. These findings strongly
indicate a neuron-specific role for AAK1 that is critical for maintaining neuronal function and
health. To understand the molecular basis of these phenotypes, we employed a "narrowing-
down" approach, starting from the whole brain and moving down to synaptosomes, combined
with biochemical, proteomic, and imaging techniques. Our data revealed that AAK1 plays an
essential role in the regulation of microtubule-associated protein kinase-2 (MARK2) in the

brain.

Interestingly, AAK1 expression in wildtype (WT) cortices peaks at around 12 weeks of age,
coinciding with the peak period of synaptic refinement and plasticity. This temporal pattern
aligns with the observed increase in ATG9A expression in AAK1 knockout (KO) mice at 12
weeks, suggesting that AAK1 may play a role in maintaining autophagy homeostasis during
this critical developmental window. Indeed, the loss of AAK1 led to dysregulated autophagy,
as reflected by an increased number of autophagosomes and a decrease in synaptic vesicles
within synapses, indicating impaired autophagosome trafficking. The dysregulation of MARK2
localization due to AAK1 depletion also affected microtubule dynamics, synaptic physiology,
and vesicular ftrafficking. This was reflected by altered microtubule post-translational
modifications. These changes ultimately led to an accumulation of autophagosomes in
synapses, impaired autophagic flux, and reduced synaptic vesicle availability, further

implicating AAK1 as a critical regulator of autophagosome trafficking and synaptic health.

Taken together, these findings demonstrate that AAK1 is a key regulator of neuronal function,
linking autophagosome trafficking and microtubule dynamics through the modulation of

MARK2 particularly during critical windows of synaptic plasticity and maturation.
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Zusammenfassung

Die clathrin-vermittelte Endozytose (CME) ist einer der wichtigsten endozytotischen Wege in
eukaryotischen Zellen und spielt eine entscheidende Rolle bei der Aufnahme von Nahrstoffen
und Substanzen wie dem LDL-Rezeptor (low-density lipoprotein receptor, LDLR) und dem
Transferrin-Rezeptor (TfnR). Bei Neuronen, die hochpolarisiert, nicht-mitotisch und mit langen
Axonen und Dendriten weit vom Zellkorper entfernt sind, ist CME von grof3ter Bedeutung. CME
spielt eine zentrale Rolle beim Recycling von synaptischen Vesikeln und gewahrleistet die
Kontinuitat der synaptischen Funktion sowie die Erneuerung der Plasmamembran (PM), was
fur die neuronale Gesundheit von entscheidender Bedeutung ist. Die Adaptor-assoziierte
Kinase 1 (AAK1) wurde urspringlich als Kinase entdeckt, die den Adaptor-Protein-Komplex 2
(AP2) phosphoryliert, wodurch dessen Affinitdt zur PM erhdéht und die Reifung der
endozytotischen Vesikel geférdert wird. Neuere Studien haben gezeigt, dass AAK1 Uber ihre
kanonische Rolle in der CME hinaus vielseitige Funktionen hat und moéglicherweise eine Rolle
bei der Neurodegeneration und der Regulation der Autophagie spielt. Unsere Studie zielte
darauf ab, die Rolle von AAK1 im Gehirn in vivo zu untersuchen, wobei sowohl globale als
auch konditionale Knockout (cKO) Mausmodelle von AAK1 verwendet wurden. Diese Modelle
zeigten auffallend ahnliche Phanotypen, darunter reduziertes Korpergewicht, Hyperaktivitat
und beeintrachtigte motorische Fahigkeiten im Beam-Walk-Test. Diese Ergebnisse deuten
stark darauf hin, dass AAK1 eine neuronenspezifische Rolle spielt, die entscheidend fir die
Aufrechterhaltung der neuronalen Funktion und Gesundheit ist. Um die molekularen
Grundlagen dieser Phanotypen zu verstehen, haben wir einen ,Narrowing-Down“-Ansatz
verwendet, der vom gesamten Gehirn bis hin zu synaptischen Kompartimenten
(Synaptosomen) reicht und mit biochemischen, proteomischen und bildgebenden Techniken
kombiniert wurde. Unsere Daten zeigten, dass AAK1 eine wesentliche Rolle bei der Regulation
der Mikrotubuli-assoziierten Proteinkinase 2 (MARK2) spielt, einem neuartigen Substrat im
Gehirn.

Interessanterweise erreicht die AAK1-Expression in Wildtyp-Kortexen (WT) ihren H6hepunkt
etwa im Alter von 12 Wochen, was mit der Spitzenphase der synaptischen Verfeinerung und
Plastizitat ubereinstimmt. Dieses zeitliche Muster stimmt mit dem beobachteten Anstieg der
ATG9A-Expression in AAK1-Knockout-Mausen (KO) im Alter von 12 Wochen Uberein, was
darauf hindeutet, dass AAK1 eine Rolle bei der Aufrechterhaltung der Autophagie-Homdostase
wahrend dieses kritischen Entwicklungszeitfensters spielen konnte. Tatsachlich fiuhrte der
Verlust von AAK1 zu einer dysregulierten Autophagie, was sich durch eine erhéhte Anzahl von
Autophagosomen und eine verringerte Anzahl von synaptischen Vesikeln in Synapsen
widerspiegelte, was auf eine beeintrachtigte Autophagosomen-Trafficking hinweist. Die

Dysregulation der MARK2-Lokalisation aufgrund des AAK1-Mangels beeintrachtigte ebenfalls
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die Mikrotubuli-Dynamik, die synaptische Physiologie und den vesikularen Transport. Dies
spiegelte sich in veranderten posttranslationalen Modifikationen von Mikrotubuli wider. Diese
Veranderungen fihrten letztendlich zur Akkumulation von Autophagosomen in Synapsen,
einer beeintrachtigten Autophagie-Flussrate und einer reduzierten Verfugbarkeit von
synaptischen Vesikeln, was AAK1 als kritischen Regulator des Autophagosomen-Traffickings

und der synaptischen Gesundheit weiter impliziert.

Zusammenfassend zeigen diese Ergebnisse, dass AAK1 ein wichtiger Regulator der
neuronalen Funktion ist, der das Autophagosomen-Trafficking und die Mikrotubuli-Dynamik
durch die Modulation von MARK2 insbesondere wahrend kritischer Phasen der synaptischen

Plastizitat und Reifung miteinander verknupft.
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l.Introduction

1.Endocytosis

Endocytosis is recognized as a fundamental process crucial for cellular health. It facilitates the
internalization of various substrates and contributes to the maintenance of plasma membrane
homeostasis. While essential small molecules like amino acids, sugars, and ions can move
through the plasma membrane (PM) via specific protein pumps or membrane channels, the
internalization of macromolecules necessitates PM invagination and subsequent

internalization, a process referred to as endocytosis (Alberts B 2002).

The field of endocytosis was initially established over a century ago by llya llyich Mechnikov,
whose discovery of phagocytosis in 1884 marked a pivotal moment (Metchnikoff 1884).
Phagocytosis, often referred to as the cell's "uptake of macro particles" or "cell eating,"
demonstrated the capacity of eukaryotic cells to engulf larger particles for various cellular
processes. The evolution of this field continued with Warren H. Lewis's discovery of pinocytosis
in 1931 (Schmid, Sorkin & Zerial 2014). Pinocytosis, known as the cell's "uptake of fluid or
solutes," introduced a new dimension to cellular uptake mechanisms (Schmid, Sorkin & Zerial
2014). Unlike phagocytosis, pinocytosis is not limited to eukaryotic cells; rather, it is carried out
by all types of cells through a diverse array of mechanisms. These mechanisms include
macropinocytosis, clathrin-mediated endocytosis (CME), caveolae-mediated endocytosis, and
clathrin- and caveolae-independent endocytosis. Each of these pathways represents distinct
strategies through which cells internalize extracellular material, contributing to fundamental

cellular processes and homeostasis.

The complex landscape of endocytosis encompasses various mechanisms, each playing a
critical role in cellular physiology. Among these, CME stands out as a cornerstone process.
CME, characterized by the formation of clathrin-coated pits on the plasma membrane,
orchestrates the internalization of specific cargo molecules, ranging from receptors to
nutrients. Understanding the molecular intricacies of CME not only sheds light on fundamental
cellular processes but also holds profound implications for numerous physiological and

pathological conditions which will be touched on later in the text.

1.1.Clathrin-mediated endocytosis

CME is a well-understood endocytic pathway among others. It constitutively occurs in all
mammalian cells and plays role in uptake of crucial nutrients and substances such as low-
density lipoprotein receptor (LDLR) and, transferrin receptor (TfnR) (Hopkins, Miller &
Beardmore 1985, Trowbridge, Collawn & Hopkins 1993).
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It has been described for the first time in oocytes almost 60 years ago (Roth & Porter 1964).
Importantly following that Heuse and Reese showed the recycling of the synaptic vesicle
membrane during transmitter release at the frog neuromuscular junction (Heuser & Reese
1973). Today it is known that more than 50 proteins are involved in this endocytic pathway, and

ongoing research is providing new insights regarding CME and its role in health disease.

In essence, endocytosis follows a series of coordinated, overlapping steps (Mettlen et al 2018).
It begins with specialized protein clusters, originating from the cell's interior, gathering on the
inner surface of the cell membrane (nucleation). Cargo molecules, the target substances for
uptake, then become concentrated within this nucleation area (cargo selection). Cargo
molecules on nucleation site attract additional proteins, forming a structured "coat" (coat
formation). The coat, in turn, triggers the membrane to bend inwards, forming a pit, much like
a small alcove. Finally, the neck of this pit constricts and pinches off, separating a newly
formed, coated vesicle containing the cargo from the main membrane (scission). The process
is aided by the formation of actin filaments, which help shape the membrane, and the
subsequent removal of the protein coat, releasing the vesicle for further transport within the

cell (uncoating) (Fig. 1).

Plasina membrane . ’
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s\ - (v xd
Le P \ LR/ S
Cargo Selection Coat Formation e e o
Nucleation
Uncoating
i ¢ , Clathrin i. AP-2 R PIP, mm FCHO l Eps1S E Intersectin & Epsin
() Cargo / Actin s Dynamin ..+ BAR domain containing compounds @ Hsc70 @ Auxilin

Figure 1: Schematic diagram of clathrin coated vesicle (CCV) formation: CME occurs in the
following steps: nucleation, cargo selection, coat formation, vesicle scission and uncoating (Prichard et
al 2021).

1.1.1. Steps of clathrin-mediated endocytosis
1.1.1.1. Nucleation

The initiation of CME begins with the formation of clathrin-coated pits (CCP), though the
precise mechanisms driving this process are not fully understood. Central to this process is

the allosteric regulation of adaptor protein 2 complex (AP-2), which controls the initiation,
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growth, and stabilization of CCPs. The heterotetrameric AP-2 complex, composed of a-, $2-,
M2-, and o2-subunits, binds to the phosphatidylinositol-4,5-biphosphate (P1(4,5)P2), enriched
at the plasma membrane, and recognizes endocytic sorting motifs on cargo proteins. This
binding triggers clathrin assembly and recruits endocytic accessory proteins (EAPs),

positioning AP-2 as a crucial regulator of CCP formation (Schmid & McMahon 2007).

Live-cell imaging studies have shown that CCP assembly is initiated when two AP-2 complexes
begin recruiting clathrin triskelia (Mettlen et al 2018). The depletion of AP-2 via siRNA
significantly reduces the number of CCPs at the membrane, underscoring the importance of
AP-2 in CCP nucleation and stabilization (Hinrichsen et al 2003). Structural studies of AP-2
have revealed that it undergoes allosteric conformational changes that regulate CCP initiation,
stabilization, and growth. In its cytosolic form, AP-2 remains in a closed conformation, with the
clathrin binding site and PI1(4,5)P2/cargo binding sites buried. Upon binding to PI1(4,5)P2 at the
membrane, AP-2 undergoes a conformational shift to an open state, exposing these critical

sites and stabilizing nascent CCPs (Jackson et al 2010, Kadlecova et al 2017).

EAPs further regulate AP-2 allosterically and redundantly assist in CCP initiation. These EAPs,
such as FCHo1/2, Eps15, intersectin, NECAP, and CALM (PICALM), are recruited early in
CCP formation and interact with AP-2 and each other through low-affinity, multimeric
interactions. Known as endocytic pioneers, these EAPs help initiate and stabilize AP-2 clusters
at the membrane, enhancing clathrin recruitment and CCP stabilization and growth. For
instance, FCHo1/2 proteins, containing F-BAR domains, stabilize AP-2’s open conformation,
thereby improving the efficiency of CCP initiation (Henne et al 2010, Hollopeter et al 2014).
CALM and its isoform AP180, which function as adaptors for SNARE proteins, are essential
for ensuring proper targeting and fusion along the endocytic pathway. The depletion of CALM
leads to increased turnover of abortive CCPs and hinders CCP maturation, highlighting its role
in CCP stabilization and maturation (Mettlen et al 2009). NECAP coordinates CCP initiation
and growth by interacting near the clathrin binding site on the 32 hinge and through interactions
with FCHo, and CALM, functioning to fine-tune CCP dynamics (Ritter et al 2013).

Beyond protein and lipid interactions, AP-2's open conformation is maintained through
phosphorylation which is important for its stabilization. Adaptor-associated kinase 1 (AAK1),
part of the Numb-associated kinase (NAK) family—which also includes GAK (cyclin G-
associated kinase), BIKE/BMP2K (BMP2-inducible kinase), and the Ark/Prk kinases in yeast—
phosphorylates the u2 subunit of AP-2, enhancing its membrane-binding capability (Ricotta et
al 2002, Smythe & Ayscough 2003). Specifically, AAK1 targets the Thr156 residue (Olusanya
et al 2001), situated within a flexible linker that is unstructured when AP-2 is in its closed

conformation but becomes structured when AP-2 is open. This phosphorylation event helps to
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stabilize the p2 subunit in its open form, thereby revealing its PI(4,5)P2 and cargo binding sites
(Conner & Schmid 2002, Kadlecova et al 2017, Ricotta et al 2002). Additionally, AAK1 is known
to bind and become activated by assembled clathrin, potentially creating a positive feedback
loop that further promotes clathrin assembly driven by AP-2 (Conner, Schréter & Schmid 2003).

A detailed discussion of AAK1 will be provided later in the text.

1.1.1.2. Cargo Selection

CME is critical for forming vesicles that transport a wide variety of cellular cargo across the
plasma membrane. The specificity of cargo selection in CME relies on numerous adaptor
proteins, with AP-2 being one of the most studied and integral to this process. AP-2 initiates
CCP formation by binding to both clathrin and PI(4,5)P2 at the plasma membrane(Cocucci et
al 2012, Traub 2009).

The AP protein family, which includes AP-1, AP-2, AP-3, AP-4, and AP-5, comprises
heterotetrameric complexes with distinct cellular localizations and functions (Fig. 2). For
instance, AP-1 operates at intracellular membranes which is similar to AP-2, whereas AP-3
participates in protein sorting to lysosomes and can function independently of clathrin (Hirst &
Robinson 1998, Robinson 2015, Traub 2009, Traub & Bonifacino 2013). AP-4 has no
association with clathrin, and AP-5’s specific roles remain less defined (Hirst et al 2011, Hirst,
Irving & Borner 2013, Hirst et al 2018). Each AP complex formed by four unique subunits: two
large subunits with a molecular weight of 90 — 130 kDa (y/a/6/€/C and (31-5, respectively), one
medium sized subunit of about 50 kDa (u1-5), and one small sized subunit of about 20 kDa
(01-5). AP-2 comprises an a subunit (110 kDa), f2 subunit (100 kDa), py2 subunit (50 kDa),
and 02 subunit (17 kDa) and in AP-2, the a and B2 subunits play a crucial role in binding
clathrin and other adaptors (a and 32 subunits) while the core structure recognizes cargo
sorting signals and binds PI1(4,5)P2 (Collins et al 2002, Scarmato & Kirchhausen 1990, Traub
2009).
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Adaptor proteins in CME are classified as clathrin-associated sorting proteins (CLASPs), which

anchor within the clathrin scaffold and identify sorting signals to facilitate cargo recruitment.

appendage
— ™

/ hinge \

Figure 2: Structure of Adaptor complexes (AP) 1-5. Adaptor

protein complexes are heterotetramers made up of two large, one

medium, and one small subunit. The N-terminal regions of the large

subunits, along with the medium and small subunits, form a core

that binds membranes and sorts cargo. Both C-terminal appendage

domains, connected to the core by an unstructured hinge (except in

AP-5), interact with clathrin and regulatory proteins to facilitate

endocytosis. Picture taken and modified from (Hirst et al 2014).
Based on their structural identity, CLASPs are grouped into oligomeric and monomeric
categories (Traub & Bonifacino 2013). CLASPs, through their interaction with clathrin, become
embedded in the polyhedral clathrin scaffold, where they identify and engage with sorting

signals to recruit cargo (Ohno et al 1995).

AP-2 is the primary adaptor for cargo selection, but other AP complexes and CLASPs, such
as FCHO1, eps15, Numb, B-arrestin, AP180 (exclusively expressed in neurons), and epsin,
contribute to endocytosis through recognition of specific amino acid motifs or post-translational
modifications like ubiquitination and phosphorylation (Honing et al 2005, Naudi-Fabra et al
2024, Traub & Bonifacino 2013).

1.1.1.3. Coat formation

Coat assembly or formation in CME begins as clathrin triskelia self-polymerize into a polyhedral
cage around the cargo, forming a clathrin-coated vesicle (CCV) still connected to the plasma
membrane by a narrow neck (Kaksonen & Roux 2018). During this process, curvature effectors
like EPS15 and epsin are displaced to stabilize the coat (McMahon & Boucrot 2011). There
are two main models of membrane bending in CCP formation: the constant curvature model

(Cocucci et al 2012), where clathrin polymerizes onto a curved membrane, maintaining
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constant curvature as the area increases; and the constant area model, where clathrin
assembles on a flat membrane before bending occurs (Avinoam et al 2015, Haucke & Kozlov
2018). Evidence suggests that both models may operate simultaneously, as both early and
late-stage curvature has been observed. Accessory proteins like epsin and CALM, along with
actin filaments, may further aid in inducing membrane curvature during vesicle formation
(Carlsson & Bayly 2014, Kaksonen & Roux 2018).

1.1.1.4. Scission

The scission phase is the critical final step in vesicle formation, primarily driven by the large
GTPase dynamin. Dynamin assembles into a helical structure at the neck of the clathrin-coated
pit, where it facilitates membrane fission. Its role in vesicle scission in mammals is supported
by three main findings: dynamin’s ability to assemble into dense oligomers helps initiate neck
constriction, fission requires GTP hydrolysis, and dynamin oligomers undergo further
tightening in the presence of GTP (Kaksonen & Roux 2018, Roux et al 2006). For dynamin to
function effectively, it relies on various helper proteins, particularly those containing BAR
domains like amphiphysin, endophilin, and sorting nexin 9 (SNX9). BAR domain proteins
contribute in several ways, including recruiting other fission proteins (such as dynamin) and
actively assisting in membrane shaping and scission (Ringstad et al 1999, Takei et al 1999).
Additionally, BAR domain proteins play a role in actin recruitment to the budding site, which

supports both membrane shaping and scission processes.

The BAR domain is a dimeric structure with a curved, crescent-like shape that binds to
membranes. Remarkably, BAR domains can form membrane tubules upon high-density
binding, with their curvature matching that of the BAR crescent (Peter et al 2004). This domain
is known as a curvature sensor, and different BAR domains exhibit unique curvatures: for
instance, F-BAR domains have a broader curvature (60—-80nm radius), while N-BAR domains
are more sharply curved (around 10nm). Evidence indicates that the recruitment timing of
various BAR proteins aligns with changes in membrane curvature during endocytosis; proteins
with F-BAR domains (e.g., FCHO1/2) appear early, while those with N-BAR domains (like
endophilin and amphiphysin) arrive later, with intermediate-curvature proteins like SNX9
recruited in between (Kaksonen & Roux 2018, Posor et al 2013, Schdneberg et al 2017, Wu
et al 2010). Additionally, specific phosphoinositides (PIPs) produced during clathrin coat
assembly are crucial for recruiting these proteins. For instance, SNX9 recruitment is guided by
phosphatidylinositol ~ 3,4-bisphosphate  (PI(3,4)P2)  production,  while  PI(4,5)P2
dephosphorylation by synaptojanin supports dynamin-mediated membrane fission (Posor et al
2013, Wu et al 2010).
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1.1.1.5. Uncoating

During the uncoating phase, the disassembly of the vesicle's coat allows the endocytic
machinery proteins to be released and recycled for future endocytosis events. This uncoating
step also prepares the new vesicle to merge with an early endosome, initiating further
intracellular trafficking. Two key proteins, auxilin and heat shock cognate protein 70 (HSC70),
play a central role in this disassembly process. Auxilin binds within the clathrin lattice at
overlapping “ankle” regions and brings HSC70 to critical points within the lattice, facilitating
interaction and uncoating (Newmyer, Christensen & Sever 2003, Schlossman et al 1984,
Ungewickell 1985). In vitro studies revealed that the auxilin-HSC70-clathrin complex activates
the ATPase function of HSC70, which drives coat disassembly. Remarkably, this clathrin coat
breakdown initiates a controlled cycle of polymerization and depolymerization, which could
support the remodeling of clathrin coats to encourage membrane curvature in vesicle
formation. The disassembly mechanism of HSC70 is influenced by its nucleotide binding state:
with ADP bound, HSC70 attaches to clathrin via auxilin. When ATP replaces ADP in HSC70’s
nucleotide pocket, the complex dissociates, completing the uncoating process (Barouch et al
1994, Kaksonen & Roux 2018).

1.2. CME in synapse and neurodegenerative diseases

Before discussing neurodegenerative diseases and synaptic dysfunction in neurodegenerative
diseases, it's essential to briefly review the fundamental role of synaptic physiology and
synaptic vesicles (SVs). These components are crucial for effective nervous system
communication, with  CME playing a vital role in recycling synaptic vesicles after

neurotransmitter release.

Neurotransmission, or the process of communication between neurons, is fundamental to
cellular interaction within both the sensory and nervous systems, facilitating a range of
physiological responses and behaviors. This process relies on the release of neurotransmitters
from presynaptic terminal via highly specialized, spherical structures called SVs, which play a
critical role in signaling across synapses—the junctions between neurons. Within these
vesicles, neurotransmitters are stored and primed for release upon receiving an electrical
signal. Once released, they travel across the synaptic cleft to bind to receptors on the
neighboring neuron, thus perpetuating the signal and enabling complex communication
networks throughout the brain and body (Caire, Reddy & Varacallo 2024, Stidhof 2013).
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The presynaptic terminal is responsible for the release of neurotransmitters and is where CME
plays a critical role by recycling SVs to maintain synaptic transmission efficiency. On the other
hand, the postsynaptic terminal contains receptors that bind the released neurotransmitters,
leading to downstream signaling and subsequent cellular responses. Together, these
coordinated pre- and postsynaptic functions ensure proper synaptic plasticity, which is crucial
for learning, memory, and overall neuronal health (Kennedy 2013, Silva et al 1992, Zeng et al
2001).

1.2.1. Synaptic Vesicle Recycling and CME

Although synaptic vesicles are crucial for maintaining neuronal function, their numbers are
limited and require constant balance and careful regulation. This balance is achieved through
the recycling of both synaptic vesicle membranes and associated proteins, a process essential
for continuous neurotransmission (Heuser & Reese 1973, Sudhof 2004). Within the
presynaptic terminal, synaptic vesicles (SVs) are categorized into four functional “pools”: the
readily releasable pool (RRP), the recycling pool, the reserve pool, and the resting pool
(Chanaday et al 2019b). SVs in the RRP, which are positioned close to the plasma membrane,
and are primed for immediate fusion upon signal arrival. When an action potential reaches the
presynapse, it opens Ca?* channels, causing a local increase in Ca?* concentration that
triggers the fusion of RRP vesicles with the membrane. To maintain efficient signaling, the RRP
must be consistently refilled either by recruiting vesicles from the reserve pool or rapidly
reusing those that have just undergone fusion (Guo et al 2015, Holderith et al 2012, Kononenko
& Haucke 2015) (Fig. 3) The process of SVR involves exocytosis from the RRP, followed by
endocytic retrieval, which maintains a consistent supply of SVs filled with neurotransmitters for
sustained neurotransmission (Denker & Rizzoli 2010, Prichard et al 2021). Once internalized
through endocytosis, these new SVs are rapidly refilled with neurotransmitters in preparation
for their next fusion event. Two primary components enable this refilling process: vacuolar H+
ATPase (vATPase) and vesicular neurotransmitter transporters. vATPase generates an
electrochemical gradient across the SV membrane, providing the necessary force for
transporters to move neurotransmitters into the vesicles. These transporters also determine
the specific neurotransmitter type stored within each SV. The recycling of these components
is closely coordinated with the SVR process (Blakely & Edwards 2012, Farsi, Jahn & Woehler
2017). Studies across various biological systems highlight the significant role of CME as a
primary mechanism for SVR. This connection is supported by high levels of clathrin and
dynamin expression—elevated 10- to 50-fold in neurons—possibly enabling the rapid CME
activity necessary to meet the demands of synaptic transmission. This increase likely facilitates

a greater number of clathrin-coated vesicles carry the right transporters to fill it with the correct

20



neurotransmitter, allowing for accurate signaling in the nervous system (Chanaday et al 20193,
Silm et al 2019). Furthermore, clathrin is also essential for coordination of the SVs acidification
timing, which is highly vital for neurotransmitter loading. Proper acidification requires the
dissociation of the clathrin coat, suggesting that the uncoating process might regulate the
timing of neurotransmitter filling immediately after the SVs are reformed (Farsi et al 2018).
Efficient synaptic vesicle recycling is essential for maintaining normal sensory and nervous
system function, as well as for supporting synaptic physiology. Disruptions in SVR and
potentially in CME are linked to a variety of neurological disorders, including Parkinson's
disease (Vidyadhara, Lee & Chandra 2019), Alzheimer's disease (Jaye, Sandau & Saugstad
2024), epilepsy (Prichard et al 2021), Huntington's disease (Yu et al 2014a), and schizophrenia
(Schubert et al 2012). These associations underscore the importance of SVR and CME as
critical mechanisms in neuronal health and as potential targets for understanding and treating
these conditions efficiently (Heuser & Reese 1973, Maycox et al 1992, Morgan et al 2000,
Morgan et al 2001, Morgan et al 1999, Overhoff, De Bruyckere & Kononenko 2021).
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Additionally, neurons express specific forms of CME components, including neuron-enriched
clathrin light chains and unique inserts within the B-subunit of the AP-2 complex, alongside

neuron-specific variants like dynamin 1 and the a-subunit of AP-2 (Brodsky et al 1991, Morris
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Figure 3: SV recycling SVs, which are filled with neurotransmitters, are
stored within the cytoplasm of neurons. When activated, these vesicles are
transported to the active zone where they dock in preparation for release.
Priming is a crucial process that encompasses all the steps necessary for
the exocytotic complex to achieve release readiness; while it is typically
thought to occur after docking, it can begin before docking during periods of
sustained neuronal activity. This can lead to the rapid fusion of newly arrived
vesicles. Following exocytosis, vesicle proteins likely remain clustered and
are subsequently retrieved via endocytosis. Retrieval process is primarily
mediated by CME. Once clathrin has uncoated the vesicles, they are
regenerated within the nerve terminal, potentially involving an endosomal
intermediate. The actively recycling vesicles are in slow exchange with a
reserve pool, ensuring a constant supply for synaptic transmission (Jahn &
Fasshauer 2012).

& Schmid 1995, Prichard et al 2021, Robinson et al 1994).

1.2.2. Alzheimer’s Disease and CME

Neurodegenerative diseases are progressive, and incurable conditions result in degeneration
and / or death of nerve cells. One prominent example is Alzheimer's disease (AD), a
progressive neurodegenerative disorder and the leading cause of dementia, characterized by
memory loss, cognitive decline, and behavioral changes. AD pathology is defined by the
accumulation of amyloid-beta (AB) plaques and tau tangles, which disrupt communication
between neurons and ultimately lead to cell death (Leng et al 2021). Beyond plaque and tangle

formation, AD involves multiple interconnected mechanisms, including vascular dysfunction,
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endolysosomal impairment, disrupted autophagy, and oxidative stress (Jaye, Sandau &
Saugstad 2024).

Mechanistically, Ap aggregates into plaques, initiating a cascade that drives tau pathology and
neuronal degeneration (Hardy & Allsop 1991). The amyloid precursor protein (APP), essential
for neuronal development and function, undergoes processing through either a non-
amyloidogenic pathway (via a- and y-secretase) or an amyloidogenic pathway (via B- and y-
secretase). The latter pathway produces amyloid-B peptide (AB), which, along with
neurofibrillary tangles, is central to AD pathology (Alsagati, Thomas & Kidd 2018). Notably,
AB1-42 internalization has been shown to alter endolysosomal marker distribution and trigger
neuronal degeneration, pointing to disruptions in cellular trafficking and degradation processes
in AD (Song et al 2011).

Evidence from postmortem studies reveals altered levels of many proteins associated with
CME in the AD brain. For instance, decreased AP-2 complex subunit alpha-1 in the superior
frontal gyrus (Yao et al 2000), and reduced AP180 in areas such as the dentate gyrus and
temporal cortex (Yao et al 1999) have been observed. In another study it has been shown that
AP-2 controls APP processing and AR production. It prevents amyloidogenesis by functioning
downstream of BACE1 endocytosis, regulating BACE1 endosomal trafficking and its delivery
to lysosomes (Bera et al 2020). Moreover isoform-specific changes of a-adaptins have been
shown in patients' brains. IHC studies indicated colocalization of AP2A1 with tau pathology in
late-onset Alzheimer’s disease (LOAD) brains, whereas AP2A2 was found colocalized with
microglial cells (Srinivasan et al 2022). Similarly, levels of Dynamin1 (Cao et al 2010) and
Dynamin2 (Aidaralieva et al 2008) decrease in the hippocampus and entorhinal cortex while
other proteins, including Intersectin 1 (ITSN1), Clathrin heavy chain (CHC), RAB5A, and
Amphiphysin 2, are increased in the frontal cortex (Alsagati, Thomas & Kidd 2023, De Jesus-
Cortés et al 2012, Thomas et al 2011). Intriguingly, the Clathrin light chain (CLTA) has even
been identified in neurofibrillary tangles within the hippocampus (Nakamura et al 1994).
Genetic studies also link endocytic pathway dysfunction with AD risk, highlighting abnormal A
levels as significantly associated with endocytosis, while tau appears to have a lesser
association (Schork & Elman 2023, Tesi et al 2020). These findings underscore the
involvement of endocytosis, particularly CME, in AD’s etiology and possible resilience
mechanisms. However, caution is needed while interpreting these relationships, as each
protein plays distinct and often region-specific roles within the brain. Furthermore, age and sex
should be considered, as CME regulation is both age- and sex-dependent, adding another

layer of complexity to AD pathology (2023).
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1.2.3. Parkinson’s Disease and CME

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder following
AD. It is characterized by a range of motor symptoms, including resting tremors, masked facial
expressions, rigidity, and bradykinesia, which stem from the depletion of dopamine—a critical

neurotransmitter (de Lau & Breteler 2006).

The primary pathological feature of PD is the loss of dopaminergic neurons in the substantia
nigra pars compacta (SNpc) of the midbrain, although the exact mechanisms driving this
neurodegeneration remain poorly understood. A key player in PD pathology is a-synuclein (a-
Syn), which forms cytoplasmic inclusions known as Lewy bodies—aggregates that primarily
consist of misfolded a-synuclein (Spillantini et al 1998). Notably, the accumulation and
aggregation of a-synuclein lead to synaptic dysfunction in dopaminergic neurons within the
striatum, often preceding neuronal death (Sossi et al 2004, Zou, Tian & Zhang 2021). Under
normal physiological conditions, a-synuclein is predominantly located in presynaptic nerve
terminals across various brain regions, such as the cerebral cortex, hippocampus, and
striatum. It is primarily found within the synaptic vesicle fraction (Lee et al 2008). Emerging
evidence suggests that a-synuclein plays a critical role in stabilizing the curvature of synaptic
vesicles, thus influencing membrane remodeling, clustering of synaptic vesicles, and the
maintenance of synaptic vesicle pools. Additionally, it promotes the assembly of SNARE
complexes and modulates the release cycle of synaptic vesicles (Braun et al 2012, Burré 2015,
Burré et al 2010).

Research indicates that CME is impaired in PD, with several genes associated with the disease
implicated in vesicular trafficking, particularly in SVR. For instance, mutations in the E3
ubiquitin ligase Parkin are linked to early-onset autosomal recessive PD. The interaction
between Parkin and endophilin an endocytic protein that directs dynamin to the necks of CCVs
highlights Parkin’s potential regulatory role in SVR and PD pathogenesis (Cao et al
2014). Moreover, elevated levels of monomeric a-synuclein correlate with an increase in free
CCVs, indicating defects in clathrin uncoating processes (Busch et al 2014, Medeiros et al
2017). Late-onset autosomal dominant PD is frequently associated with mutations in leucine-
rich repeat kinase 2 (LRRK2). Notably, LRRK2 interacts with endophilin and is crucial for
regulating synaptic vesicle dynamics, with additional connections to dynamin (Singh, Jadhav
& Bhatt 2017, Tsuyoshi & Yuzuru 2015). Studies on LRRK2 mutant mice demonstrate an
accumulation of CCVs alongside a reduced density of synaptic vesicles in dopaminergic
terminals (Xiong et al 2018). Another research shows that LRRK2 may influence AP-2 function
by modulating the recruitment and phosphorylation of AP-2 components, a role underscored
by the dysregulated AP-2 levels observed in LRRK2 knockout tissues. Notably, the R1441C
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LRRK2 mutation impairs both AP-2-dependent CME and synaptic vesicle endocytosis (Heaton
et al 2020).

1.2.4. Huntington’s Disease and CME

Huntington’s Disease (HD) is a hereditary neurodegenerative disorder, primarily characterized
by cognitive decline, movement abnormalities such as chorea, and symptoms of dementia. HD
results from a mutation in the huntingtin (HTT) gene, which disrupts the normal function of the
huntingtin protein (HTT), leading to the degeneration of specific medium spiny neurons in
striatum and producing psychiatric, motor, and cognitive symptoms. This degeneration also
affects the mitochondrial electron transport chain, further contributing to cellular dysfunction
(Bates et al 2015). Studies suggest that HTT may play a role in CME, linking the disruption of
this pathway to neuronal impairments in HD (Harjes & Wanker 2003, McAdam et al 2020,
Singh, Jadhav & Bhatt 2017). The mutated HTT protein aggregates and disrupts CME by
inhibiting the internalization and recycling of SVs, which impairs neurotransmitter release and
neuronal function (Trushina et al 2006, Yu et al 2014b). HTT also interacts with various clathrin-
mediated SVR components, including HSC70, which is essential for vesicle uncoating during
endocytosis (Morgan et al 2001). Aggregation of mutated Htt can sequester HSC70, preventing
its normal function in uncoating and, thus, blocking efficient endocytosis (Yu et al 2014b).
Additionally, HTT interacts directly with the adaptor protein complex AP-2, assisting in AP-2
recruitment to the membrane. Mutation-induced dysfunction in Htt disrupts this docking
process, leading to reduced AP-2 recruitment and impaired CME (Borgonovo et al 2013).
Collectively, these interactions highlight the central role of Htt in regulating CME and suggest

that its dysfunction may contribute to HD pathology through disrupted vesicle recycling.

2. AAK1

AAK1 is a serine/threonine kinase that belongs to the Numb-associated kinase (NAK) family.
In mammals, this family includes myristoylated and palmitoylated serine/threonine kinase 1
(MPSK1, also known as STK16/TSF1/PKL12/Krct), cyclin G-associated kinase (GAK), bone
morphogenetic protein 2 inducible kinase (BIKE), and AAK1 itself (Manning et al 2002).
Structurally, AAK1 consists of three domains: a highly conserved N-terminal serine/threonine
kinase domain, an intermediate QPA-rich region, and a C-terminal a-adaptin-interacting
domain (AID) (Sorrell et al 2016). While AAK1 shares strong similarities with other members
of the NAK family, particularly in its kinase domain, it differs significantly in its other domains.
Notably, AAK1 and BIKE share 74% identity in their kinase domains and 50% in their overall
sequences (Smythe & Ayscough 2003, Sorrell et al 2016). The key distinguishing features
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between AAK1 and BIKE lie in three residues within the ATP-binding pocket: two minor
differences in the hinge region (Asp127 in AAK1 vs. Glu131 in BIKE, and Phe127 vs. Tyr132)
and one significant variation in the P loop (Ala58 in AAK1 vs. Ser63 in BIKE), which help define
the unique characteristics of AAK1 (Xin et al 2023) (Fig. 4)

AAK1 exists in multiple isoforms, each varying in length and domain composition, contributing
to its functional versatility. The primary and longest isoform, often referred to as the canonical
sequence, is approximately 961 amino acids long. This isoform includes several key domains:
an N-terminal kinase domain responsible for its catalytic activity, a central clathrin-binding
domain essential for endocytosis, and a C-terminal domain that interacts with the AP-2.
Additionally, a longer isoform of AAK1 (AAK1L), containing an extended C-terminal region, has
been identified (Henderson & Conner 2007). This extended form encodes an additional
clathrin-binding domain (CBD2), which consists of several low-affinity interaction motifs.
Despite CBD2's ability to directly bind to clathrin, its overexpression has been shown to impair

transferrin endocytosis, suggesting a complex role in CME (Henderson & Conner 2007).

Alternative splicing of the AAK1 gene gives rise to shorter isoforms, approximately 878 amino
acids in length, which may lack one or more functional domains, potentially limiting their role
in clathrin-mediated endocytosis and other cellular processes. This diversity in isoforms
enables the fine-tuning of AAK1’s functions across various cellular contexts. AAK1 was
originally identified as an interaction partner of a-adaptin, a key component of the AP-2
complex, and was shown to phosphorylate the pu2 subunit of AP-2 at threonine 156, playing a
crucial regulatory role in CME (Conner & Schmid 2002). Over time, research has revealed that
AAK1 is involved in numerous other pathways beyond CME, highlighting its broader

significance in cellular processes.
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Figure 4: Domain organization of human NAKSs. Figure is adapted from (Sorrell et al 2016).

26



2.1. Biological Function of AAK1

AAK1 has been implicated in multiple biological pathways. For instance, as a substrate of
nuclear DBF2-related kinases 1 and 2 (NDR1/2), AAK1 plays a significant role in the
development of cultured hippocampal neurons by promoting dendrite branching and dendritic
spine growth. Research has shown that these dendritic changes are triggered by
phosphorylation at serine 635 (S635) in the C-terminal AP-2 binding domain, a modification
mediated by NDR1/2 (Ultanir et al 2012).

In addition to its involvement in neurodevelopment, AAK1 is also a key regulator of the Notch
signaling pathway, which is critical for cell-cell communication during both development and
adulthood across various species, from invertebrates to higher eukaryotes. The activation of
the Notch receptor by its ligands requires a complex multi-step process involving y-secretase,
which is dependent on both monoubiquitination and CME (Gupta-Rossi et al 2011). Gupta
Rossi and colleagues demonstrated that AAK1 directly interacts with the membrane-tethered
active form of Notch, which is released after metalloprotease cleavage. AAK1 functions
upstream of y-secretase cleavage by stabilizing both the membrane-bound active Notch form
and its monoubiquitinated version. Their study further confirmed that AAK1 acts as an adaptor,
facilitating the interaction between Notch and components of the CME pathway, such as
Eps15b. Additionally, overexpression of AAK1 increases the localization of activated Notch in
Rab5-positive endocytic vesicles. In contrast, AAK1 depletion or overexpression of Numb, an
inhibitor of the pathway, disrupts this localization. These findings suggest that, following ligand-
induced Notch activation, the membrane-bound form of Notch can be directed into different

endocytic pathways, ultimately leading to distinct cellular outcomes.

Beyond its involvement in neurodevelopment and Notch signaling, AAK1 has also been shown
to play a critical role in the regulation of the WNT pathway. AAK1 activates the WNT signaling
cascade by promoting the synthesis and trafficking of Rab5, a key regulator of early and late
endosomal processes. This action facilitates the endocytosis of signaling receptors, allowing
for proper signal transmission. Furthermore, AAK1 is activated by Numb, a protein that
modulates the balance between the WNT and Notch pathways. Through this interaction, AAK1
inhibits Notch receptors, indicating a finely tuned dynamic between AAK1 and the Notch

signaling pathway.

In the WNT pathway, AAK1 promotes the endocytosis of the WNT receptor LRP6, which is
internalized within a reticulin fiber network. AAK1 phosphorylates the Thr156 site of AP-2u, a

key event that regulates LRPG’s internalization. Notably, LRP6 also acts as a negative
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regulator of WNT signaling, establishing a feedback loop that is controlled by AAK1 to maintain
signaling balance (Agajanian et al 2019). In addition to receptor endocytosis, AAK1 stabilizes
B-catenin, a central mediator of WNT signaling. By activating B-catenin-dependent pathways,
AAK1 accelerates the transcription of key WNT target genes, linking its function to critical
processes like cellular growth, differentiation, and tissue development (Yang et al 2011). In
another important and at the same time the first study for AAK1-LC3B relation it has been
shown that LC3 lipidation via the macroautophagy core machinery is required to efficiently
localize AAK1 to major histocompatibility complex (MHC) class | molecules for optimal
internalization and degradation (Loi et al 2016). Collectively, these findings highlight AAK1’s
diverse regulatory roles, not only in CME but also in broader signaling networks that influence

developmental and cellular fate decisions.

2.2. AAK1 in Central Nervous System Diseases

AAK1, beyond its established role in canonical endocytic pathways, has been increasingly
implicated in various neurodegenerative and neuropsychiatric disorders. Genome-wide
association studies (GWAS) have identified AAK1 as a gene potentially influencing PD
susceptibility and variability in age of onset, suggesting a genetic link between AAK1 and PD
risk (Latourelle et al 2009). Additionally, Shi et al demonstrated that AAK1 partially colocalizes
with endosomal and presynaptic markers under normal physiological conditions but
redistributed into aggregates containing mutant SOD1 and neurofilament proteins in rodent
models of amyotrophic lateral sclerosis (ALS). This redistribution suggests that AAK1
mislocalization may disrupt cellular organization and contribute to ALS pathology. Supporting
this, Shi and colleagues observed that AAK1 levels were reduced in ALS patients without
corresponding changes in SOD1 levels, indicating a unique disease-related decline in AAK1
(Shi, Conner & Liu 2014).

In parallel, a study using mRNA and IncRNA analysis highlighted that AAK1, regulated by the
IncRNA MALAT1, may form protein-protein interaction modules that are significant in ALS
pathogenesis. These findings propose that AAK1-related mechanisms may be crucial in
neurodegenerative progression (Liu et al 2021). In AD, AAK1 expression has also been
observed to increase alongside AP-2 and Rab5 in the cortex, hippocampus, and plasma of AD
model mice. Fu et al noted a positive correlation between elevated AAK1 levels and cognitive
impairment in these models, suggesting AAK1’s involvement in cognitive decline potentially
through its effects on CME. This relationship points to a possible role for AAK1 in modulating

AB production and clearance, linking CME with AD pathology (Fu et al 2018).
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Beyond neurodegeneration, AAK1 has also been studied in the context of central nervous
system (CNS) disorders like schizophrenia. Kuai et al found that AAK1 depletion through RNAI
and small molecule inhibitors altered the trafficking and expression of ErbB4, an essential
receptor implicated in neuronal growth and signaling. The mislocalization of ErbB4 to the
plasma membrane in AAK1-depleted cells was shown to enhance Nrg1-induced signaling and
neurite outgrowth, underscoring AAK1’s potential regulatory function in neuronal architecture
(Kuai et al 2011). Additionally, AAK1’s inhibition has demonstrated therapeutic promise in
managing neuropathic pain, which is mechanistically linked to a2-adrenergic signaling, an

antinociceptive pathway in humans (Kostich et al 2016).

The interaction of AAK1 with neurotrophic signaling pathways further implicates it in CNS
disorders. Specifically, genetic studies show that deleting ErbB4 in parvalbumin-positive
interneurons leads to behaviors in mice that are indicative of schizophrenia, suggesting that
AAK1-related signaling pathways may be essential in the etiology of psychotic disorders (Wen
et al 2010). Finally, AAK1 has also been identified as a significant upregulated gene in major
depressive disorder (MDD) through blood gene expression analysis across multiple
neuropsychiatric conditions, including ADHD and autism spectrum disorder (de Jong et al
2016). This discovery points to broader implications for AAK1 in mood regulation and cognitive

function.

Despite mounting evidence of AAK1's role in neurodegenerative and psychiatric disease
mechanisms, no in vivo studies have thoroughly examined the effects of AAK1 depletion on
disease context. Addressing this gap, our study aims to investigate the in vivo impact of AAK1

loss, advancing understanding of its potential as a therapeutic target in CNS disorders.
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3. Microtubule Affinity-Regulating Kinases

Microtubule affinity-regulating kinases (MARKS) are a family of kinases closely related to the
PAR-1 proteins, playing a key role in establishing cell polarity. They do so by phosphorylating
microtubule-associated proteins—such as tau, MAP2, and MAP4—at the KXGS motif within

the microtubule-binding domain. This phosphorylation leads to the detachment and
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Figure 5: Domain structure of MARK family kinases: The

domains include the header domain, the kinase catalytic domain, the

common docking (CD) site, the ubiquitin-associated (UBA) domain,

the spacer domain, and the tail domain, which contains the 'kinase-

associated domain' (KA1). Bottom: bar diagram of tau protein,

highlighting the repeat domain and the KXGS motifs that can be

phosphorylated by MARK (Timm et al 2008).
destabilization of microtubules (Drewes et al 1997). In humans, the PAR-1/MARK family
consists of four proteins: MARK1 (Par-1c), MARK2 (Par-1b), MARK3 (Par-1a), and MARK4
(Par-1d). MARK activity is particularly significant in neurons, where it regulates axonal growth
by phosphorylating tau protein. This modification reduces tau’s affinity for microtubules, leading
to its dissociation and microtubule destabilization, a process implicated in various
neurodegenerative conditions. When tau becomes unbound from microtubules, it is prone to

pathological aggregation, a hallmark of Alzheimer's disease (AD).

In AD, the tau phosphorylation sites targeted by MARK, particularly the KXGS motifs, are
among the earliest to show abnormal phosphorylation. Furthermore, MARK proteins are
upregulated in the neurofibrillary tangles characteristic of AD brains (Chin et al 2000), and
elevated MARK phosphorylation of tau has been observed early in transgenic mouse models

of tauopathies (Eckermann et al 2007, Mocanu et al 2008). Given their critical role in both
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microtubule dynamics and tau regulation, MARK proteins have garnered attention as potential

therapeutic targets for neurodegenerative diseases and other disorders.

Structurally, the four MARK proteins share a common organization: an N-terminal header (N),
a conserved catalytic domain, and a ubiquitin-associated (UBA) domain. These are linked to a
more variable spacer region, which leads to the C-terminal kinase-associated domain (KA1).
The KA1 domain is particularly important for membrane association, as it binds to acidic
phospholipids, such as phosphatidylserine, facilitating membrane interactions (Fig.
5) (Moravcevic et al 2010).

3.1. MARKSs in diseases
3.1.1. Microtubule affinity regulating kinase 1 (MARK1)

MARK1 has emerged as a critical player in neurodevelopmental processes, with increasing
evidence pointing to its role in cognitive function. Genetic studies suggest that MARK1
underwent accelerated evolution in humans, indicating its importance in brain function and
cognitive traits. In neurodevelopmental disorders, dysregulation of MARK1 has been
associated with structural and functional changes in neurons. Specifically, research in mice
with a forebrain-specific cKO of MARK1 has revealed abnormalities in dendritic spine formation
in hippocampal CA1 pyramidal neurons. This includes a marked reduction in spine density,
which is significant because dendritic spines are essential for synaptic connectivity and
plasticity. The cKO of MARK1 also leads to abnormal accumulation of key synaptic proteins,
Guanylate kinase-associated protein (GKAP) and Glutamate lonotropic Receptor AMPA Type
Subunit 2 (GluA2), indicating disruptions in synaptic organization and protein trafficking. These
structural deficits are reflected in behavioral impairments, such as spatial learning challenges
in the Morris water maze and a reduction in anxiety-like behaviors, linking MARK1 function to

both cognitive and emotional regulation (Kelly-Castro et al 2024).

Another study supports the dual role of MARK1 in neuronal morphology and transport. Both
overexpression and knockdown of MARK1 in murine neocortical neurons lead to significantly
reduced dendrite length, along with altered dendritic transport dynamics. This aligns with
MARK1’s role as part of the PAR-1 protein kinase family, which is integral to axon-dendrite
specification, a process crucial for establishing neuronal polarity. Subtle changes in MARK1
expression or activity could thus influence dendritic function and morphology, potentially

contributing to cognitive variations in humans (Maussion et al 2008).

MARK?1 also interacts with pathways involved in Alzheimer’s disease pathology. Death-

associated protein kinase (DAPK), which is implicated in neuronal cell death and cytoskeletal
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disruption, can inhibit microtubule assembly by activating MARK1/2. This activation promotes
tau phosphorylation, destabilizing microtubules—a hallmark process in neurodegenerative
diseases like Alzheimer’s (Wu et al 2011). The MARK1’s functions in dendritic morphology,
synaptic structure, cognitive processes, and neurodegeneration highlights its importance in

both brain development and disease.

3.3.2. Microtubule affinity regulating kinase 2 (MARK2)
Research indicates that Par1b (MARK2) is crucial for establishing body axes through the

regulation of the cellular cytoskeleton in model organisms like C. elegans and Drosophila (Marx
et al 2010). Particularly, MARK2 is shown to be essential for neurites in vitro as it provides
mechanical strength and tracks for intracellular transport (Biernat et al 2002). The
dysregulation of MARK2 is closely linked with the occurrence and development of
neurodegenerative diseases and cancer. For instance, one study demonstrated that reduced
levels of MARK2 or doublecortin (DCX) impair migration, but while MARKZ reduction stabilizes
microtubules, DCX reduction increases their dynamics. Interestingly, co-reducing both partially
restores normal migration, highlighting the need for balanced polarity and microtubule
dynamics for effective neuronal movement (Sapir et al 2008). Moreover, research in primary
rat hippocampal cultures revealed that the MARK2 isoform localizes to axonal exclusion zones
and exhibits strong enrichment in dendritic spines. Notably, its overexpression in wild-type
neurons resulted in decreased maximum dendritic length and generally shorter dendrites
(Chudobova & Zempel 2023).

Another important study from 2024 identified MARK2 loss-of-function (LoF) variants as
significant in autism spectrum disorder (ASD) and neurodevelopmental disorders. Research
on human neuronal cells and Mark2+/- mice showed that MARK2 deficiency disrupts early
neuronal development, affects cell polarity, and alters cortical structure, resulting in ASD-like
behaviors. Additionally, loss of MARK2 is linked to reduced WNT/B-catenin signaling,
suggesting lithium as a possible treatment for individuals with MARK2-associated ASD (Gong
et al 2024).

Taken together, these findings underscore the importance of MARK2 as a candidate gene in
understanding not only neurodevelopmental disorders but also the broader implications of its
dysregulation in neurodegenerative diseases within the central nervous system. Its critical role
in neuronal structure and function highlights the potential for therapeutic interventions targeting
MARK2-related pathways.
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3.3.3. Microtubule affinity regulating kinase 3 (MARK3)
In four MARK isoforms MARKS3 is the first one to be discovered. In one study MARK3 was

found in a subset of neurons containing granulovacuolar degeneration bodies (GVDs) and
showed weak, general cytoplasmic staining in neurons of both elderly individuals without
dementia and those with Alzheimer's disease. These findings suggest a strong association
between the expression of MARK3 and Tau phosphorylation at Ser262 within the GVDs in
Alzheimer's disease (Lund et al 2014). Additionally, it has been showed that MARKS interacts
with Melanocyte Inducing Transcription Factor (MITF), which is known to cause COMMAD
syndrome with severe microphthalmia (George et al 2016, Schwarz et al 2010) and
MARKS3 deficiency may affect the Wnt signalling pathway (Sun et al 2001). In another study
MARKS3 overexpression was found to inhibit cell proliferation and angiogenesis in ovarian
cancer cells. Metabolic stress activates cell cycle arrest at the G2/M phase by phosphorylating
CDC25B and CDC25C, while RNA-seq analyses suggest that MARKS limits cell cycle
progression and angiogenesis, partly by downregulating AP-1 and Hippo signaling targets
(Machino et al 2022). Lastly, different studies showed that it related with osteoporosis and
dysregulated bone mineral density (BMD) which is line with MITF and COMMAD axis showed
previously (Schwarz et al 2010, Zhang et al 2021).

3.3.4. Microtubule affinity regulating kinase 4 (MARK4)
Last isoform of MARKSs family is MARK4. A gain-of-function variant in the kinase MARK4 has

been identified in two siblings with neurodevelopmental disability and distinct physical features.
This variant, a germline missense mutation (c.604T>C, p.Phe202Leu), occurs in the kinase’s
catalytic domain. While the variant does not affect protein levels, it enhances MARK4's ability
to phosphorylate tau isoforms, a key factor in neurodevelopmental disorders, and increases
ribosomal protein S6 phosphorylation, indicating heightened mTORC1 pathway activity. This
study links the MARK4 variant to developmental and cognitive challenges, as well as

behavioral and dysmorphic traits (Samra et al 2024).

MARK4 has two known isoforms: MARK4L and MARK4S. This study on the mouse MARK4
gene shows that while both isoforms are present in the CNS, MARK4S is especially
upregulated during neuronal differentiation, making it a potential neuron-specific marker in the
brain. The increased expression of MARK4S in early neuronal development suggests a

specialized role in supporting neuronal functions (Moroni et al 2006).

It has been demonstrated that MARK4 phosphorylates Tau at specific sites within its
microtubule-binding regions, including Ser-262 and Ser-356, which generates a p-tau variant

with enhanced seeding potential. A reduction in MARK4 disrupts Tau phosphorylation patterns,
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likely causing increased detachment from microtubules and impairing microtubule-based
transport (Gong et al 2012, Oba et al 2020). In another study MARK4 identified as an activator
of YAP/TAZ in the Hippo pathway, crucial for regulating cell proliferation. MARK4 depletion
reduced YAP/TAZ activity and limits breast cancer cell growth and migration, suggesting its

potential as a therapeutic target for cancer (Heidary Arash et al 2017).

4. Autophagy

To maintain long-term cellular function and tissue health, especially in the context of aging,
efficient mechanisms for cellular maintenance and degradation are crucial. Among these,
autophagy is one of the most well-characterized pathways, playing a key role in both
degradation and recycling of cellular components. Initially observed in the 1960s, autophagy
was described when cytoplasmic components were identified within lysosomes (Ashford &
Porter 1962). However, it wasn’t until the 1990s, through the pioneering work of Yoshinori
Ohsumi, that the molecular players, pathways, and regulatory mechanisms of autophagy were
fully elucidated (Baba et al 1994, Mizushima et al 1998, Noda & Ohsumi 1998, Takeshige et al
1992).

Autophagy is an evolutionarily conserved catabolic process that contributes to cellular
homeostasis by recycling nutrients. It is broadly classified into two forms: basal and induced
autophagy. Basal autophagy occurs continuously, even in nutrient-rich conditions, acting as a
quality control system through the turnover of cytoplasmic components. Several studies have
shown that when autophagy is impaired, ubiquitinated proteins accumulate within cells (Hara
et al 2006, Komatsu et al 2005). Conversely, under nutrient-deprived conditions, such as during
starvation, autophagy is upregulated to maintain amino acid levels essential for survival (Hara
et al 2006, Komatsu et al 2006).

There are three primary types of autophagy: macroautophagy, microautophagy, and
chaperone-mediated autophagy (CMA), all of which involve delivering cellular components to
the lysosome for degradation. In CMA, proteins containing a specific KFERQ motif are
recognized and targeted by chaperones, then transported into the lysosome for degradation
(Dice 1990, Kaushik & Cuervo 2012, Terlecky et al 1992). Microautophagy involves the direct
engulfment of cytoplasmic material by the lysosomal membrane. Macroautophagy, the most
prominent form, differs from the other types by the formation of an autophagosome—a double-
membraned vesicle that captures cytoplasmic material. This autophagosome then fuses with
a lysosome to form an autolysosome, where degradation occurs. Macroautophagy can target
bulk cytoplasmic material or specific organelles thanks to specific receptors, including

mitochondria (mitophagy), lipids (lipophagy), the endoplasmic reticulum (ER-phagy),
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pathogens (xenophagy), the nucleus (nucleophagy), and lysosomes (lysophagy) (Aman et al
2021) (Fig. 6).

Although autophagy appears straightforward, the canonical process is highly complex and
involves numerous proteins. It progresses through four key stages: the initiation of phagophore

formation, nucleation, elongation and the maturation and fusion of the autophagosome with
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Figure 6: Primary type of autophagy, a schematic overview: Macroautophagy is
regulated by the ULK1 complex, controlled by AMPK and mTOR, initiating double-
membrane formation around cargo via the Beclin1-Vps34 complex. During
elongation, lipidated LC3 family proteins (LC3ll) are conjugated by ATG7-ATG3 and
ATG5-ATG12-ATG6L1 complexes. Mature autophagosomes fuse with lysosomes to
form autophagolysosomes, where degradation and recycling occur. Selective
autophagy degrades damaged organelles or specific substrates via selective
receptors (e.g., LC3B, GABARAP). Chaperone-mediated autophagy (CMA) targets
KFERQ motif proteins, while microautophagy involves non-selective cytoplasmic
uptake through lysosomal membrane invagination (Giansanti et al 2023).

the lysosome.

4.1. Steps of autophagy
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4.1.1. Initiation of the phagophore formation

Autophagosomes form rapidly and spontaneously within the cell in response to various signals,
requiring a continuous lipid source to support this dynamic process. These lipid sources are
derived from multiple cellular membranes, including the endoplasmic reticulum (ER), ER-
mitochondria contact sites (known as MAMs), recycling endosomes, the Golgi apparatus, and
the plasma membrane(Axe et al 2008, Ge & Schekman 2014, Puri et al 2013).

Autophagy initiation is regulated by specific cellular triggers, such as amino acid deprivation,
decreased insulin levels, and lower ATP availability, which signal nutrient scarcity and reduced
energy (defined as AMP/ATP levels). Nutrient and energy status are sensed primarily by two
signaling pathways: the mammalian target of rapamycin complex 1 (mTORC1) and AMP-
activated protein kinase (AMPK). These two regulators have opposite roles; mTORC1,
activated by adequate amino acid and growth factor levels, inhibits autophagy under nutrient-
rich conditions. In contrast, AMPK activates autophagy when ATP levels are low, thus acting
as an energy sensor that signals the need for cellular recycling to restore energy (Cheong et
al 2008, Hawkins & Klionsky 2020, Kawamata et al 2008).

Both mTORC1 and AMPK converge to regulate the autophagy initiation machinery by signaling
to the Atg1 complex in yeast (or its mammalian equivalent, unc-51 like autophagy-activating
kinase 1 (ULK1 complex)), which plays a pivotal role in autophagosome formation. In
mammals, this ULK1 complex comprises several essential components, including ULK1 (the
mammalian Atg1 homolog), ATG13, FIP200, and ATG101, which collectively act as a scaffold
to initiate the formation of the phagophore assembly site (PAS) (Cheong et al 2008, Hawkins
& Klionsky 2020, Kawamata et al 2008). The phosphorylation status of these proteins
determines their activity: under dephosphorylated conditions, ATG13 binds to ATG17-31-29
dimers, forming a complex essential for the proper localization and function of PAS, thereby

enabling the autophagic process to proceed.

4.1.2. Nucleation

As mentioned before autophagosome formation initiates on ER (more specifically on
omegasomes) and ER-mitochondrion contact sites in mammals. After PAS formation
ATG1/ULK1 complex recruits ATG14-containing class Il phosphatidylinositol 3-kinase
(PtdIns3K/PI3K) complex, that includes the vacuolar protein sorting 34 (VPS34), 15 (VPS15),
and Beclin-1 (BECN1) (Furuya et al 2005, Itakura et al 2008, Itakura & Mizushima 2010). Here
VPS34 generates phosphatidylinositol 3-phosphate (PI3P), a phospholipid found in cell
membranes that helps to recruit proteins. Importantly, presence of PI3P also allows recruitment

of tryptophan-aspartic acid (WD) repeat domain phosphoinositide-interacting (WIPI) proteins
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which play role in different stages of autophagosome formation and recruitment of ATG12-
ATG5-ATG16L1 E3-like complex through a direct interaction with ATG16L1 for later stages
(Dooley et al 2014).

4.1.3. Elongation and maturation

The expansion of the isolation membrane includes two ubiquitin-like conjugation systems. The
first one is formation of ATG12-ATG5-ATG16L (E3) complex which is essential for the formation
of pre-autophagosomes. ATG12 is activated by E1-like Atg7 in an ATP-dependent manner (Kim
et al 1999, Mizushima et al 1998, Shintani et al 1999, Tanida et al 2001). ATG12 is then
transferred to E2-like ATG10 and finally attached to acceptor lysine residue of ATG5
(Mizushima et al 1998, Shintani et al 1999). Two sets of ATG12-ATG5 conjugates further
interacts with Atg16L dimer (Kuma et al 2002). The second ubiquitin-like conjugation system
is microtubule associated protein 1 light chain 3 (LC3 - also known as ATG8) modification. This
conjugation pathway starts with LC3I cleavage by cysteine protease ATG4 and then this
processes LC3 conjugated with phospholipid phosphatidylethanolamine (PE) (LC3-PE / LC3lII)
by E1-like ATG7 and transferred to E2-like ATG3 (Hemelaar et al 2003, Ichimura et al 2000,
Kim et al 1999, Tanida et al 2001). Afterwards, this lipidated LC3-Il associates with newly
forming autophagosome membranes. LC3-ll remains on mature autophagosomes until its
fusion with lysosomes. The conversion of LC3I to LC3II is a well-known marker of autophagy
and under starvation and stress conditions the amount of lipidated LC3 increased (Kabeya et
al 2000). One thing to emphasize unlike yeast, mammals have several Atg8-like proteins which
are divided into LC3 and GABARAP subfamilies (Hemelaar et al 2003, Weidberg et al 2010).
Even though they are quite similar to each other in the concept of autophagy latest studies
have been indicated their distinct roles in or out of autophagy (Chen et al 2024, Jatana et al
2020).

Another important protein in elongation and maturation is a lipid scramblase protein ATG9.
ATG9 localizes to the Golgi complex under normal conditions but translocates to recycling
endosomes and small vesicles referred to as the ATG9 compartment upon induction of
autophagy in an ULK1-dependent manner (Mari et al 2010, Young et al 2006, Zhou et al
2017a). Phospholipids delivered by ATG2 are translocated from the cytoplasmic to the luminal
leaflet by ATG9, thereby driving autophagosomal membrane expansion (Maeda, Otomo &
Otomo 2019, Osawa et al 2019, Valverde et al 2019).

4.1.3. Fusion of the autophagosome with the lysosome
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Autophagosomes, cellular structures responsible for degrading and recycling cellular material,
must fuse with lysosomes to form autolysosomes and complete the degradation process. This
fusion requires the autophagosomes to be actively transported to lysosomes along
microtubules. During transport, some autophagosomes can also fuse with early endosomes,
creating an intermediate structure known as an amphisome. For these fusion processes, a
coordinated group of proteins is essential, particularly the small GTPase families, such as Rab
(Ras-associated binding) and Arf (ADP-ribosylation factor), along with tethering factors and
SNARE proteins (Tian, Teng & Chen 2021).

Rab GTPases are crucial regulators of membrane trafficking in eukaryotic cells, acting as
molecular switches that alternate between an active (GTP-bound) and inactive (GDP-bound)
state. This switching mechanism is controlled by Guanine Exchange Factors (GEFs), which
promote GTP binding, and GTPase-activating proteins (GAPs), which stimulate GTP
hydrolysis(Stenmark 2009). During autophagosome maturation, specific Rab proteins like
RAB2, RAB7, and the ARF-like GTPase ARLS8 are recruited to the autophagosome membrane.
These GTPases, in conjunction with the HOPS complex, help tether the autophagosome to
the lysosome, bringing their membranes into close proximity and promoting fusion (Pu et al
2015).

The actual fusion event is driven by SNARE proteins, which provide the mechanical force
necessary to merge the membranes. In this step, specific SNARE components—including
VAMP7, VAMPS8, Syntaxin 17, and SNAP29—assemble into a complex that catalyzes
membrane fusion VAMPS8 (Jiang et al 2014, Mao et al 2019, Pu et al 2015, Wang & Diao 2022).
This fusion is further regulated by phosphoinositide enzymes: Inositol polyphosphate-5
phosphatase converts lysosomal membrane phospholipid PI(3,5)P2 back to PI3P, while Pl4K-
lla generates PI4P, which is required for membrane organization and fusion (Hasegawa et al
2016).

Microtubule-based motor proteins, including kinesins and dyneins, play a pivotal role in
transporting autophagosomes and lysosomes toward each other along the microtubules.
Specifically, the dynein-dynactin complex supports the movement of autophagosomes and
amphisomes toward lysosomes (Cason & Holzbaur 2022, Jordens et al 2001, Kimura, Noda
& Yoshimori 2008, Wijdeven et al 2016). These motor proteins interact with small GTPases
such as RAB7 and ARLS, linking the autophagosomes/amphisomes to their transport
pathways and supporting the fusion process. (Langemeyer, Fréhlich & Ungermann 2018,
Mohan et al 2018).

Finally, once the autophagosome and lysosome membranes have fused, the cytoplasmic

cargo within the autolysosome is degraded by lysosomal hydrolases. This degradation process
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relies on the proper acidification and enzymatic activity of the lysosome. Loss of key lysosomal
enzymes, like Cathepsin B and D, can halt degradation within the autophagic pathway, leading

to an accumulation of undegraded material (Yadati et al 2020).

Emerging evidence suggests a link between AAK1 and the autophagy pathway, although direct
evidence remains scarce. AAK1, primarily known for its role in CME, may also be involved in
autophagic processes, particularly given its functions in regulating vesicular trafficking. One
study demonstrated that AAK1 associates with LC3 to facilitate internalization of MHC class |
molecule (Loi et al 2016). In another study indirectly suggest that AAK1 is involved in regulating
autophagy by mediating the phosphorylation and activation of AP-2u, which facilitates the
internalization and autophagy induced degradation of Claudin-2 (CLDNZ2) in epithelial cells
(Ganapathy et al 2022). These findings indicate a potential, albeit still largely unexplored,
involvement of AAK1 in the regulation of autophagy, warranting further investigation, especially
in neuronal contexts where vesicular trafficking is crucial for cellular homeostasis and synaptic

function.

In this context it is pivotal to mention microtubule dynamics in AVs trafficking in neurons, as
AVs need to travel long distances along axons and dendrites to reach lysosomes for
degradation. AV movement within neurons relies heavily on microtubules, which serve as
tracks for these vesicles. Specifically, the fusion of AVs with endosomes, and ultimately
lysosomes, depends on intact microtubule networks (Kéchl et al 2006). Studies have shown
that AVs utilize motor proteins, such as dynein, to move along these microtubule tracks, and
impairments in dynein function leads to a reduced ability of autophagosomes to fuse with
lysosomes. This impairment is marked by an accumulation of LC3-Il and a decrease in the
clearance of aggregate-prone proteins, reflecting defects in autophagic flux (Ravikumar et al
2005, Rubinsztein et al 2005).

Proper AV ftrafficking requires well-regulated microtubule stability, which ensures efficient
binding and movement. Due to their inherently unstable nature, microtubules need regulators
to stabilize and control their structure. Plus-end tracking proteins (+TIPs), including EB1 and
CLIP-170, regulate microtubule dynamics by binding to the plus ends of growing microtubules
(Tirnauer & Bierer 2000). Also, severing proteins, such as katanin and spastin, further refine
the microtubule network by cutting microtubules to control their length and organization
(McNally & Vale 1993). Importantly, microtubule-associated proteins (MAPs), such as MAP2,
MAP4, and tau, are key regulators that stabilize microtubules and promote their polymerization
and they are critical for controlling the rigidity of individual microtubules, which is pivotal for
neurons with long projections (Bulinski & Borisy 1979, KOTANI et al 1986, Nishida et al 2023,
Sloboda, Dentler & Rosenbaum 1976). MARK2 is a key player in regulating microtubule
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dynamics through the phosphorylation of these MAPs. MAP2, MAP4, and tau can be
phosphorylated by MARK2, which leads to changes in their ability to bind and stabilize
microtubules, thus regulating microtubule assembly and disassembly (Drewes et al 1997). This
modulation of microtubule dynamics by MARK2 is essential not only for stabilizing
microtubules but also for regulating intracellular trafficking (Ebneth et al 1999), including the
movement of AVs. By influencing MAP phosphorylation, MARK2 impacts the binding of
microtubule-associated motor proteins, such as dynein and kinesin, which are responsible for
transporting vesicles, including AVs, along microtubule tracks (Anjur-Dietrich et al 2023, Han
et al 2024b, Yoshimura, Terabayashi & Miki 2010).
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Il. Objectives

The inclusive aim of this project is to elucidate the multifaceted role of AAK1 in the CNS,
particularly in relation to neurodegenerative disorders. AAK1 has emerged as a critical player
in endocytosis and intracellular trafficking, impacting various signaling pathways essential to
neuronal health and function (Agajanian et al 2019, Gupta-Rossi et al 2011, Kuai et al 2011,
Ultanir et al 2012, Xin et al 2023). By employing two distinct transgenic mouse models using
CMV and CamKlla promoters, this study aims to provide an in-depth investigation into the
cellular and molecular functions of AAK1 in the brain. Given the current gaps in knowledge
regarding the outcomes of AAK1 depletion in in vivo contexts, this project will explore the

following key questions:

1. What is the role of AAK1 in the brain?

This aim seeks to clarify the roles of AAK1 and its potential contributions to neuropathology.
Given AAK1’s established involvement in CME, understanding its specific functions within the
brain may shed light on its influence on synaptic transmission and plasticity—processes that
are essential for cognitive functions such as learning and memory (Kostich et al., 2016). To
explore this, a CMV-promoter-driven mouse model that facilitates widespread AAK1
expression across various neural cell types was used. This broad expression pattern enabled
an assessment of the systemic effects of AAK1 depletion on neuronal network dynamics and
behavior in vivo. This approach provided a broader understanding of AAK1's role and yielded

insights into its potential implications in CNS diseases (Fu et al 2018, Latourelle et al 2009).

2. Does AAK1 have cell-type specific role?

The second aim focused on the cell-type specific roles of AAK1, particularly in neurons. Using
the CaMKIlla promoter, which directs expression specifically in excitatory neurons, we
investigated whether AAK1's functions are differential in a neuron specific manner. This
approach allows us to determine if AAK1 plays specialized roles in synaptic regulation and
neuroplasticity in excitatory neurons. Understanding these nuances is essential as
dysregulation of AAK1 in specific neuronal population may contribute to the pathophysiology
of CNS disorders (Fu et al 2018, Latourelle et al 2009, Xin et al 2023).

3. Does AAK1 have novel neuronal substrates, and what roles do these

substrates play in neurodegenerative disorders?

The third aim is to identify and characterize the neuronal substrates of AAK1, exploring how
these interactions may contribute to the pathogenesis of neurodegenerative diseases. By
elucidating the signaling pathways and protein interactions mediated by AAK1, the study aimed

to clarify its contribution to the progression of neurodegeneration and neuronal health (Liu et
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al 2021, Shi, Conner & Liu 2014). Identifying these substrates is critical for pinpointing how
AAK1 modulation might serve as a therapeutic target in mitigating neurodegenerative

processes.

In conclusion, this project seeks to fill significant gaps in our understanding of AAK1's role in
CNS function and pathology. By employing two genetically modified mouse models, we aim to
dissect the complex interplay of AAK1 within neuronal systems and its broader implications for
neurodegenerative disorders. To do that we used quantitative proteomics, live imaging of
primary neuronal cells, and the analysis of different subcellular fractions such as
synaptosomes and plasma membranes which provide a comprehensive understanding of
AAK1’s functions. The findings might provide insights into potential therapeutic strategies for

conditions associated with AAK1 dysregulation.
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l1l. Material and Method

1. Materials

Table 1: Instruments used for this study.

Instrument

Manufacturer

Catalogue number

BioRupter, Picorupter

Diagenode

B01060010

Cabinet, Horizontal laminar flow

Thermo Fisher Scientific

Heraguard ECO

Cabinet, vertical laminar flow Thermo Fisher Scientific Safe 2020
(primary cells)
Centrifuges Eppendorf 5702R
Hettich 320R
VWR MicroSTAR 17R
Double Edge Coated Blades Electron Mircoscopy Science #72000-WA
(Washed version)
EASY-nLCTM 1200 System Thermo Scientific LC140
Electrophoresis Power Source VWR 300V
Electrophoresis chamber (PCR) VWR 700-0569
Electrophoresis chamber (WB) Bio-Rad Mini-Protean Tetra
Cell
VOSEP ONE Evosep EV-1000
Dissection tools FST
Forceps 11253-27 1
6020-14
11270-20
Scissors 14090-09
13002-10
14002-13
Scalpel 10073-14
Feezer (-20°C) LIEBHERR 9988187-12
Fridge (4°C) LIEBHERR 9983491-10
Gel imager system (PCRs) Bio-Rad Gel DocTM XR+
Incubator CO2 (cell lines) Binder C170
Incubator Shaker Eppendorf Galaxy 1705
Incubator CO2 (primary neurons) Eppendorf M1335-0002
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Mcllwain Tissue Chopper Cavey laboratory engineering | MTC/5E
Co. LTD
Microscope, inverted (cell culture) Leica Leica DMil

Microscope, inverted fluorescence

Camera

Zeiss Hamamatsu

Axiovert 200M C11440

Temperature module LED Light
source Software

Objectives:

40x/1.4 oil DIC 63x/1.4 oil 10x/0.3

Zeiss
CoolLED Micro-Manager
Zeiss Zeiss Zeiss

TempMoudleS pE-
4000
MicroManager1.4
420762-9900 420780-
9900 420304-9901

Microtom

Thermo Fisher Scientific

Microm HM 430

Microwaver Inverter Sharp

Osmometer Gonotec Osmomat 3000
pH-meter Mettler Toledo Seven Easy
Perfusion pump WPI Peri-Star Pro
Photometer Eppendorf Bio Photomer plus

Real-time PCR Thermocyler

Applied Biosciences

7500 RealTimePCR

System

Sonicator BRANSON Sonifier 250
Scales OHAUS EX225D

VWR T1502746
SpeedVac Eppendorf Concentrator | Eppendorf 5305000509
plus
Thermocycler VWR peqSTAR
Thermoschaker CellMedia
Water bath VWR VWB6
Vortex Scientific Industries Vortex-Genie 2
Vibratom Leica VT1200S
Sep-Pak columns C18 50mg Waters WATO036935
Super-frost plus microscope slides | Thermo scientific 193515000

Table 2: Chemicals used for solutions and buffers.

Chemical Manufacturer Identifier
2-R-Mercaptoethanol Roth 4227.1
2-Propanol Roth CP41.3
Acetic acid 100% Roth 3738.4
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Acetone Roth 5052.1
Aceton (Proteomics) Merck 1.00020.2500
Acetonitrile hypergrade for LC-MS LiChrosolv Merck 1.00029.2500
Antimycin Sigma A8674
Ammonium chloride Roth K298.2
Ammonium peroxidisulfate (APS) Merck 1.012.001.000
Ampicillin sodium salt Roth K029.2
Ascorbic acid Roth 3525.1

Boric acid VWR J67202
Bovine Serum Albumin Sigma A7906
Bromophenol blue Sigma B5525
BafilomycinlA Sigma 5.08409
2-Chloracetamid (CAA) Merck CAS 79-07-2
Calcium chloride dihydrate Roth 5239.2
Calcium chloride hexahydrate Roth T886.1
Chloroquine disphosphate salt Sigma C6628

Cresyl violet acetate Sigma C5042
1,4-Dithioerythritol (DTT) Applichem CAS 3483-12-3
D-(+)-Glucose Sigma G5767
D-mannitol Roth M4125
Dimethyl sulfoxide (DMSO) Roth A994.2
di-Potassium hydrogenphoshate Roth 6875.1
di-Sodium hydrogen phosphate dihydrate Roth 4984.1
di-Sodium hydrogen phosphate anhydrous Merck 106559
EDTA Applichem A1104.1000
Entellan® Merck 107960
Ethanol Omnilabs A1613.2500PE
Formic Acid Honeywell/[FLUKA 607-001-00-0
Gelatin from porcine skin Sigma G2500
Glycerol Roth 7530.1
Glycine Roth 3908.3
HEPES Sigma H4034
Hydrochloric acide 32% Roth X896.2
IGEPAL Sigma 18896
Luminol Roth 4203.1

Lysyl Endopeptidase (LysC) WAKO 129-02541
Magnesium chloride hexahydrate Roth 2189.1
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Methanol Roth 4627.5
Methanol LC-MS grade VWR 83638.32
Milk powder Roth T145.2
Paraformaldehyde (PFA) Merck 104.005.100
p-coumaric acid Sigma C9008
Ponceau S Roth 5938.1
Potassium chloride Roth 6781.1
Potassium dihydrogen phosphate Roth 3904.1
Potassium disulfite Sigma 60508
Sodium Chloride Roth 3957.1
Sodium hydrogen carbonate Roth 6885.1
Sodium dodecyl sulfate (SDS) ultra-pure Roth 2326.2
SGC-AAK1-1 Sigma SML2219
SGC-AAK1-1N Sigma SML2220
Tetramethylenediamine (TEMED) Applichem A1148.0028
Tris (hydrogenmethyl) aminomethane (Tris- VWR 28.808.294
base)
Trizma hydrochloride (Tris-HCI) Sigma T3253
Trypan Blue Roth CN76.1
Tween 20 VWR 663684B
Urea Sigma U1250
Xylene VWR 28975.291
(2)-4-Hydroxytamoxifen (Tamoxifen) Sigma H7904

Table 3: Reagents used in this study.

Reagent Manufacturer Identifier

Acryl/BisTM solution (30%) 37.5:1 VWR E347
Bradford Reagent Sigma B6916
Bovine Serum Albumin Sigma A7906
Bovine Serum Albumin (fatty acid free) Sigma A6003
Complete Mini Protease Inhibitor Roche 11836153001
DNA ladder (100 bp/ 1 kb) Thermo Fisher Sci SM0323/SM0311
DNA Gel Loading Dye (6X) Thermo Fisher Sci R0611
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DreamTaq DNA polymerase Thermo Fisher Sci EP0703
DynabeadsTM Protein G Invitrogen 10003D
ECLTM WB detection reagents GE Healthcare RPN2106
Isoflurane Piramal B73E16A
Ketamin hydrochloride Sigma K2753
LongAmp Taq DNA polymerase BioLabs M03235
Normal Goat Serum Gibco 16210064
Nuclease-free water Ambion AM9938
PageRuler Plus Prestained Prot. Ladder Thermo Fisher Sci 26619
Pierce™ High Capacity Streptavidin Agarose Thermo Fisher Sci 20359
PierceTM Protease and phosphatase inhibitor Thermo Fisher Sci A32959
mini tablets
Proteinase K Sigma AM2546
ProFection Mammalian Transfection System- Promega E1200
Calcium Phosphate
Rompun 2% (Xylazin) Bayer KPOBZPE
SuperSignalTM West Femto Thermo Fisher Sci 34094
High Select™ Phosphopeptide Enrichment Kits & Thermo Fisher Sci A32993
Reagents
Table 4: Cell culture ingredients and reagents used for media preparation.

Reagent Manufacturer Identifier
B-27 Supplement (50X) Thermo Fisher Sci 17504-044
DMEM without glucose Thermo Fisher Sci A14430
Deoxyribonuclease | from bovine pancreas Sigma D5025
EBSS Thermo Fisher Sci 14155-048
Fetal Bovine Serum Merck S0115
Fetal Bovine Serum Sigma F7524
GlutaMAXX™ Thermo Fisher Sci 35050-061
HBSS (1X) [-] CaCly, [-] MgCl, Thermo Fisher Sci 14175-053
HEPES (1M) Thermo Fisher Sci 15630-080
Horse serum (heat-inactivated) Gibco 26050088
Insulin, human recombinant zinc Thermo Fisher Sci 12585-014
MEM Sigma 7278
Penicillin/Streptomycin (P/S) Thermo Fisher Sci 15140-122
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Poly-D-lysine (1mg/mL) Merck A-003-E
Soybean Trypsin Inhibitor Merck 10109886001
Sodium Pyruvate Thermo Fisher Sci 11360-039
Transferrin, Holo, Bovine Plasma Merck 616420
Trypsin from bovine pancreas Sigma T1005
Neurobasal®-A Medium Gibco 12349-015
Transferrin From Human Serum, Alexa Fluor™ Thermo Fisher Sci T13342
488 Conjugate

Table 5: Plasmid DNA used for transfection of cells in-vitro.
Plasmid (source gene) Manufacturer/Provider
EB3-tdTomato #50708 addgene
ptagRFP-LC3B #21075 addgene

Table 6: Data acquisition and analysis.

Computing Software Manufacturer

Image processing

Fiji version 1.53

Wayne Rasband, National

Institute of Health

Statistical analysis

GraphPad Prism version 9.5.1

GraphPad Software

Image acquisition LAS X Leica
Table 7: Microscopes.
Microscope Manufacturer Identifier
Transmission electron JEOL JEOL JEM2100PLUSCameraGATAN
microscope
Slidescanner Hamamatsu S360

Confocal microscope
LSM 980 with Airyscan 2
2.5x objective

10x objective

40x objective

ZEN, ZEN Connect
Modul

EC Plan-Neofluar 2,5x/0,085
Plan-Apochromat 10x/0,45
C-Apochromat 40x/1,2 W Korr FCS
Plan-Apochromat 63x/1,4 Oil DIC
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63x objective
Confocal microscope SP8 Leica Microsystems TCS SP8
10x objective PL Apo 10x/0.40 CS2
40x objective PL Apo 40x/0.85 CORR CS
63 x objective PL Apo 63x/1.40 Oil CS2
2. Methods

2.1. Animals
2.1.1. Mouse breeding and maintenance

All animal experiments were approved and performed according to the regulations of LANUV
(Landesamt fur Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen) guidelines. Mice
were maintained in a pathogen-free environment in ventilated polycarbonate cages. Animals
were housed in groups of five animals per cage with constant temperature and humidity at
12h/12h light/dark cycles. Food and water were provided ad libitum. Breedings were set up
with males at least eight weeks old and females at least 6 weeks old. Pups were weaned at

the age of 21 days.

2.1.2. Creating AAK1 knockout mice

Animals used in this study are displayed in Table 8 AAK1 KO mice generated using the well-
validated ‘KO-first allele’ strategy. This strategy relies on the identification of an exon common
to all transcript variants, upstream of which a LacZ cassette is inserted to make a constitutive
KO/gene-trap known as a tm1a allele. In contrast to the tm1a allele, tm1b creates a frameshift
mutation after Cre-mediated deletion of the loxP-flanked exon. Other allele types are also

possible and have been described previously (Skarnes et al 2011).

Fore brain confined Aak1flox/flox:CamKlla-Cre mice were created by driving Cre recombinase
expression of the endogenous calcium/calmodulin-dependent protein kinase |l gene
(CaMKlla). Exon 2 of the Aak1 gene was flanked by /oxP sites thereby creating AAK7flox

animals.

To further investigate the molecular and cellular consequences of AAK1 depletion, an in vitro
model was also established. AAKTflox/flox mice were crossed with a tamoxifen-inducible
CAG-Cre line (Aakfflox/flox: B6.Cg-Tg(CAG Cre/Esr1*) 5Amc/J) as previously described
(Negrete-Hurtado et al 2020). The CAG promoter is a synthetic construct that combines
elements from the cytomegalovirus immediate-early enhancer, the chicken (-actin promoter,
and the splice acceptor of the rabbit 3-globin gene. The tamoxifen-inducible CAG-Cre system

consists of Cre recombinase fused to a mutant form of the mouse estrogen receptor that does
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not bind to the natural ligand but is specifically activated by 4-hydroxytamoxifen (tamoxifen,
Tmx). In the absence of tamoxifen, the Cre recombinase remains restricted to the cytoplasm;
however, it translocates to the nucleus upon tamoxifen binding, allowing recombination to
occur (Hayashi & McMahon 2002). To initiate homologous recombination in neurons from
floxed animals expressing tamoxifen-inducible Cre recombinase, cultured neurons were
treated with 0.2 uM (Z)-4-hydroxytamoxifen immediately after plating. After 24 hours, cells were
further treated with 0.4 uM of tamoxifen during medium exchange. Control neurons (WT) were
treated with an equivalent volume of ethanol, serving as a vehicle control for tamoxifen

treatment.

Table 8: Mouse lines used in this study.

Mouse model Manufacturer
Aak1CMV:Cre Kononenko lab
Aaklflox:CamKiia-Cre Kononenko lab
Aak1CAG:Cre Kononenko lab

2.2. Genotyping
2.2.1. Tissue sample and DNA extraction

For genotyping, tissue probes were taken from newborn pups at postnatal day 1-3 (tail tip) or
from 3 weeks old mice (ear punches). For DNA extraction, tissue samples were incubated in
300 pl of extraction solution (Table 9) including proteinase K overnight at 55°C on a shaker.
Afterwards samples were quickly spinned down, supernatant was transferred into fresh tubes
and overlaid with 400 pl of isopropanol. After 15 minutes (min) incubation at room temperature
samples were centrifuged at 13 000 rpm for 10 min. Supernatant was discarded and 300 pl of
70% ethanol was added before another 10 min centrifugation at 13 000 rpm. Afterwards
supernatant was discarded and samples were dried for at least 30-45 min at 55°C on a shaker.
The pellet was then dissolved in 75 pl of autoclaved water.

Table 9: Buffers used for genomic DNA extraction.
Buffers Ingredients

Extraction solution 100 mM Tris-HCI pH 8.8
5mM EDTA

0.2% SDS

200 mM NacCl

200 pg Proteinase K

2.2.2. PCR and gel electrophoresis
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To determine allele inheritance, genotyping for single genes was performed by polymerase

chain. Sample DNA and mastermix were mixed according to displayed protocols (Table 11).

PCR program specifications are displayed in Table 13.

Afterwards PCR samples were run on 2% agarose gels containing (Table 14) SYBR safe for

1h at constant voltage (120V). A 100 bp DNA ladder was used as a marker. Results were

visualized via gel imaging system (BioRad).

Table 10: Primer sequences for genotyping.

Gene Sequence (5’ - 3’)
Aakl WT allele
forward GGA GGT GAG GTA GAA GTT AGG AGC
reverse GGACTCTCCTTTTCCTTITCTTCTT CC
Aakl KO allele
forward GCA CAT GGC TGA ATATCG ACG GT
reverse ACT GAT GGC GAG CTC AGACCATAAC
Cre
Cre_1 GAA CCT GAT GGA CAT GTT CAG G
Cre_2 AGT GCG TTC GAACGC TAGAGCCTG T
Cre_3 TTA CGT CCA TCG TGG ACA
Cre_4 TGG GCT GGG TGT TAG CC

Table 11: PCR protocol for AAK1, Cre.

Ingredient Volume
Sample 2 ul
DreamTaq Buffer 2 ul
25 mM MgCl. 2yl
2 mM dNTPs 1.5 ul
Primer (10 mol/ pl) 0.75 pl
DreamTaq Polymerase 0.2 ul
Autoclaved water 12.55 pl

Table 12: Band size of PCR products.

Gene Band size in base pairs (bp)
WT KO

Aakl 415 471

Cre 235 326
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Table 13: PCR Programs.

Aakl Cre
Cycle number 36 35
T (°C) | Time (min) | T (°C) Time (min)
Initial denaturation 95 4 95 5
Cyle | Denaturation 94 0.5 95 0.5
Annealing 63.5 0.5 62 0.5
Elongation 72 1 72 0.5
Final extension 72 7 72 5
Hold 4 oo 4 oo
Table 14: Solutions and buffers used for PCR and gel electrophoresis.
Buffers Ingredients
2% SDS agarose gel | 2% (w/v) agarose in 1x TBE
10x TBE 108g Tris-Base; 55g Boric acid; 7.4 g EDTA in 11 dH.O

2.3. Primary neuronal culture
2.3.1. PDL-coating
Coverslips for imaging, dishes and plates were coated with 0.1 M poly-D-lysine (PDL) diluted

in PBS by covering surface with PDL solution for 4h at 37°C. Plates and dishes were then

washed 3 times with autoclaved water and dried at 37°C until no solution was left.

2.3.2. Primary cortical culture

Postnatal pups (P1-4) were decapitated, and brains were collected in Hank’s + 20% fetal
bovine serum (Hank's + FBS). Cortex was isolated, meninges were removed and then
chopped into 600 um small pieces (Mcllwain tissue chopper, Cavey Laboratory Engineering
Co. LTD). Brain tissue was washed twice with Hank’s + FBS and then digested in digestion
solution containing 10 mg trypsin and 1 pyl DNase for 15 min at 37°C. Trypsinization was
stopped by two washes with Hank’s + FBS followed by two washed with Hank’s. Tissue was
then transferred into a dissociation solution containing 10 yl DNase, mechanistically
dissociated using fire-polished glass pipettes and centrifuged at 0.3 rcf for 8 min at 4°C.
Supernatant was discarded, cells were dissolved in plating medium (500 pl per brain) and cell
density was determined using Neubauer counting chamber. Cells were then plated at a
concentration of 110000 cells per well. Cells were fed with a plating medium after 1h, when

cells were attached to the PDL-coated surface. After 24 h half of the medium was replaced by

52



growth medium containing 2 pM cytosine R-D-arabinofuranoside hydrochloride (AraC) and
after 48 h the same volume of growth medium containing 4 uM AraC was added to the wells.
Cortical neurons were kept for 14-16 days (DIV14-16) under constant conditions at 37°C / 5%
CO2.

2.3.3. Transfection of primary neuronal culture

Neurons were transfected at DIV 7-9 days using an optimized calcium phosphate protocol
with Calcium Phosphate transfection kit (Promega ProFection® Mammalian Transfection
System). For this 6 ug plasmid DNA, 250 mM CaCl2 and water (for each well of a 6-well plate)
were mixed with equal volume of 2x HEPES buffered saline (100 ml) and incubated for 20 min
allowing for precipitate formation, while neurons were starved in NBA medium for the same
time at 37 °C, 5% CO2. Precipitates were added to neurons and incubated at 37 °C, 5% CO2
for 25-30 min. Finally, neurons were washed twice with HBSS medium and transferred back

into their conditioned medium. Transfected neurons were analyzed 5-7 days post transfection.

Table 15: Solutions used for primary cortical culture.

Name Composition

Basic media 11 DMEM,; 5 g glucose; 200 mg NaHCO.; 100 mg transferrin
Digestion dH.O; 137 mM NaCl; 5 mM KCI; 7 mM Na.HPO.; 25 mM HEPES
solution (pH=7.2)

Dissociation Hank’s; 12 mM MgSO.x7H.O

solution

Growth medium | 100 ml basic medium; 5 ml FBS; 10 mM glucose; 0.25 ml GlutaMAX; 2 ml
B27; 1 mM sodium pyrubate; 1 ml Penicillin/ Streptomycin (P/S)

Hank’s 500 ml HBSS; 5 ml sodium pyruvate; 5ml HEPES; 5 ml P/S (pH=7.4)

Hank’s + FBS Hank’s; 20% (v/v) fetal bovine serum (FBS)

Plating medium | 100 ml basic medium; 10 ml FBS; 10 mM glucose; 1 ml GlutaMAX; 625 pl
insulin, 1.1 ml P/S

2.3.4. Transferrin488 uptake assay in cultured neurons

Neuronal media removed from the wells and replaced by osmolarity adjusted, warm
neurobasal media (NBA) (1mL/well for 6 well plate). Neurons were starved in 37°C 5% CO2

for an hour.

15ug/mL Alexa 488 Transferrin from 5mg/mL stock was added to the wells and incubated in
37°C 5% CO2 for 25 minutes. After incubation cells washed with warm osmolarity adjusted
NBA 3 times and fixed with 4% PFA + Sucrose in RT for 15 min. Immunocytochemistry protocol

followed after fixation.
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2.3.5. Starvation and BafA1 treatment in cultured neurons

Cultured neurons were incubated with Earle's Balanced Salt Solution (EBSS) as starvation
media, BafA1 (10 nM), and EBSS + BafA1 (10 nM) for 4 hours at 37°C and 5% CO,. Neuronal
media was used as the control (basal condition). After incubation, cells were harvested for

protein extraction and immunoblotting.

2.3.6. Live imaging of cultured neurons

Neurons were imaged on DIV 16-19 (or at DIV 6 in Supplementary Fig. 2x) at 37 °C in imaging
buffer (170 mM NaCl, 3.5 mM KCI, 0.4 mM KH2PO4, 20 mM N-Tris[hydroxyl-methyl]-methyl-
2-aminoethane-sulphonicacid (TES), 5 mM NaHCO3, 5 mM glucose, 1.2 mM Na2S04, 1.2 mM
MgCI2, 1.3 mM CaCl2, pH 7.4) using Zeiss Axiovert 200 M microscope (Observer. Z1, Zeiss,
USA) equipped with 63x/1.40 Oil DIC objective, a pE-4000 LED light source (CoolLED) and a
Hammatsu Orca-Flash4.0 V2 CMOS digital camera. Time-lapse images of neurons
expressing EB3-Tdtomato and LC3B-RFP were acquired every second using Micro-Manager
software (Micro-Manager1.4, USA) for 40 s. Kymographs were generated using the software
KymoMaker and analyzed by Imaged. To analyze the number and velocity of EB3 comets and
autophagosomes (LC3B-RFP), neurites were selected from individual neurons and the number

of comets/um was quantified manually from the kymographs.

2.4. Ex vivo acute slices

Mice were sacrificed at the age of three months via cervical dislocation and brains were
isolated. Cortex was separated and cut with a vibratome (Leica) into 100 ym horizontal
sections in ice-cold, carbogen-saturated (95% O2 and 5% COZ2) high-Ca2+artificial
cerebrospinal fluid (ACSF).

Table 16: Composition of artificial cerebrospinal fluid (ACSF).

| High-Ca»ACSF
osmolarity adjusted between 310 and 330 milliosmoles, pH = 7,4
NaCl (58,44 g/mol) 125 mM
KCI (74,56 g/mol) 2.5 mM
Sodium phosphate buffer (0,4 M) 1.25mM
NaHCO3 (84,01 g/mol) 25 Mm
Glucose (180,16 g/mol) 25 mM
CaCl.(219,09 g/mol) 1mM

54



MgCl. (203,3 g/mol) 2 mM

2.4.1. Starvation and chloroquine treatment in acute slices

Cortical ex vivo acute slices were incubated in control/basal medium, control medium with 400
MM chloroquine, ACSF or ACSF with chloroquine for 6h at 37°C and 5% CO2. Afterwards
samples were shock frozen in liquid nitrogen and stored at -80°C until further processing via

immunoblotting.

Table 17: Control/basal medium for acute slices.

Name Composition

Control/basal medium | MEM; 0.00125% ascorbic acid; 10 mM D-glucose; 1 mM GlutaMAXX;
20% (v/v) horse serum; 0.01 mg/ml insulin; 14.4 mM NacCl; 1% P/S

2.4.2. AAK1 inhibitor SGC-AAK1-1 treatment in acute slices

Cortical acute slices were incubated with an ATP-competitive kinase inhibitor (SGC-AAK1-1)
against AP2-associated protein kinase 1/AAK1 and BMP-2-inducible protein
kinase/BIKE/BMP2K. SGC-AAK1-1 downregulates cellular AP-2u Thr156 phosphorylation
level in a dose-dependent manner (ECmax ~12.5 uM). Acute slices were treated 12.5 yM
SGC-AAK1-1 (catalog number, Sigma SML2219) or SGC-AAK1-1N (catalog number, Sigma

SML2220) for 4 hours as kinase inhibitor and negative control respectively.

2.4.3. Synaptosome isolation from cortex and acute slices

Synaptosomes were isolated from cortical tissue following the manufacturer's protocol
(Thermo Scientific™ Syn-PER™ Synaptic Protein Extraction Reagent, Catalog number
87793). Briefly, cortical tissue (150-200 mg) was homogenized on ice in Syn-PER reagent
supplemented with protease/phosphatase inhibitors using a Dounce tissue grinder (15 slow
strokes). The homogenate was centrifuged at 1200 x g for 10 minutes at 4°C. The supernatant
was transferred to a new tube, and a portion was saved for analysis if necessary. The
supernatant was then centrifuged at 15,000 x g for 20 minutes at 4°C. The supernatant was
retained as the cytosolic fraction, and the pellet was resuspended in 500 pL of freshly prepared
Syn-PER reagent. Protein concentrations were determined using the Bradford assay (Sigma)

for downstream analyses.

2.4.4. Plasma membrane protein extraction from synaptosomes
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Plasma membrane proteins were extracted from synaptosomes using the Abcam Plasma
Membrane Protein Extraction Kit (Catalog number ab65400), following the manufacturer’s
protocol. Briefly, synaptosomes were homogenized in homogenization buffer supplemented
with a protease/phosphatase inhibitor mix (1.5 mL mix per 30-50 mg of synaptosomes). To
ensure consistent homogenization and minimize sample variability, syringes with a 26G
opening were used, and the homogenate was passed through three times. The homogenate
was then transferred to multiple 1.5 mL microcentrifuge tubes and centrifuged at 700 x g for
10 minutes at 4°C. The supernatant was collected, and the pellet discarded. The collected
supernatant was further centrifuged at 10,000 x g for 30 minutes at 4°C. After this step, the
supernatant was designated as the cytosolic fraction, while the pellet was retained as the total
cellular membrane (TCM) fraction, which contains proteins from both the plasma membrane

and the membranes of cellular organelles.

The TCM pellet was resuspended in 200 uL of the upper phase solution, and an additional 200
ML of the lower phase solution was added on top. The mixture was vortexed thoroughly and
incubated on ice for 5 minutes. After incubation, the tubes were centrifuged at 3500 rpm
(approximately 1100 x g) for 5 minutes at 4°C, and the upper phase was carefully transferred
to a new tube. To maximize protein yield, 100 uL of the upper phase solution was added back
to the lower phase of the original tube, mixed well, and centrifuged again at 3500 rpm (1100 x
g) for 5 minutes at 4°C. The upper phase from this step was carefully collected and combined

with the previously collected upper phase.

The combined upper phase was further extracted by adding 100 L of the lower phase solution,
mixed thoroughly, and centrifuged at 1100 x g for 5 minutes at 4°C. The resulting upper phase
was carefully collected, diluted in five volumes of water, and incubated on ice for 5 minutes.
Following this incubation step, the tube was spun at maximum speed for 10 minutes at 4°C.
The supernatant was removed, and the pellet, containing the plasma membrane proteins, was

stored at -80°C for further analysis.

2.5. Animal behavior
2.5.1. Open field

The open field (OF) test was developed to assess general locomotor activity levels, anxiety
and willingness to explore an unknown environment (Denenberg 1969, Stanford 2007). The
OF experiment was performed in a white painted square box (50 x 50 x 40 cm), illimunated
with >20lux. Mice were monitored by a digital camera placed above the arena, connected to a
video tracking system (EthoVision®XT, Noldus). The animals were taken into the behavioral

room at least 30min before test session to minimize the stress. Animals were placed
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individually in the box and recorded for 5 min in a quiet environment. Before and after the
testing, the box was always cleaned with water and 70% ethanol, followed by a waiting period

of at least 10 min. Males were always tested first.

2.5.2. Beam walk

To assess motor coordination and balance alterations animals were subjected to beams of
different widths to determine how limbs are coordinated during self-paced locomotion in 1)
unperturbed (25 mm beam), 2) mildly challenging (12 mm beam) and 3) stability-perturbed (5
mm beam) conditions. In three consecutive days animals were subjected to one of the beams
starting with the widest one at 25 mm. Animals were instructed to cross each beam three times
and their performance was recorded. The number of slips per run for each beam was
quantified. Step cycles were defined as initiation of swing to end of stance, and manually

annotated.

2.5.3. Rotarod

In order to analyze motor coordination animals were subjected to the Rotarod test. First
animals were acclimated to the behavioral room for some minutes prior to the test. The first
two consecutive days animals were trained to balance themselves on top of the rotating rod
(TSE system) for 5 minutes at a constant speed of 4 rpm. The actual experiment was
performed on day three. Animals had to walk on the rod with a starting speed of 4 rpm and a
constant acceleration up 40 rpm to a maximum of 300 seconds. Three individual runs per
mouse were performed. For each mouse and run, the latency to fall from the rod was recorded

and used as a readout.

2.5.4. Echo-MRI body composition analysis

The body composition of 3-month-old AAK1 KO and AAK1 cKO mice and control littermates
was measured using an EchoMRI-100H Body Composition Analyzer (EchoMRI ®). The whole-
body masses of fat, lean, free water and total water were measured. Mice were placed in an
animal holder and measures were taken 3 times per mouse, for a duration of 0.5-3.2 min each.
The measurements were then averaged between the 3 runs and shown as percentage of body

weight.

2.6. Histology methods
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2.6.1. Perfusion

Adult mice were anesthetized (i.p., 10 pl per 10 g body weight) before transcardial perfusion
with prewarmed saline solution (0.85% NaCl, 0.025% KCI, 0.02% NaHCQO3, pH 6.9, 0.01%
heparin) to 37°C, followed by fixative of choice. Brains were isolated and post-fixed in the same
fixative solution for 24 hours at 4°C. For long-term storage brains were stored in a mixture of
20% (v/v) glycerol and 2% (v/v) dimethylsulfoxide (DMSO) in 0.4 M PB phosphate buffer for
cryoprotection. Horizontal free-floating sections (40 pym) were obtained at a microtome and
stored at -80°C until further use. For stainings corresponding sections from littermates were

used.

Table 18: Solutions and reagents used for perfusion.

Buffer Ingredients

Anesthetic PBS; 100 mg/ml Ketamine hydrochloride; 20 mg/ml Rompun (Xylazin)
DMSO for brain 46.75 ml H20; 2 ml DMSO; 25.5 ml glycerol; 31.25 ml 0.4M PB

PFA PBS; 4% (w/v) PFA; pH=7.4

Glutaraldehyde/ PFA | 0.1M Cacodylate buffer; 2.5% (w/v) Glutaraldehyde; 2% (w/v) PFA

2.6.2. Immunohistochemistry

For immunohistochemistry (IHC) 3- and 12-weeks old animals were perfused, and brains were
post-fixed in ice-cold freshly depolymerized 4% (w/v) PFA in PBS. 40 ym horizontal free-
floating sections were used for this purpose. All the following steps were performed with
constant shaking. Sections were rinsed twice in PBS for 5 min and afterwards permeabilized
and blocked in 10% normal goat serum (NGS) or 10% normal donkey serum (NDS) in 0.5 %
Triton-X in PBS (PB-T) for 1 h at room temperature (RT). Primary antibodies were incubated
in 3 % NGS or NDS in 0.3% PB-T for 48 hours at 4°C followed by three washes in 0.3% PB-T
for 10 min at RT. Secondary fluorescently labeled antibodies and DAPI were incubated in 3%
NGS or NDS in 0.3% PB-T for 2h at RT protected from light. Sections were then washed twice

in PBS and mounted on gelatin-coated glass slides.

Images were acquired at the Leica SP8 and Zeiss Airy Scan confocal at a resolution of
1024x1024 pixels and visualized using Fiji (ImageJ). Mean gray values were used as
fluorescence readout of protein levels after background subtraction. If otherwise stated,

fluorescence levels were normalized to WT levels and used for statistical analysis.

Table 19: Primary antibodies used for immunohistochemistry.
Antibody Concentration | Manufacturer Catalog number

ATGY9A 1:500 Abcam ab108338
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Calbindin 1.500 Novus Biologicals NBP2-50028
GFAP 1:500 Sigma G3893
GFP 1:1000 Abcam ab13970
Thrl 1:300 Novus Biologicals NB110-39113SS
Doublecortin 1:500 Abcam ab18723
Nestin 1:500 Novus Biologicals NB100-16074
VGLUT1 1:300 SySy 135304
GabarapL1 1:300 Abcam ab86497
a-Tubulin 1:1000 Synaptic Systems 302 211
Delta-2 Tubulin 1:300 Abcam 302213
Acetylated tubulin 1:300 Cell signalling 5335
NeuN 1:500 Abcam ab104224
AP-2a 1:1000 BD 610502
MAP2 1:500 SySy 188-004
Neurofilament H 1:500 SySy 171106

Table 20: Secondary antibodies used for immunohistochemistry.

Antibody target Dilution | Manufacturer Catalog

number
Alexa Fluor 488 Goat Anti-Chicken IgG 1:500 Life Technologies GmbH | A11039
Alexa Fluor 488 Goat Anti-Rabbit IgG 1:500 Life Technologies GmbH | A11034
Alexa Fluor 488 Goat Anti-Guinea Pig IgG | 1:500 Life Technologies GmbH | A11073
Alexa Fluor 488 Goat Anti-Mouse IgG 1:500 Life Technologies GmbH | A11029
Alexa Fluor 568 Goat anti-rabbit IgG 1:500 Life Technologies GmbH | A11011
Alexa Fluor 647 Goat Anti-Guinea Pig 1gG | 1:500 Life Technologies GmbH | A21450
Alexa Fluor 647 Goat Anti-Rabbit IgG 1:500 Life Technologies GmbH | A21245
Alexa Fluor 647 Goat Anti-Mouse IgG 1:500 Life Technologies GmbH | A21236

2.6.3. Cresyl-violet (Nissl) staining

For cresyl-violet staining 40 um horizontal sections were mounted on “super-frost plus” glass
slides and dried overnight. Sections were hydrophilized in water for 1 min before incubation in
cresyl-violet solution for 7 min. Sections were then washed three times in water for 2 min before
being dehydrated in ascending ethanol solutions (70%, 80%, 90%, 96%, 100%) for 2 min in
each solution. Afterwards, sections were incubated in xylene for at least 2 min and then

covered with mounting solution Entellan ® (Merck). Images were acquired at a S360
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Hamamatsu slide scanner using a 40x objective. Aperio Scope image viewing software was

used to analyze the volume of cortex and thickness of corpus callosum.

2.6.4. Electron microscopy

For electron microscopy (EM) perfused animals with 2% Formaldehyde (Science Services,
Minchen, Germany) and 2.5% Glutaraldehyde (Merck, Darmstadt, Germany) in 0.1M
Cacodylate buffer, at the age of 8-9 weeks were used. Brain was removed and fixed overnight
in the same fixative. 50 ym horizontal vibratome sections were prepared and the region of
interest was extracted using a biopsy punch (2mm diameter). Post fixation was applied using
1% Osmiumtetroxid (Science Services, Minchen, Germany) and 1% Potassium
hexacyanoferrat (Merck, Darmstadt, Germany) for 30 min at 4°C. After 3x5min wash with
ddH20, samples were dehydrated using ascending ethanol series (50%, 70%, 90%, 100%)
for 10 min each. Infiltration was carried out with a mixture of 50% Epon/ethanol for 1h, 70%
Epon/ethanol for 2h and overnight with pure Epon (Merck, Darmstadt, Germany). After fresh
Epon for 4h, vibratome sections were mounted onto empty epon blocks and covered with Aclar
foil. After 48h hardening at 60°C, Aclar foil was removed and samples were trimmed to the
region of interest. Ultrathin sections (70nm) were cut using a diamond knife (Science Service,
Minchen, Germany) on an UC6 ultramicrotome (Leica, Wetzlar, Germany) and collected onto
pioloform coated slot grids. Post staining was performed with 1.5 % uranyl acetate (Agar
Scientific, Stansted, United Kingdom) for 15 min and Reynolds lead citrate (Roth, Karlsruhe,

Germany) solution for 3 min.

Images were acquired using a JEM-2100 Plus Transmission Electron Microscope (JEOL,
Tokio, Japan) operating at 80kV equipped with a OneView 4K camera (Gatan, Pleasanton,
USA). EM quantifications were carried out manually on acquired images with 20000K
magnification of synapses. Number of synaptic vesicles, autophagosomes, clathrin coated
vesicles and mitochondria were counted and normalized to the total area of the synapse.
Additionally, the total area of single mitochondria and the total length (perimeter) of the
corresponding cristae was analyzed. Cristae length was then normalized to the total area of

mitochondria.

2.7. Immunobilot

2.7.1. Tissue preparation and lysis
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Mice were sacrificed at the age of one, three and 12 months via cervical dislocation. Brains
were isolated, individual brain regions were separated, shock frozen in liquid nitrogen and

stored at -80°C until further use.

Samples were homogenized in RIPA buffer containing protease inhibitor (Roche) and
phosphatase inhibitor (ThermoScientific) using a Wheaton otter-Elvehjem Tissue Grinder.
Afterwards samples were sonicated (10 pulses), incubated on ice for 45 min and centrifuged
at 13 000 rpm for 15 min at 4°C. Supernatants were transferred into fresh tubes and protein
concentrations were assessed using Bradford assay (Sigma). Samples were then mixed with

Lammli buffer and boiled for 95°C for 5 min.

2.7.2. SDS-PAGE and immunoblotting

Depending on the assay, 10-20 ug protein per sample were loaded onto SDS-page gels for
protein separation and then transferred onto nitrocellulose or methanol-activated PVDF
membranes via full-wet transfer assay (BioRad) or semi-wet transfer. Protein transfer was
confirmed by Ponceau S staining. Membranes were blocked in 5% milk or bovine serum
albumin (BSA) in TBS containing 1% Tween (TBS-T) for 1h at RT followed by primary antibody
incubation in TBS overnight at 4°C. Afterwards, membranes were washed three times with
TBS-T for 10 min and then incubated with HRP-tagged secondary antibodies for 1h at RT
followed by three washes in TBS-T for 10 min at RT. Protein levels were visualized using ECL-
based autoradiography film system (Super RX-N, Fuijiflm) and analyzed using Gel Analyzer
plugin from ImageJ (Fiji). Protein levels were always first normalized to loading control and to
WT control.

Table 21: Settings for protein transfer onto membranes.

Full-wet transfer | Semi-wet transfer
Constant Current | 75V 280 mA

Time for run 90 min 35 min

Table 22: List of buffers used in SDS-PAGE and western blot analysis.

Buffer Ingredients
1.5 M Tris pH=8.8 181.65g Tris Base; 0.4% (w/v) SDS; 1L ddH20
0.5 M Tris pH=6..8 6g Tris Base; 0.4% (w/v) SDS; 100 mL ddH20; pH 6.8
Ponceau S 200 ml dH.O; 0.6 g Ponceau S; 6 ml acetic acid
Resolving gel dH.O; 1.5 M Tris; 30% Acrylamide; 10% APS; TEMED
Running buffer H.O; 192mM Glycine ; 25mM Tris-Base; 0.1% (w/v) SDS
Stacking gel dH.O; 0.5 M Tris; 30% Acrylamide; 10% APS; TEMED
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Buffer

Ingredients

1.5 M Tris pH=8.8

181.659g Tris Base; 0.4% (w/v) SDS; 1L ddH20

0.5 M Tris pH=6..8

6g Tris Base; 0.4% (w/v) SDS; 100 mL ddH20; pH 6.8

Ponceau S 200 ml dH.O; 0.6 g Ponceau S; 6 ml acetic acid
Resolving gel dH.O; 1.5 M Tris; 30% Acrylamide; 10% APS; TEMED
TBS 10x 11 dH.O; 88g NacCl; 24 g Tris Base

Transfer buffer

H.O; 192mM Glycine ; 25mM Tris-Base; 0.025% (w/v) SDS

Table 23: List of antibodies used for western blot analysis.

Antibody target | Dilution | Manufacturer Catalog number
AAK1 1:1000 Cell Signalling 798325
a-Tubulin 1:5000 Synaptic Systems 302 211
B-Actin 1:3000 Sigma A-5441
AP-2a 1:1000 BD 610502
AP-2p 1:1000 BD 611350
AP-2u pT156 1:1000 Abcam ab109397
ATGO9A 1:1000 Abcam ab108338
ATG5 1:1000 Abcam ab108327
CHC 1:1000 Homobrew

MARK2 1:1000 Proteintech 15492-1-AP
Vinculin 1:1000 Abcam ab129002
LC3B 1:1000 Novus Biologicals NB600-1384
ATG13 1:1000 Arigo (Biomol GmbH) ARG55122
GABARAPL1 1:1000 Abcam ab86497
p62 1:1000 Progen GP62-C
CDH1 1:1000 BD

SYT1 1:1000 SySy 105011
ATG16L 1:1000 Cell Signaling 8089
PSD95 1:1000 Synaptic systems 124011
Calbindin 1:1000 Novus Biologicals NBP2-50028
NBR1 1:1000 Santa Cruz Biotechnology sc-130380

Table 24: Secondary antibodies used for western blot analysis.

Antibody target

Dilution

Manufacturer

conjugated

Rabbit anti-Mouse IgG (H+L) peroxidase-

1:10 000 Sigma

A9044

62

Catalog number




Goat anti-Rabbit IgG (H+L) peroxidase- 1:10 000 Sigma A0545
conjugated

Goat anti-Guinea Pig 1gG (H+L) 1:5 000 Jackson 106-035-003
. . Immuno

peroxidase-conjugated Research

Rabbit anti-Chicken IgG (H+L) 1:5 000 Millipore AP162P

peroxidase-conjugated

2.8. Proteomic and phosphoproteomic

2.8.1. Immunoprecipitation and mass spectrometry analysis of AAK1-binding

partners

For immunoprecipitation experiments, 20 pl of Dynabeads Protein G (Thermo Fisher Scientific)
were coated with 2 pg of an antibody targeting the protein of interest, with the corresponding
IgG used as a negative control. To prepare the beads, the storage solution was replaced with
100 ul of PBS, followed by the addition of 2 ug of the antibody. The beads were incubated with
the antibody for 2—3 hours at 4°C on a shaker, and then washed once with 200 ul of PBS to
remove any unbound antibodies. Wild-type brain cortices were dissected and homogenized
using a Wheaton Potter-Elvehjem Tissue Grinder in Co-Immunoprecipitation (Co-IP) buffer (50
mM Tris-HCI, pH 7.4, 1% NP-40/Igepal, 100 mM NaCl, 2 mM MgCl,), supplemented with a
Protease Inhibitor Cocktail (Complete Mini, Roche) and Phosphatase Inhibitor
(ThermoScientific). Lysates were sonicated, incubated on ice for 45 minutes, and then
centrifuged at 13,000 x g for 20 minutes at 4°C. Protein concentrations were determined using
the Bradford assay (Sigma). Equal amounts of protein were incubated overnight at 4°C with

beads coated with antibodies specific to the protein of interest and control IgG.

The following day, the lysates were removed, and the beads were washed three times with Co-
IP buffer. The beads were then resuspended in 20 pl of Co-IP buffer and 20 pl of 4x SDS buffer
and boiled at 95°C for 5 minutes. Subsequently, the gel digestion method was applied.
Samples were loaded onto SDS-PAGE gels, followed by reduction with dithiothreitol (DTT) and
alkylation with chloroacetamide (CAA). Proteins were digested overnight at 37°C using trypsin.
The resulting peptides were extracted and purified using Stagetips (see detailed protocol

below).

2.8.2. Proteom and phosphoproteom analysis of AAK1 KO cortex and

synaptosomes
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Experiments were performed with AAK1 WT/KO age of 3-week-old cortex tissue and 3-month-
old cortical synaptosome fraction separately. Cortices / synaptosomes were homogenized in
8M UREA buffer supplemented with protease/phosphatase inhibitors by using a Wheaton
Potter-Elvehjem Tissue Grinder (VWR). The lysates were sonicated and centrifuged at 13000
rom for 10 min. Protein concentration was assessed using Pierce™ 660nm Protein Assay
Reagent (Thermo Scientific™) and 1 mg protein of each sample taken for the experiment. The
samples were pre-digested in 5 mM TCEP, 27.5 mM CAA and LysC, in an enzyme:substrate
ratio of 1:200 for 4 hours at RT after vortexing. Afterwards, the samples were diluted to a
concentration of 2 M Urea using 50 mM ABC buffer. Trypsin was added to an enzyme:substrate
ratio of 1:100 for overnight digestion at RT. The next day, desalting and phosphopeptide

enrichment were performed.
Desalting and phosphopeptide enrichment

The next day, after Trypsin digestion, the samples were acidified with TFA (1:100 [v/v]) before
10 min centrifugation. Desalting of the samples was performed with 50 mg C18 SepPak®Vac
cartridges (WatersTM). Therefore, the columns were activated with 2 mL 100% CAN and
washed three times with 1 mL 0.1% TFA before loading samples. Samples were washed three
times with 1 mL 0.1% TFA prior to elution with 0.6 mL elution buffer (60% ACN, 0.1% TFA).
30ug of the sample were taken, desalted and stored in -20 for total proteome analysis before
the remaining sample was dried in a vacuum concentrator. TiO2 Phosphopeptide extraction
was performed using the High-Select™ TiO2 Phosphopeptide Enrichment Kit (Thermo
Scientific™) following the manufacturers' instructions. In brief, a lyophilized peptide sample
was resuspended in 150 uL Binding/Equilibration Buffer, columns prepared using 20 yL Wash
Buffer followed by 20 uL Binding/ Equilibration Buffer. The samples were run twice through the
column before the column was washed with 20 pL Binding/ Equilibration Buffer followed by 20
ML Wash Buffer. Afterwards, the columns were washed with 20 pL of LC-MS grade water before
the phosphopeptides were eluted from the column in 50 uL Phosphopeptide Elution Buffer.
Samples were dried immediately using a vacuum concentrator and subsequently resuspended
in 15 pL resuspension buffer (5% FA and 2% ACN). Phosphopeptide samples were stored at -

20°C until measurement.

Table 25: Reagents and solutions used for protein extraction for proteomics analysis.

Buffer Ingredients

Buffer A dH:O; 0.1% (v/v) formic acid

Buffer B 80% acetonitril; 0.1% (v/v) formic acid
Chloroacetamide (CAA) 550 mM stock CAA

Dithiothreitol (DTT) 100 mM DTT stock
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Formic acid (FA) dH.O; 10%; (v/v) formic acid
Lysyl Endopeptidase (LysC) 0.5 pg/ul LysC

Methanol 100%

Triethylammoniumbicarbonate | 50 mM TEAB

Trypsin protease 1 pg/pl Trypsin

Urea buffer 50 mM TEAB; 8M Urea; 50x Protease inhibitor

2.8.3. Proteom analysis of HEK293T TurbolD-PM cells

For both Western blotting and proteomic analysis, HEK293T cells stably expressing the
TurbolD-PM (N-terminal Lyn11 tag — GCIKSKGKDSA (Inoue et al 2005)) fusion construct
(generous gift from Jan Riemer Lab, cell line prepared by Sarah Gerlich) were cultured in 15-
cm dishes for 18-24 hours, reaching approximately 90% confluency. The next day, the cells
were washed once with PBS. TurbolD expression was induced by supplementing 10 mL of
complete media (DMEM + 10% dialyzed FBS + 1% P/S) with 30 uyg/mL Cumate for 17 hours.
Two hours before biotin labeling, an AAK1 inhibitor or a control analog was applied at a final
concentration of 12.5 yM to inhibit AAK1 kinase function. For biotin labeling, the media was

replaced with fresh media containing 50 uM biotin, and the cells were incubated for 10 minutes.

After incubation, the plates were placed on ice and washed twice with cold PBS to remove
unbound biotin. The cells were then scraped off in 5 mL of PBS and transferred into fresh
tubes. The tubes were centrifuged at 700 x g for 3 minutes at 4°C, and the supernatant was
discarded. The resulting pellet was resuspended in 200 uL of denaturing IP lysis buffer without
Triton X-100 (30 mM Tris-HCI pH 8.1, 100 mM NaCl, 5 mM EDTA) and transferred into a 2 mL
safe-lock tube. Fifty microliters of 8% SDS was added, and the tube was inverted. The tubes
were boiled for 15 minutes at 95°C and sonicated at maximum amplitude ~15 times (until the
samples were no longer viscous). Subsequently, 350 uL of denaturing IP lysis buffer containing

2.5% Triton X-100 was added, and the mixture was incubated on ice for 1 hour.
Bead Preparation:

While the samples were incubating, streptavidin beads were prepared. For each 15-cm dish,
40 pL of streptavidin bead slurry (Thermo Scientific Pierce High-Capacity Streptavidin
Agarose, catalog number #20359) was used. The bead slurry was washed three times with
NaPO, buffer and centrifuged for 1 minute at 2000 x g at 4°C. The beads were divided into

fresh tubes in NaPO, buffer after washing.

After the 1-hour incubation of the cell lysates, the tubes were centrifuged at 22,000 x g for 1

hour at 4°C. The supernatant was transferred into a fresh tube and mixed with 400 pL of NaPO,
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buffer. The lysates were added to the prepared beads and incubated overnight at 4°C with

gentle tumbling.

The following day, the beads were washed five times with NaPO, buffer. After washing, the
standard proteomics protocol was applied, as detailed below. Briefly, 50 uL of 8 M urea was
added to the beads, followed by 2.5 uL of DTT (from a 100 mM stock solution), and incubated
for 30 minutes at room temperature (RT). Next, 5 uL of CAA (from a 550 mM stock) was added,
and the mixture was incubated for 20 minutes at RT in the dark. For enzymatic digestion, 1 uL
of LysC (0.5 pg/uL) was added, and the samples were incubated for 3 hours at RT. The
samples were then diluted with 150 pL of 50 mM TEAB buffer to bring the urea concentration
down to 2 M. Finally, 0.5 pL of trypsin (1 pg/uL) was added, and the samples were incubated
overnight at RT.

Stage-Tip Protocol:

The next day, the stage-tip protocol was applied as described in detail below, with specific
steps adjusted for bead handling. The digestion was stopped by acidifying the samples with
100% formic acid (FA) to a final concentration of 1% (2 pL). The samples were centrifuged for
10 minutes at 500 x g, and the supernatant was transferred into a fresh tube and centrifuged
again for 5 minutes at 500 x g. The final supernatant was transferred into a new tube. Before
loading the samples into stage tips, SDB-RPS stage tips were equilibrated with washes once
in methanol, buffer B and twice buffer A, each time followed by centrifugations at 2 600 rpm for
1-2 min. Afterwards, samples were loaded onto StageTips. Samples were centrifuged at 2 600
rpm for 5 min, StageTips were washed with buffer A and centrifuged at 2 600 for 3 min. Then
StageTips were washed twice with buffer B and each time centrifuged at 2 600 for 3 min. After
the last centrifuge and washing stage tips completely dried with syringe and were submitted to

CECAD proteomics facility for further processing.

2.8.4. Data Acquisition for proteom and phosphoproteom

All samples were analyzed by the CECAD proteomics facility on a Q Exactive Plus Orbitrap
mass spectrometer that was coupled to an EASY nLC (both Thermo Scientific). Peptides were
loaded with solvent A (0.1% formic acid in water) onto an in-house packed analytical column
(50 cm, 75 pym inner diameter, filled with 2.7 um Poroshell EC120 C18, Agilent). Peptides were
chromatographically separated at a constant flow rate of 250 nL/min using the following
gradient: 3-5% solvent B (0.1% formic acid in 80 % acetonitrile) within 1.0 min, 5-30% solvent
B within 121.0 min, 30-40% solvent B within 19.0 min, 40-95% solvent B within 1.0 min,
followed by washing and column equilibration. The mass spectrometer was operated in data-

dependent acquisition mode. The MS1 survey scan was acquired from 300-1750 m/z at a
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resolution of 70,000. The top 10 most abundant peptides were isolated within a 1.8 Th window
and subjected to HCD fragmentation at a normalized collision energy of 27%. The AGC target
was set to 5e5 charges, allowing a maximum injection time of 55 ms (whole proteome) or 110
ms (phospho proteome), respectively. Product ions were detected in the Orbitrap at a
resolution of 17,500 (whole proteome) or 35,000 (phospho proteome). Precursors were

dynamically excluded for 25.0 s.

2.8.4.1. Sample Processing

All mass spectrometric raw data were processed with Maxquant (version 2.4.0.0,) (Tyanova,
Temu & Cox 2016) using default parameters against the murine canonical database (UP0589,
downloaded 04.01.2023) with the match-between-runs option enabled between replicates. For
the phospho proteome dataset, phosphorylation (STY) was added as a variable modification.
Follow-up analysis was done in Perseus 1.6.15 (Tyanova et al 2016). Hits from the decoy
database, the contaminant list and those only identified by modified peptides were removed.
Afterwards, results were filtered for data completeness in replicates groups and LFQ values
imputed using sigma downshift with standard settings. Finally, FDR-controlled T-tests between

sample groups were performed with sO = 0.2.

2.8.5. Data Acquisition for IP and TurbolD samples

All samples were analyzed by the CECAD proteomics facility on a Q Exactive Plus Orbitrap
mass spectrometer that was coupled to an EASY nLC (both Thermo Scientific). Peptides were
loaded with solvent A (0.1% formic acid in water) onto an in-house packed analytical column
(50 cm length, 75 um inner diameter, filled with 2.7 um Poroshell EC120 C18, Agilent).
Peptides were chromatographically separated at a constant flow rate of 250 nL/min using the
following gradient: initial 3 % solvent B (0.1% formic acid in 80 % acetonitrile), 3-5% B within
1.0 min, 5-30% solvent B within 65.0 min, 30-50% solvent B within 13.0 min, 50-95% solvent
B within 1.0 min, followed by washing and column equilibration. The mass spectrometer was
operated in data-dependent acquisition mode. The MS1 survey scan was acquired from 300-
1750 m/z at a resolution of 70,000 and 20 ms maximum injection time. The top 10 most
abundant peptides were isolated within a 1.8 Th window and subjected to HCD fragmentation
at a normalized collision energy of 27%. The AGC target was set to 5e5 charges, allowing a
maximum injection time of 110 ms. Product ions were detected in the Orbitrap at a resolution

of 35,000. Precursors were dynamically excluded for 10.0 s.
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2.8.5.1. Sample Processing

All mass spectrometric raw data were processed with Maxquant (version 2.0.3.0.) (Tyanova,
Temu & Cox 2016) using default parameters against the Uniprot canonical murine database
(UP0589, downloaded 04.01.2023) with the match-between-runs option enabled between
replicates. Follow-up analysis was done in Perseus 1.6.15 (Tyanova et al 2016). Protein groups
were filtered for potential contaminants and insecure identifications. Remaining IDs were
filtered for data completeness in at least one group and missing values imputed by sigma
downshift (0.3 o width, 1.8 o downshift). Afterwards, FDR-controlled two-sided t-tests were

performed.

2.9. Statistical analysis

Statistical analysis was carried out using GraphPad Prism (9.5.1). Unpaired Student’s t-test
analysis was performed for two group comparisons. One-tailed Student’s t-test analysis was

performed for two group comparisons, after values were normalized to WT levels.

For comparisons with more than two groups, one-way ANOVA followed by a Holm-Sidak post
hoc test was applied. Two-way ANOVA was used for comparison of two groups and two

independent variables followed by Holm-Sidak post hoc test for multiple comparisons.

P values of less than 0.05 were considered statistically significant. Data are reported as mean

values + standard error of the mean (SEM).

Pathway analysis of proteomic approaches was performed using ShinyGO 0.81 (South Dakota
State University; Ge, Jung and Yao, 2020).
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IV.Results
1. AAK1 expression differs in region and age in mouse brain

To investigate whether AAK1 expression varies across brain regions, we performed
immunoblot analysis in 6-week-old WT mice. Understanding regional expression patterns of
AAK1 is essential, as differential expression may indicate region-specific functions, particularly
relevant to neural processes involved in cognition and neuroplasticity. Western blot results (Fig.
7A) showed that AAK1 protein levels are significantly elevated in the cortex (CX) compared to
other regions, including the hippocampus (HP), striatum (ST), cerebellum (CB), hindbrain (HB),
and midbrain (MB). Quantification of immunoblot (Fig. 7C) confirmed that AAK1 is most
abundantly expressed in the cortex, with statistically significant differences between the cortex
and all other regions analyzed. This cortical enrichment suggests that AAK1 may play a pivotal
role in cortical-specific processes, potentially influencing synaptic regulation and plasticity,

which are critical for higher-order cognitive functions.

The expression level of AAK1 in the cortex also showed a clear developmental trend.
Immunoblot analysis across different ages (Fig. 7B) reveals that AAK1 levels increase from
postnatal day 7 (p7) to 3 months, reaching a peak at 3 months. After this peak, there is a
decline in AAK1 expression at 12 months, indicating an age-dependent modulation of AAK1
levels. Quantification of western blot (Fig. 7D) corroborates this trend, with significantly lower

AAK1 expression at p7 and a peak at 3 months, followed by a reduction at 12 months.

This pattern is paralleled by the expression of Synaptotagmin 1 (SYT1), a synaptic marker,
which follows a similar trajectory of increasing with age up to 3 months and then declining at
12 months. The synchronized expression of AAK1 and SYT1 suggests that AAK1 may play a
role in synaptic maturation and maintenance during early adulthood, potentially contributing to

optimal synaptic function and plasticity during this critical period for cognitive development.
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Figure 7: AAK1 expression differs in region and age in mouse brain. (A) Representative
immunoblot of AAK1 from age of 6-week-old WT mouse in six brain regions (CX: cortex, HP:
hippocampus, CB: cerebellum, ST: striatum, HB: hindbrain, MB: midbrain) (C) Immunoblot
analysis of AAK1 levels in 6-week-old CX, HP, CB, ST, HB and MB of WT animals. ACTB was
used normalization of protein levels. Each dot represents one animal (N=3) One-way ANOVA
with Holm-Sidak’s multiple comparison test was performed for comparison of cortex to different
brain regions. (B) Representative immunoblot of AAK1 and SYT1 age of p7, 1-month-old (1M),
3-month-old (3M) and 12-month-old (12M) in WT cortex. (D) Immunoblot analysis of AAK1 and
SYT1 in the cortex of p7, 1M, 3M and 12M old WT mice. Each dot represents one animal (N=4
for p7 and 12-month-old animals, N=3 for 1 and 3-month-old animals) Two-way ANOVA was
used for comparison of AAK1 and SYT1 levels in different ages. All Data are shown as mean +
SEM. Significant differences are indicated by asterisks (* p<0.05; ** p<0.01; *** p<0.001;
****n<0.0001).

2. AAK1 KO mice show reduced body weight without changes in body

composition

To generate the AAK1 KO mouse model, we utilized the European Conditional Mouse
Mutagenesis Program (EUCOMM) “knockout-first” gene targeting approach. This approach
uses the targeted mutation 1a (tim7a) allele, a “knockout-first” construct that allows for
conditional gene disruption (Skarnes et al 2011). By crossing tm7a mice with a CMV-Cre line
(mouse expressing Cre recombinase ubiquitously under the control of a human
cytomegalovirus (CMV) promoter), we achieved recombination at the /oxP sites, effectively
excising both the neomycin cassette and exon 2 of the Aak7 gene, leading to the generation
of tm1b, lacZ reporter mice that express (-galactosidase in cells where the gene of interest

would typically be expressed (Fig. 8A).
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Immunoblot results and analysis confirmed the successful depletion of AAK1 in the brains of
KO mice, showing almost complete absence of the protein in comparison to WT (Fig. 8B and
C). These findings verify the effective knockout of AAK1, which is crucial for evaluating the in
vivo consequences of its loss. Phenotypic assessment revealed a significant reduction in body
weight in KO mice compared to WT controls (Fig. 8D and E), suggesting a potential role of
AAK1 in growth or metabolic regulation. Importantly, femur length measurements indicated no
difference KO and WT mice (Fig. 8F and G) suggesting that the observed weight reduction in
KO mice is not due to skeletal abnormalities, but rather may involve other aspects of body
composition or energy balance. To investigate this further, we analyzed the body composition
of KO and WT animals by using EchoMRI-100H Body Composition Analyzer (EchoMRI ®).
Measurements of lean mass (Fig. 8H), fat mass (Fig. 8l) and total body water (Fig. 8J) revealed
no significant differences between the two groups. This suggests that while AAK1 depletion
leads to an overall reduction in body weight, it does not appear to affect the relative distribution

of body tissues.
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Figure 8: AAK1 KO mice show reduced body weight compared to WT littermates. (A) Schematic
representation of the gene-targeting strategy used to create the AAK1 KO mouse. (B) Representative
immunoblot of AAK1 in cortex from 6-week-old WT and KO mice, confirming the absence of AAK1
protein in KO brains. GAPDH was used as loading control for normalization of protein levels. (C)
Quantification of AAK1 protein levels in WT and KO mice. Each dot represents one animal (N=3). One-
tailed unpaired t-test was performed for comparison of WT and KO. (D) Representative images of WT
and KO mice at 3, 6, and 12 weeks of age, illustrating the smaller body size in KO mice. (E) Growth
curve of WT and KO mice from 3 to 12 weeks, showing significantly reduced body weights in both male
and female KO mice across all time points. (N=7 for WT and KO male, N=15 for WT female and N=14
for KO female) Two-Way ANOVA with Holm-Sidak’s multiple comparison test was performed. (F-J)
Morphological and metabolic characterization of KO and WT mice at 12 weeks. (F) Representative
femur images from 12-week-old WT and KO mice. (G) Quantification of femur length in WT and KO
mice (N=5 for WT and N=4 for KO), indicating no significant difference (n.s., not significant). Each dot
represents one animal. Two-tailed unpaired t-test was performed for comparison of WT and KO. (H-J)
Body composition analysis of 12-week-old WT and KO mice, comparing lean mass (H), fat percentage
(1), and water percentage (J), with no significant differences observed between genotypes (n.s., not
significant). Each dot represents one animal. (N=14 for WT, N=11 for KO) Two-tailed unpaired t-test
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was performed for comparison of WT and KO. All Data are shown as mean + SEM. Significant
differences are indicated by asterisks (* p<0.05; ** p<0.01; *** p<0.001; ****p<0.0001).

3. AAK1 deletion reduces levels of endocytic proteins AP-2 and clathrin in the

cortex of AAK1 KO mice and disrupts endocytosis in cultured neurons.

AAK1 deletion disrupts endocytic processes in the brain cortex and primary neurons. Western
blot analysis of cortex from AAK1 KO mice demonstrated that loss of AAK1 significantly
reduces the levels of key endocytic proteins, specifically the AP-2 complex subunits AP-2a and
AP-2y, in both 6-week-old (Fig. 9A-D) and 12-week-old animals (Fig. 9G-J). This reduction in
AP-2 subunits, which are critical for CME, suggests a direct role of AAK1 in regulating the
stability or expression of these adaptor proteins. This finding aligns with previous literature that
establishes AAK1 as an endocytic kinase. AAK1 is known to interact with a-adaptin, a subunit
of the AP-2 complex, and phosphorylates the p2 subunit at threonine 156, thereby playing a
crucial regulatory role in CME (Conner & Schmid 2002, Conner, Schroter & Schmid 2003,
Olusanya et al 2001, Ricotta et al 2002). Interestingly, while AP-2a levels are significantly
decreased, CHC levels remain unaffected in the 6-week-old cortex (Fig. 9E and F), indicating
that AAK1's influence on endocytosis may be more selective for AP-2 components rather than

clathrin itself.

Further, immunofluorescence staining of primary cortical neurons shows reduced AP-2a level
in KO neurons compared to WT (Fig. 9K). This reduction is accompanied by a marked
decrease in transferrin uptake in KO neurons (Fig. 9M), demonstrating impaired endocytic
function. Transferring uptake is commonly used as a measure of receptor-mediated
endocytosis, so this finding underscores that AAK1 is essential for efficient endocytosis in
neuronal cells. Given that endocytosis is a key process in synaptic vesicle recycling and
signaling receptor internalization, these disruptions could impact neuronal communication and

synaptic plasticity.
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Figure 9: AAK1 depletion results in impaired endocytosis in-vivo and in-vitro (A) Representative
immunoblot of AP-2a in cortex from 6-week-old WT and KO mice, confirming the reduced level of AP-
2a protein in KO brains. ACTB was used as loading control for normalization of protein levels. (B)
Quantification of AP-2a protein levels in WT and KO mice. Each dot represents one animal (N=3). One-
tailed unpaired t-test was performed for comparison of WT and KO. (C) Representative immunoblot of
AP-2y in cortex from 6-week-old WT and KO mice, confirming the reduced level of AP-2u protein in KO
brains. GAPDH was used as loading control for normalization of protein levels. (D) Quantification of AP-
2u protein levels in WT and KO mice. Each dot represents one animal (N=3). One-tailed unpaired t-test
was performed for comparison of WT and KO. (E) Representative immunoblot of CHC in cortex from 6-
week-old WT and KO mice, confirming the reduced level of CHC protein in KO brains. TUBA1A was
used as loading control for normalization of protein levels. (F) Quantification of CHC protein levels in
WT and KO mice. Each dot represents one animal (N=3). One-tailed unpaired t-test was performed for
comparison of WT and KO. (G) Representative immunoblot of AP-2a in cortex from 12-week-old WT
and KO mice, confirming the reduced level of AP-2a protein in KO brains. ACTB was used as loading
control for normalization of protein levels. (H) Quantification of AP-2a protein levels in WT and KO mice.
Each dot represents one animal (N=3). One-tailed unpaired t-test was performed for comparison of WT
and KO. (l) Representative immunoblot of AP-2u in cortex from 12-week-old WT and KO mice,
confirming the reduced level of AP-2u protein in KO brains. GAPDH was used as loading control for
normalization of protein levels. (J) Quantification of AP-2u protein levels in WT and KO mice. Each dot
represents one animal (N=3). One-tailed unpaired t-test was performed for comparison of WT and KO.
(K) Representative immunofluorescence images of WT and KO neurons stained for AP-2a (green),
MAP2 (red, dendritic marker), and DAPI (blue, nuclear marker). (L) Quantification of mean gray value
(m.g.v.) of AP-2q, indicating significantly lower levels in KO neurons. Each dot represents one animal
(N=3). Two-tailed unpaired t-test was performed for comparison of WT and KO. (M) Transferrin uptake
assay in WT and KO neurons. Neurons were incubated with fluorescently labeled transferrin (Tfn488,
green) to assess endocytosis, with MAP2 (red) and DAPI (blue) staining. (N) Quantification of
internalized Tfn488 shows reduced transferrin uptake in KO neurons, indicating impaired endocytic
function. Each dot represents one animal (N=3). Two-tailed unpaired t-test was performed for
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comparison of WT and KO. All Data are shown as mean + SEM. Significant differences are indicated
by asterisks (* p<0.05; ** p<0.01; *** p<0.001; ****p<0.0001).

4. AAK1 depletion did not result in anatomical changes in the brain

To investigate the effects of AAK1 depletion on brain anatomy, we performed Nissl staining
(Cresyl-violet) (Fig. 10A) and immunoflorescent labelling (Fig. 10K) in both WT and KO mice.
In 3-week-old mice, a mild reduction in cortex volume was observed in KO animals compared
to WT (Fig. 10C). However, no significant differences were detected in corpus collosum (cc)
thickness (Fig. 10B), nor were there any changes in overall brain anatomy (Fig. 10A). In 12-
week-old mice, we observed a significant reduction in corpus callosum thickness in KO mice
compared to WT (Fig. 10E), while cortex area remained unchanged (Fig. 10F). Representative
Nissl-stained sections of the brains from both age groups confirmed that overall brain structure

appeared normal, with no gross anatomical abnormalities in either WT or KO (Fig. 10D).

Further, gross morphological examination of the brain from WT and KO mice at 3 weeks (Fig.
10G), 6 weeks (Fig. 10H), and 12 weeks (Fig. 10J) revealed no apparent differences in brain

size or shape between the genotypes across these developmental stages.

Immunofluorescent staining was also conducted to assess neuronal and glial cell populations.
In 3-week-old WT and KO mice, the cortex was stained for a cortical neuron marker T-Box
Brain Transcription Factor 1 (Tbr1) and an astrocytic marker Glial fibrillary acidic protein
(GFAP) while the hippocampus was stained for a marker for neural stem cells Nestin and a
marker for immature neurons doublecortin (DCX) (Fig. 10K). No structural differences were
detected in either cortical or hippocampal regions between WT and KO, suggesting that AAK1

depletion does not significantly impact neuronal or astrocytic organization at this age.

These results suggest that while AAK1 depletion has minor anatomical effects, such as a slight
reduction in cortical area at 3 weeks and a reduction in corpus callosum thickness at 12 weeks,
it does not lead to major structural changes in the brain. The slight differences observed might
indicate that AAK1 plays a subtle role in maintaining certain brain structures, particularly the
cortex and corpus callosum. However, its absence does not appear to affect gross brain
morphology or cellular organization, at least at the ages examined. Further studies may be

required to explore if these changes have functional consequences.
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Figure 10: Assessment of anatomical and neurodevelopmental changes in the AAK1 depleted
brains. (A) Representative Cresyl-violet stained coronal brain sections and (B) quantification of corpus
callosum (cc) thickness and (C) cortex area in 3-week-old WT and KO mice. Each dot represents one
animal (N=3). Two-tailed unpaired t-test was performed for comparison of WT and KO. (D)
Representative Cresyl-violet stained coronal brain sections and (E) quantification of corpus callosum
(cc) thickness and (F) cortex area in 12-week-old WT and KO mice. Each dot represents one animal
(N=3). Two-tailed unpaired t-test was performed for comparison of WT and KO. (G-J) Gross brain
morphology images from WT and KO mice at different ages: (G) 3-week-old, (H) 6-week-old, and (J)
12-week-old. (K) Representative immunofluorescence images of 3-week-old WT and KO brains to
examine cortical and hippocampal structure. Tbr1 (green) labels cortical neurons, and GFAP (red) marks
astrocytes in the cortex (top). In the hippocampus (bottom), Nestin (green) highlights neural stem cells,
and DCX (red) marks immature neurons. DAPI (blue) stains nuclei. No structural differences are
observed between WT and KO in these regions. Scale bars, 500 uym for cortex, 100 ym for hippocampus.
All Data are shown as mean + SEM. Significant differences are indicated by asterisks (* p<0.05; **
p<0.01; *** p<0.001; ****p<0.0001).

5. Characterization of CamKlla-driven AAK1 KO mice reveals minor anatomical

and metabolic differences

Given that previous results (Fig. 8, 9 and 10) were obtained using a global KO model, it remains
unclear whether AAK1 has a cell-type specific impact, particularly in neurons where it is known
to play a role in endocytic processes. To explore this further, we generated a conditional AAK1
knockout (AAK1 cKO) model under the CamKlla promoter to specifically target AAK1 deletion
in excitatory neurons (Dragatsis & Zeitlin 2000). To do so, we again used allele conversion
technology. Flp converts the ‘knockout-first’ allele (tm1a) to a conditional allele (tm1c), restoring

gene activity. Cre deletes the promoter-driven selection cassette and deletes the floxed exon
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of the tm1c allele to generate a frameshift mutation (tm1d), triggering nonsense mediated
decay of the deleted transcript (Skarnes et al 2011) (Fig. 11A). This neuron-specific model
allows us to investigate whether AAK1 depletion within neuronal populations, as opposed to
the whole organism, leads to distinct phenotypic outcomes. Here, we examined whether this
neuron-specific knockout affects body weight, endocytic processes, and anatomical changes

in the brain, as observed in the global knockout model.

The immunoblot analysis (Fig. 1B, C) shows a substantial reduction in AAK1 protein levels in
the brain cortex of AAK1 cKO mice compared to WT, which strongly suggests that AAK1
expression in the cortex is predominantly neuronal. This neuron-specific presence underlines
the importance of AAK1 within neuronal populations, making it a key regulator of neuronal

functions.

Morphologically, cKO mice exhibit slight but significant differences, such as a reduced body
weight. Our measurements revealed a significant reduction in body weight in cKO mice
compared to WT controls (Fig. 11E), suggesting a potential role of neuronal AAK1 in growth or
metabolic regulation. Although the weight graph does not look that dramatic compared to
global AAK1 KO mice, it should be noted that the current analysis included only three WT
females; increasing the number of animals may reveal more pronounced effects on body
weight or other physiological measures, thus giving a clearer picture of the role of AAK1 in
neuronal populations. Surprisingly, we observed reduction in lean body mass and water
content (Fig. 11H, J), whereas bone size (femur length) (Fig. 11F, G) and gross brain anatomy
(cortex area and structural integrity) remain comparable between cKO and WT mice (Fig. 11K-
M). The body composition results indicate a neuron-specific effect of AAK1 depletion on
metabolic characteristics, since these changes were not observed in the global AAK1 KO
model. This is a promising indication that AAK1 plays a specific role in the metabolic regulation

of neurons, affecting lean mass composition and water balance.

The immunoblot analysis of endocytic proteins also provides insight into the specific molecular
impact of AAK1 deletion. A selective reduction in AP-2a is observed in KO mice (Fig. 11N, O),
while levels of other endocytic proteins, such as AP-2py and CHC, remain unchanged (Fig. 11P-
T). This suggests that AAK1 may play a role in regulating the stability or expression of specific
subunits of the AP-2 complex rather than broadly affecting the endocytic machinery. The
neuron-specific reduction in AP-2a is particularly intriguing, as it implies that AAK1 may have
a more specialized role in the maintenance of synaptic function and receptor recycling in

neurons which indicates a clathrin independent role of it.

Taken together, these findings suggest that AAK1 depletion under the CamKlla promoter

results in a nuanced phenotype, with neuron-specific consequences for metabolic composition
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and selective alterations in the endocytic pathway. These data point to a critical role for AAK1
in the regulation of neuronal health and function that may not be fully captured by global
knockout models, emphasizing the importance of context-specific analysis to uncover the

subtle contributions of AAK1 in brain physiology.
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Figure 11: Characterization of CamKlla-driven AAK1 KO. (A) Schematic of the Aak? gene targeting
strategy under the CamKlla promoter. (B) Representative immunoblot of AAK1 in cortex from 12-week-
old WT and AAK1 cKO mice, confirming the reduced level of AAK1 protein in AAK1 cKO brains. ACTB
was used as loading control for normalization of protein levels. (C) Quantification of AAK1 protein levels
in WT and KO mice. Each dot represents one animal (N=3). One-tailed unpaired t-test was performed
for comparison of WT and KO. (D) Representative image of WT and AAK1 cKO mice at 12 weeks. (E)
Growth curve of WT and AAK1 cKO mice, measured across sexes (WT male/female, KO male/female)
from 3 to 12 weeks of age. (N=7 for WT male, N=6 for KO male, N=3 for WT female and N=5 for KO
female) Two-Way ANOVA with Holm-Sidak’s multiple comparison test was performed. (F-J)
Morphological and metabolic characterization of AAK1 cKO and WT mice at 12 weeks. (F)
Representative femur images from 12-week-old WT and AAK1 cKO mice. (G) Quantification of femur
length in WT and KO mice (N=6 for WT and N=6 for AAK1 cKO), indicating no significant difference
(n.s., not significant). (H-J) Body composition analysis of 12-week-old WT and AAK cKO mice,
comparing lean mass (H), fat percentage (l), and water percentage (J), with no significant differences
observed between genotypes (n.s., not significant). Each dot represents one animal (N=12 for each
genotype). Two-tailed unpaired t-test was performed for comparison of WT and AAK1 cKO. (K) Gross
brain morphology images from WT and cKO mice at 12 weeks of age (L) Representative Cresyl-violet
stained coronal brain sections from WT and AAK cKO mice, assessed for cortex area and structural
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integrity at 12 weeks. (M) Quantification of cortex area showing no significant difference between WT
and AAK1 cKO mice. Each dot represents one animal (N=4 for each genotype). Two-tailed unpaired t-
test was performed for comparison of WT and AAK1 cKO. (N) Representative immunoblot of AP-2
complex subunit AP-2a in cortex from 12-week-old WT and AAK1 cKO mice, confirming the reduced
level of AP-2a protein in KO brains. ACTB was used as loading control for normalization of protein levels.
(O) Quantification of AP-2a protein levels in WT and KO mice. Each dot represents one animal (N=3).
One-tailed unpaired t-test was performed for comparison of WT and KO. (P) Representative immunoblot
of AP-2 complex subunit AP-2p in cortex from 12-week-old WT and AAK1 cKO mice. ACTB was used
as loading control for normalization of protein levels. (R) Quantification of AP-2u protein levels in WT
and AAK1 cKO mice. Each dot represents one animal (N=3). One-tailed unpaired t-test was performed
for comparison of WT and KO. (S) Representative immunoblot of CHC in cortex from 12-week-old WT
and AAK1 cKO mice, confirming the reduced level of CHC protein in KO brains. TUBA1A was used as
loading control for normalization of protein levels. (T) Quantification of CHC protein levels in WT and KO
mice. Each dot represents one animal (N=3). One-tailed unpaired t-test was performed for comparison
of WT and KO. All Data are shown as mean + SEM. Significant differences are indicated by asterisks (*
p<0.05; ** p<0.01; *** p<0.001; ****p<0.0001).

6. AAK1 KO and AAK1 cKO mice show hyperactivity

To assess behavioral changes resulting from AAK1 depletion, we conducted an open field (OF)
test to examine activity levels and movement patterns. Total distance traveled by WT and KO
mice was quantified across the entire arena, as well as specifically within the center and border
zones (Fig. 12B and E). In both the global and CamKIlla-specific AAK1 KO models, KO animals
exhibited a significantly greater distance traveled in the arena and border zones compared to
WT animals, indicating heightened activity levels (Fig. 12B and E). However, no significant
difference was observed in distance traveled within the center zone. This increase in overall
activity suggests a potential hyperactive phenotype in AAK1 KO mice. Furthermore, KO
animals displayed significantly higher velocity in the center zone, while no significant
differences in speed were observed in the arena or border zones. The increased velocity in
the center zone may reflect a tendency toward more dynamic, exploratory behavior, supporting
the hyperactivity observed in KO groups. Together, these results suggest that AAK1 depletion
may lead to altered locomotion patterns and increased exploratory drive, particularly within

areas associated with risk, such as the center zone.

The fact that both AAK1 KO models exhibit similar behavioral alterations underscores that this
activity is likely a neuron-specific effect. The CamKlla promoter targets AAK1 depletion
specifically within excitatory neurons, and observing the same hyperactive and exploratory
behavior in this model suggests that AAK1 plays a critical role within neurons in modulating
movement and exploratory drive. This neuron-specific effect is particularly significant, as it
implies that AAK1 function in the brain is central to the regulation of locomotor activity and

anxiety-like behavior. The AAK1 cKO model, therefore, serves as a valuable tool for dissecting
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AAK1’s role in neurobehavioral regulation, providing insights into how AAK1-related pathways

may influence hyperactivity and exploration in the brain.
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Figure 12: Behavioral assessment of AAK1 KO and AAK1 cKO mice. (A) Representative image
for track visualization, showing movement patterns of AAK1 KO and WT mice in open field. Turqgoise
stands for nose, red stands for center of the body. (B) Quantification of total distance traveled in the
arena, center and border regions. Each dot represents one animal (N=11). Two-Way ANOVA with
Holm-Sidak’s multiple comparison test was performed. (C) Quantification of Velocity measurements in
the arena, center, and border regions. Each dot represents one animal (N=11). Two-Way ANOVA with
Holm-Sidak’s multiple comparison test was performed. (D) Representative image for track
visualization, showing movement patterns of AAK1¢c KO and WT mice in open field. Turqoise stands
for nose, red stands for center of the body. (E) Quantification of total distance traveled in the arena,
center and border regions. Each dot represents one animal (N=9). Two-Way ANOVA with Holm-
Sidak’s multiple comparison test was performed. (F) Quantification of Velocity measurements in the
arena, center, and border regions. Each dot represents one animal (N=9). Two-Way ANOVA with
Holm-Sidak’s multiple comparison test was performed. All Data are shown as mean + SEM. Significant
differences are indicated by asterisks (* p<0.05; ** p<0.01; *** p<0.001; ****p<0.0001).

7. Motor coordination deficits in AAK1 KO and AAK1 cKO mice

To assess motor coordination and balance, a beam walking test was conducted on both AAK1
KO and AAK1 cKO mice. This test involved quantifying slips and step cycles as animals walked

on beams of different thicknesses, with thinner beams posing a great challenge.

AAK1 KO mice showed significantly more slips on both the 12 mm and 5 mm beams compared
to WT controls (Fig. 13B). In contrast, AAK1 cKO mice exhibited a significant increase in slips
only on the 5 mm beam (Fig. 13F). The pronounced effect observed in AAK1 KO mice suggests
that AAK1’s role in motor coordination extends beyond neurons, potentially involving other cell
types or systemic effects. However, the similar trend in the AAK1 cKO, though less

pronounced, highlights a neuron-specific contribution to motor impairment.
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To measure gait rhythm, the number of step cycles was quantified across beams of different
width (Fig. 13C and G). In the AAK1 KO mice (Fig. 13C), there was a significant reduction in
step cycles on the 5 mm beam compared to WT mice, indicating a disrupted gait pattern under
the most challenging conditions. Interestingly, the AAK1 cKO model (Fig. 13G) did not show
significant differences in step cycles across any beam thickness, suggesting that AAK1’s
influence on step cycle rhythm may depend on not excitatory CamKIlla expressing neurons.
Additionally, to evaluate different aspects of motor performance the motor we also employed
rotarod test. The rotarod test is specifically designed to evaluate general motor coordination,
balance, and motor learning, as mice must remain on a rotating rod, which requires them to
coordinate their movements in response to an accelerating speed. Surprisingly, the AAK1 KO
mice did not display any deficits in the rotarod test, suggesting that their general balance and

motor coordination are not significantly impaired by the absence of AAK1.

These findings reveal that AAK1 deficiency impairs motor coordination and balance,
particularly under challenging conditions, as evidenced by the increased number of slips and
altered step cycles on the narrowest beam. The global AAK1 KO model shows a more severe
phenotype, affecting both slips and step cycles, suggesting that AAK1 function in multiple cell
types may be required for precise motor coordination. Meanwhile, the CamKlla-specific AAK1
KO model demonstrates similar, though less pronounced, impairments in slips but not in step
cycles, underscoring a neuron-specific role of AAK1 in balance and coordination. Together,
these results highlight the importance of AAK1 in motor function and suggest that its depletion
may lead to specific deficits in neuronal motor coordination, as well as broader impacts on

motor control when AAK1 is absent throughout the body.
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Figure 13: Beam walking performance in AAK1 KO and cKO mice. (A) Representative image of WT
and AAK1 KO mice on the 12mm beam. (B-C) Quantification of the number of slips and step cycles for
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WT and KO animals on beams of varying thickness (25 mm, 12 mm, and 5 mm). Each dot represents
one animal (N=10 for WT and N=8 for AAK1 KO). Two-Way ANOVA with Holm-Sidak’s multiple
comparison test was performed. (D) Mean latency to fall on rotarod. Each dot represents one animal.
(N=10 for WT, N=12 for KO) Two-tailed t-test was performed to compare WT and KO mice. (E)
Representative image of WT and AAK1 cKO mice on the 12mm beam. (F-G) Quantification of the
number of slips for WT and KO animals on beams of varying thickness (25 mm, 12 mm, and 5 mm).
Each dot represents one animal (N=7 for WT and N=7 for AAK1 KO). Two-Way ANOVA with Holm-
Sidak’s multiple comparison test was performed. All Data are shown as mean + SEM. Significant
differences are indicated by asterisks (* p<0.05; ** p<0.01; *** p<0.001; ****p<0.0001).

After impaired motor coordination on beam walk we aimed to assess cerebellar changes to
explore potential underlying neuropathological features that could contribute to observed motor
phenotype in KO mice. First, we checked calbindin-1 (CALB1) in Purkinje cells, a key cell type
within the cerebellum that plays a critical role in coordinating motor function (Fig. 14A-C).
CALB1 staining and immunoblot analysis (Fig. 14A-C) revealed that Purkinje cell structure and
general organization appear without any difference between WT and KO mice, suggesting that
AAK1 deficiency does not visibly alter the structural integrity of Purkinje cells in the cerebellum
at 12 weeks of age. NBR1, a protein involved in autophagy, was also analyzed to evaluate
whether AAK1 depletion might disrupt protein turnover processes. Fig. 14D and E show that
NBR1 levels are similar in WT and KO mice, indicating no significant alteration in autophagy
pathways involving NBR1 in the cerebellum. This suggests that AAK1 deficiency does not
affect all aspects of cellular homeostasis or autophagy in this region. Unlike CALB1 and NBR1,
the autophagy-related protein p62/SQSTM1 is significantly elevated in the KO cerebellum (Fig.
14F and G). This increase in p62, a protein that accumulates when autophagic flux is impaired,
may indicate a subtle disruption in autophagy or cellular clearance mechanisms within the
cerebellum of KO animals. Elevated p62 is often associated with impaired protein turnover,
which could contribute to the observed motor deficits by affecting cellular health in cerebellar
neurons involved in motor coordination. Overall, these results suggest that AAK1 knockout
does not overtly alter Purkinje cell structure or the expression of certain proteins (e.g., CALB1,
NBR1) in the cerebellum. However, the significant increase in p62 levels points to potential
autophagic dysregulation, which may underlie or contribute to the motor coordination issues
observed in AAK1 KO mice. This finding highlights the importance of p62 as a marker of cellular
homeostasis disruption and suggests a possible link between AAK1 depletion and impaired

autophagy-related processes in the cerebellum.
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Figure 14: Assessment of cerebellar pathology in AAK1 KO mice. (A) Representative
immunofluorescent images of cerebellum show calbindin-1 (CALB1, red) and DAPI (blue) labeling in
Purkinje cells from WT and KO mice. Scale bar, 50 um. (B) Representative immunoblot of CALB1 in
cerebellum from 12-week-old WT and KO mice. ACTB was used as loading control for normalization of
protein levels. (C) Quantification of CALB1 expression level. Each dot represents one animal (N=4).
One-tailed unpaired t-test was performed for comparison of WT and KO. (D) Representative immunoblot
of NBR1 in cerebellum from 12-week-old WT and KO mice. ACTB was used as loading control for
normalization of protein levels. (E) Quantification of NBR11 expression level. Each dot represents one
animal (N=4). One-tailed unpaired t-test was performed for comparison of WT and KO. (F)
Representative immunoblot of p621 in cerebellum from 12-week-old WT and KO mice. ACTB was used
as loading control for normalization of protein levels. (G) Quantification of p62 expression level. Each
dot represents one animal (N=4). One-tailed unpaired t-test was performed for comparison of WT and
KO. All Data are shown as mean + SEM. Significant differences are indicated by asterisks (* p<0.05; **
p<0.01; *** p<0.001; ****p<0.0001; n.s. not significant).

8. Proteomic analysis of AAK1 interactome in the cortex reveals enrichment of

endocytic and autophagic pathways

To further investigate and comprehend the potential mechanisms of AAK1 in the brain, we
performed immunoprecipitation (IP) of AAK1 from cortical tissue followed by proteomic

analysis to identify AAK1-interacting proteins.

Volcano plot illustrates the proteins significantly enriched in the AAK1 IP compared to the IgG
control (Fig. 15A), with several prominent proteins highlighted. These proteins include
components of the CME machinery (e.g., AP2B1, AP2A2, CLTC) and other trafficking-related
proteins. This interaction suggests that AAK1 may play a regulatory role in vesicle trafficking
within neurons, potentially influencing processes critical for synaptic function. Gene ontology

(GO) analysis of biological processes (Fig. 15B) shows that AAK1-associated proteins are
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enriched in pathways related to lysosomal membrane permeability, chaperone-mediated and
macroautophagy, and endosomal transport. Notably, the enrichment of autophagy-related
pathways suggests that AAK1 may influence or be included in autophagic flux, a critical
mechanism for cellular cleanup and protein degradation. This finding may provide a potential
link to the motor deficits observed in KO animals, as impaired autophagy is often associated
with neurodegenerative changes and cellular dysfunction. The cellular component analysis in
reveals that AAK1-associated proteins are primarily localized to structures involved in
endocytosis and synaptic vesicle cycling, such as CCVs, endocytic zones, and dendritic
compartments (Fig. 15C). This localization suggests that AAK1’s role extends into synaptic
regions, where efficient trafficking is essential for synaptic maintenance and plasticity. KEGG
pathway analysis (Fig. 15D) further supports the involvement of AAK1 in endocytic and
lysosomal pathways, as well as in the synaptic vesicle cycle and autophagy. The significant
enrichment in pathways like lysosome and endocytosis suggests that AAK1 may be essential
for regulating cellular homeostasis in neurons by modulating endocytic trafficking and

autophagic clearance.
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Figure 15: Identification of AAK1-associated proteins and enriched pathways in the cortex of 6-
week-old mice. (A) Volcano plot showing proteins significantly enriched in AAK1IP compared to 1gG
controls, with notable proteins labeled in 6-week-old WT mice. Positive fold changes indicate proteins
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significantly changed proteins detected at 6 weeks of age. (C) GO cellular component analysis of
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significantly changed proteins detected at 6 weeks of age. (D) GO KEGG pathway analysis of
significantly changed proteins detected at 6 weeks of age.

9. Proteomic and phosphoproteomic analysis reveals autophagy and

trafficking pathways associated with AAK1 in the brain

Following the identification of AAK1 interactors by immunoprecipitation, we performed both
proteomic (total 3317 protein detected and 1022 of them significantly dysregulated, p-value
<0.05) and phosphoproteomic (total 9783 phosphosites detected and 5178 of them
significantly dysregulated, p-value <0.05) analyses of cortex tissue from WT and AAK1 KO
mice at 6 weeks of age. This allowed us to identify key changes in protein expression and
phosphorylation states that may underlie the functional impacts of AAK1 depletion. The results
revealed significant alterations in synaptic proteins, endocytic adaptors, and autophagy-related
components, indicating potential disruption of synaptic vesicle trafficking and intracellular

degradation pathways.

The total proteome analysis identified numerous key changes in proteins related to synaptic
function, intracellular transport, and cellular metabolism. Pathway enrichment analysis of
upregulated proteins in the AAK1 KO cortex (Fig. 16A-B) showed significant activation in
autophagy, proteasome pathways, and long-term potentiation, suggesting that AAK1 may play
a regulatory role in neuronal protein degradation and synaptic plasticity. These findings align
well with our earlier immunoblot data, in which synaptic-related proteins such as AP-2 were
significantly reduced in AAK1 KO conditions, hinting towards a loss of endocytic control
affecting broader pathways related to protein turnover and degradation. Conversely, the
downregulated pathways (Fig. 16C) showed significant enrichment for ribosomal protein
synthesis, nucleotide metabolism, and notably, SNARE interactions in vesicular transport. This
implies that AAK1 depletion impairs fundamental vesicular (might be synaptic, autophagic,
endocytic) trafficking mechanisms, contributing to the observed hyperactive and motor-
deficient behavioral phenotypes. The downregulation in ribosomal functions also suggests a
potential reduction in global protein synthesis in neurons, possibly affecting their ability to

respond to synaptic demand.

The phosphoproteome results (Fig. 16D-F) revealed changes in phosphorylation of multiple
key synaptic proteins, including ATG9A and MARK2, both of which are critical in synaptic
vesicle dynamics and autophagy regulation (Caiola et al 2024). The upregulated KEGG
pathways (Fig. 16E) in the phosphoproteome data indicated increased activity in synaptic
vesicle cycling and signaling pathways involving endocrine regulation, while the downregulated

pathways included synaptic signaling, such as glutamatergic and GABAergic synapses,
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pointing towards synaptic dysfunction in AAK1 KO neurons. The cellular component analysis
(Fig. 16G, H) showed notable shifts in synaptic organization, particularly with an increase in
components associated with dendritic structures and a decrease in components related to
axonal architecture. The biological process enrichment (Fig. 16l, J) emphasized positive
regulation of synaptic vesicle fusion and revealed deficits in neurotransmitter receptor trapping,
both of which are essential for maintaining efficient synaptic transmission. Here also
importantly, the identification kinesin-related pathways suggest a possible role for AAK1 in
trafficking processes, potentially extending to synaptic function. Given that our proteomic
analysis also revealed enrichment in endocytic and clathrin-coated vesicle pathways, it is
plausible that AAK1 influences both endocytic and synaptic trafficking. Specifically, AAK1 could
be involved in the regulation of synaptic vesicle recycling or receptor transport to and from
synapses, processes that are vital for synaptic plasticity and transmission. This is also in line
with downregulated “neurofibrillary tangles” (NFT) and upregulated “microtubule minus ends”
in cellular components pathway analysis from phopshoproteomic dataset which will be

discussed later (Fig. 16G, H).

These results collectively support the hypothesis that AAK1 plays a crucial role in maintaining
synaptic integrity, likely by regulating synaptic vesicle endocytosis and protein trafficking. The
observed alterations in pathways related to synaptic activity and plasticity upon AAK1 depletion
are consistent with the endocytic impairments highlighted in earlier parts of our study.
Furthermore, the specific reduction of synaptic components coupled with increased
autophagy-related processes might suggest a compensatory mechanism in response to

impaired endocytosis.
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Figure 16: Comparative Analysis of Total and Phosphoproteome Pathway Enrichments in AAK1
KO Mouse Cortex. (A) Volcano plot shows differential expression of proteins between WT and AAK1
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change. (D) Volcano plot shows changes in phosphorylation levels across proteins in AAK1 KO cortex
compared to WT. (E, F, G, H, I, J) Pathway enrichment analyses for upregulated and downregulated
biological processes, cellular components, and KEGG pathways based on phosphoproteomic data. (E)
Upregulated and (F) downregulated KEGG pathways of phosphoproteomic data. Cellular component
analysis of (G) upregulated and, (H) downregulated phophoproteomics data. Biological processes
pathway analysis of (I) upregulated and (J)downregulated phopshoproteomic data.

10. AAK1 deficiency leads to age-dependent autophagic dysregulation and

impaired autophagic flux

In addition to the identification of LC3-interacting region (LIR) motifs in AAK1 (Loi et al 2016),
our proteomic analysis provided further support for AAK1’s potential role in autophagy. The
proteomics data revealed that AAK1 interacts with multiple components associated with
autophagy and endocytic pathways highlighting its involvement in cellular trafficking
mechanisms. This finding aligns with pathway enrichment analysis, which pointed to significant
representation of autophagy-related pathways, including vesicle-mediated transport.
Furthermore, phosphoproteomic analysis of AAK1 KO cortex identified phosphorylation sites
on key autophagic regulators, suggesting that AAK1 may influence autophagy through
phosphorylation-dependent mechanisms. These data (Fig. 16B, C, E, F, H, |) indicate that
AAK1 might interface with autophagy machinery and potentially modulate protein trafficking
and degradation processes. To investigate this hypothesis in the brain, we analyzed the
expression of some autophagy markers in cortex from AAK1 KO mice at 6 and 12 weeks of
age and assessed autophagic flux in primary neuronal cultures. Imunoblot analyses were
conducted to evaluate key autophagy proteins, while autophagic flux experiments were

designed to examine functional autophagy dynamics in the absence of AAK1.

Immunoblot analyses of autophagy-related markers, including LC3B (Fig. 17A), ATG5 (Fig.
17C), p62 (Fig. 17E), GABARAPL2 (Fig. 17G), and ATG9A (Fig. 171), were performed in the
cortex of 6-week-old KO mice. Quantification of these proteins (Fig. 17B, D, F, H, and J
respectively) showed no significant differences between WT and KO groups, indicating that
AAK1 deficiency does not appear to affect baseline levels of these autophagy markers at this
age. In the 12-week-old cortex, a similar panel of autophagy markers was analyzed to assess
any age-related changes in autophagy associated with AAK1 deficiency. Most autophagy
markers, including LC3B (Fig. 17K), ATG5 (Fig. 17M), p62 (Fig. 170), and GABARAPL2 (Fig.
17R), showed no significant differences between WT and KO mice (Fig. 17L, N, P, and S).
However, a significant upregulation of ATG9A was observed in KO mice (Fig. 17T), as shown
in Fig. 17U. ATG9A is a key component of the autophagic machinery, involved in vesicle
trafficking to autophagosomes, and its upregulation in KO mice suggests that AAK1 may

influence specific aspects of autophagy regulation, particularly in older animals.
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To assess autophagic flux directly in neuronal culture, we used tamoxifen-inducible CAG-Cre
system consists of Cre recombinase fused to a mutant form of the mouse estrogen receptor
that does not bind to the natural ligand but is specifically activated by 4-hydroxytamoxifen
(tamoxifen, Tmx). In the absence of tamoxifen, the Cre recombinase remains restricted to the
cytoplasm; however, it translocates to the nucleus upon tamoxifen binding, allowing
recombination to occur (Hayashi & McMahon 2002). Primary neuronal culture from tamoxifen
inducible AAK1 KO pups (p0-p4) were subjected to basal conditions, nutrient deprivation
(EBSS), and autophagy inhibition with BafA1, which blocks the fusion of autophagosomes with
lysosomes, leading to autophagosome accumulation. In WT neurons, treatment with BafA1
significantly increased LC3B-Il levels, confirming functional autophagic flux, as
autophagosomes accumulated when their degradation was inhibited (Fig. 17Y). In contrast,
AAK1 KO neurons showed a higher basal LC3B-II level compared to WT, suggesting an initial
increase in autophagosome formation or impaired clearance. However, unlike in WT, BafA1
treatment did not lead to a significant increase in LC3B-Il in KO neurons, indicating a potential
disruption in autophagosome-lysosome fusion or impaired flux functionality. This lack of
response to BafA1 in KO neurons suggests that autophagosomes may already be
accumulating due to impaired clearance, and further inhibition does not exacerbate this effect.
The combination of a higher basal LC3B-II levels and the unresponsive flux to BafA1 points
toward a disruption in autophagic clearance rather than increased autophagosome formation
alone. Notably, starvation with EBSS and treatment with EBSS + BafA1 did not induce an
increase in LC3B-Il levels in WT and KO neurons, which is line with literature (Kulkarni et al
2020), but WT neurons displayed a slight tendency for increased LC3B-II levels under these
conditions. Together, these findings indicate that AAK1 deficiency may lead to an impairment
in autophagosome processing, affecting overall autophagic flux and potentially contributing to

cellular homeostasis disruptions.
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Figure 17: Effect of AAK1 depletion on autophagy in cortex and neurons. (A) Representative
immunoblot of LC3B in cortex from 6-week-old WT and KO mice. ACTB was used as loading control for
normalization of protein levels. (B) Quantification of LC3B expression level. Each dot represents one
animal (N=4). One-tailed unpaired t-test was performed for comparison of WT and KO. (C)
Representative immunoblot of ATG5 in cortex from 6-week-old WT and KO mice. GAPDH was used as
loading control for normalization of protein levels. (D) Quantification of ATG5 expression level. Each dot
represents one animal (N=4). One-tailed unpaired t-test was performed for comparison of WT and KO.
(E) Representative immunoblot of p62 in cortex from 6-week-old WT and KO mice. GAPDH was used
as loading control for normalization of protein levels. (F) Quantification of p62 expression level. Each
dot represents one animal (N=4). One-tailed unpaired t-test was performed for comparison of WT and
KO. (G) Representative immunoblot of GABARAPL2 in cortex from 6-week-old WT and KO mice.
GAPDH was used as loading control for normalization of protein levels. (H) Quantification of
GABARAPL2 expression level. Each dot represents one animal (N=4). One-tailed unpaired t-test was
performed for comparison of WT and KO. () Representative immunoblot of ATG9A in cortex from 6-
week-old WT and KO mice. TUBA1A was used as loading control for normalization of protein levels. (J)
Quantification of ATG9A expression level. Each dot represents one animal (N=4). One-tailed unpaired
t-test was performed for comparison of WT and KO. (K) Representative immunoblot of LC3B in cortex
from 12-week-old WT and KO mice. ACTB was used as loading control for normalization of protein
levels. (L) Quantification of LC3B expression level. Each dot represents one animal (N=3). One-tailed
unpaired t-test was performed for comparison of WT and KO. (M) Representative immunoblot of ATG5
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in cortex from 12-week-old WT and KO mice. VCL was used as loading control for normalization of
protein levels. (N) Quantification of ATG5 expression level. Each dot represents one animal (N=4). One-
tailed unpaired t-test was performed for comparison of WT and KO. (O) Representative immunoblot of
p62 in cortex from 12-week-old WT and KO mice. ACTB was used as loading control for normalization
of protein levels. (P) Quantification of p62 expression level. Each dot represents one animal (N=4). One-
tailed unpaired t-test was performed for comparison of WT and KO. (R) Representative immunoblot of
GABARAPL2 in cortex from 12-week-old WT and KO mice. GAPDH was used as loading control for
normalization of protein levels. (S) Quantification of GABARAPL2 expression level. Each dot represents
one animal (N=4). One-tailed unpaired t-test was performed for comparison of WT and KO. (T)
Representative immunoblot of ATG9A in cortex from 12-week-old WT and KO mice. TUBA1A was used
as loading control for normalization of protein levels. (U) Quantification of ATG9A expression level. Each
dot represents one animal (N=4). One-tailed unpaired t-test was performed for comparison of WT and
KO. (V) Representative immunoblot of AAK1 in primary neuronal culture from TMX inducible Aak1
flox/flox, Cre+/-, Cre+/+, Cre-/- pups. ACTB was used as loading control. (Y) Representative immunoblot
of LC3B in primary neuronal culture from TMX inducible Aak1 flox/flox, Cre+/-, Cre+/+, Cre-/- pups.
ACTB was used as loading control for normalization of protein levels. (Z) Quantification of LC3B
expression level. Each dot represents one animal (Basal N=4, EBSS N=3, BafA1 N=4, EBSS+BafA1
N=3). Two-Way ANOVA with Holm-Sidak’s multiple comparison test was performed. All Data are shown
as mean + SEM. Significant differences are indicated by asterisks (* p<0.05; ** p<0.01; *** p<0.001;
****p<0.0001).

11. AAK1 depletion results in synaptic accumulation of ATG9A and changes in

synaptic vesicular content

Given our interest in determining the effects of AAK1 depletion in the brain, we first performed
immunostaining for ATG9A to examine where this autophagy-related protein accumulates in
the AAK1 knockout brain. We also stained for VGLUT1 to determine whether ATG9A might be
accumulating in synaptic regions. As shown in Fig. 18A and B, ATG9A exhibited increased
colocalization with VGLUT1 in the cortex of AAK1 KO mice compared to WT controls. This
colocalization was assessed using Manders' coefficient (M1) to quantify the overlap, and
Pearson's correlation coefficient (r) to evaluate the correlation between ATG9A and VGLUT1
signals. The increased colocalization suggests that ATG9A accumulates specifically at
synaptic sites in the absence of AAK1, potentially indicating impaired trafficking or increased

autophagic activity within synaptic terminals.

To take a closer look at synaptic vesicle dynamics and better understand the consequences of
AAK1 depletion and ATG9A accumulation, we employed transmission electron microscopy
(TEM) to examine the synaptic ultrastructure in AAK1 KO mice (Fig. 18C). TEM analysis (Fig.
18D-F), allowed us to quantify the density of various vesicular structures, including clathrin-
coated vesicles (CCVs), autophagosomes/autophagic vesicles (AVs), and synaptic vesicles
(SVs). While the density of CCVs did not differ significantly between WT and KO groups, we
observed a significant increase in the density of AVs and a reduction in synaptic vesicles (SVs)
in the KO cortex.
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The increased number of AVs in AAK1 KO animals may indicate either enhanced autophagic
processes, potentially as a compensatory mechanism to clear accumulated material at the
synapse, or an inefficient autophagic flux that leads to vesicle accumulation. Additionally,
impaired microtubule-related transport might prevent AVs from undergoing retrograde
movement to the cell soma for lysosomal fusion. On the other hand, the reduction in synaptic
vesicles suggests an impairment in synaptic vesicle recycling or maintenance, which may
directly contribute to deficits in synaptic transmission. This observation is particularly relevant
when considered alongside the hyperactivity observed in behavioral tests and the motor
deficits noted in the beam-walking assay. These motor phenotypes may be a consequence of

impaired synaptic signaling resulting from synaptic vesicle depletion.

In summary, the accumulation of ATG9A at synaptic terminals and the subsequent reduction
in synaptic vesicle density indicate that AAK1 plays a crucial role in maintaining proper vesicle
trafficking and synaptic integrity. These findings link AAK1 to synaptic function, specifically
through its involvement in synaptic vesicle recycling and autophagic processes, highlighting its

potential importance in neuronal health and disease.
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Figure 18: ATG9A accumulation and synaptic vesicular changes in AAK1 KO cortex. (A)
Represantative immunofluorescence images showing the colocalization of ATG9A (green) with VGLUT1
(red) in the cortex of 12-week-old WT and AAK1 KO mice. (B) Quantitative analysis of ATG9A and
VGLUT1 colocalization in the cortex, using Manders' coefficient (M1) and Pearson’s correlation
coefficient (r). Each dot represents one animal (N=3). Multiple t-test was performed for comparison of
WT and KO. (C) Representative EM images of synaptic regions in the cortex of WT and AAK1 KO mice,
highlighting synaptic vesicles (SVs), clathrin-coated vesicles (CCVs), and autophagasomes (AVs). (D-
F) Quantification of CCVs, AVs, and SVs per unit area. Each dot represents one animal (N=3). One-
tailed unpaired t-test was performed for comparison of WT and KO. All Data are shown as mean + SEM.
Significant differences are indicated by asterisks (* p<0.05; ** p<0.01; *** p<0.001; ****p<0.0001).
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12. AAK1 depletion in cortical synaptosomes leads to dysregulation of

autophagic flux

Here we investigated the synaptic localization of autophagic markers in AAK1-depleted
synaptosomes, aiming to clarify AAK1’s role in synaptic vesicular regulation. The schematic
(Fig. 19A) outlines the workflow for isolating synaptosomes ensuring accurate separation of
synaptic and cytoplasmic components. Afterwards synaptic enrichment validated by checking
presence of PSD95 and SYT1 in the synaptosomal fraction (S) compared to cytoplasmic part
(C) (Fig. 19B-E) via immunoblot, confirming successful isolation of synaptic structures from
cortical slices. AAK1 KO synaptosomes exhibit significantly increased ATG9A levels,
suggesting a buildup of autophagic components at synapses (Fig. 19F and G), while
cytoplasmic ATG9A levels remain unchanged (Fig. 19H and I). This finding supports previous
observations of synaptic ATG9A accumulation, potentially indicating disrupted autophagy or
vesicular trafficking in AAK1-deficient neurons. Interestingly, LC3B levels show no significant
differences in either synaptosomal or cytoplasmic fractions (Fig. 19J-M), this suggests that the
increase in ATG9A might be a specific synaptic effect rather than indicative of a broader
autophagic alteration. It is possible that the western blot analysis may not have been sensitive
enough to detect subtle changes in LC3B levels that were evident in our EM data. To further
understand synaptic autophagic flux, synaptosomes from WT and KO acute slices were
subjected to conditions promoting autophagy by starvation (Artificial cerebrospinal fluid -
ACSF) and treated with chloroquine (CQ) to block autophagic degradation. In WT
synaptosomes, LC3B-Il levels increase significantly under basal and basal+CQ conditions,
indicating active autophagic flux. In contrast, AAK1 KO synaptosomes show reduced LC3B-II
accumulation (Fig. 190 and P), suggesting impaired autophagic processing specifically at
synapses. This synapse-specific autophagy impairment may underlie synaptic dysregulation

observed in AAK1-deficient neurons.

These findings collectively reinforce the hypothesis that AAK1 is critical for maintaining
synaptic autophagy and vesicle homeostasis, with its depletion leading to synaptic autophagy
dysregulation. This synapse-specific autophagic disruption could play a role in the observed
synaptic and behavioral deficits, linking AAK1 function to broader neurodegenerative and

cognitive processes.
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Figure 19: AAK1 depleted cortical synaptosomes shows dysregulation in autophagic flux. (A)
Short schematic of experimental setup. WT mouse synaptosomes from cortex were used to validate
synaptosome purification. (B) Representative immunoblot of PSD95 in cortical synaptosomes from 12-
week-old WT mice. ACTB was used as loading control for normalization of protein levels. (C)
Quantification of PSD95 expression level. Each dot represents one animal (N=3). One-tailed unpaired
t-test was performed for comparison of synaptosome (S) and cytoplasmic fraction (C). (D)
Representative immunoblot of SYT1 in cortical synaptosomes from 12-week-old WT mice. ACTB was
used as loading control for normalization of protein levels. (E) Quantification of SYT1 expression level.
Each dot represents one animal (N=3). One-tailed unpaired t-test was performed for comparison of
synaptosome (S) and cytoplasmic fraction. (F) Representative immunoblot of ATG9A in cortical
synaptosomes from 12-week-old WT and KO mice. TUBA1A was used as loading control for
normalization of protein levels. (G) Quantification of ATG9A expression level. Each dot represents one
animal (N=4). One-tailed unpaired t-test was performed for comparison of WT and KO synaptosomes.
(H) Representative immunoblot of ATG9A in cytoplasmic fraction from 12-week-old WT and KO mice.
TUBA1A was used as loading control for normalization of protein levels. (1) Quantification of ATG9A
expression level. Each dot represents one animal (N=4). One-tailed unpaired t-test was performed for
comparison of WT and KO cytoplasmic fractions. (J) Representative immunoblot of LC3B in cortical
synaptosomes from 12-week-old WT and KO mice. ACTB was used as loading control for normalization
of protein levels. (K) Quantification of LC3B expression level. Each dot represents one animal (N=4).
One-tailed unpaired t-test was performed for comparison of WT and KO synaptosomes. (L)
Representative immunoblot of LC3B in cytoplasmic fraction from 12-week-old WT and KO mice. ACTB
was used as loading control for normalization of protein levels. (M) Quantification of LC3B expression
level. Each dot represents one animal (N=4). One-tailed unpaired t-test was performed for comparison
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of WT and KO cytoplasmic fractions. (N) Schematic of experimental workflow for autophagy flux from
acute slices. (O) Representative immunoblot of LC3B in cortical synaptosomes under different
conditions from 12-week-old WT and KO mice. ACTB was used as loading control for normalization of
protein levels. (P) Quantification of LC3B expression level. Each dot represents one animal (Basal N=5,
Basal+CQ N=7, ACSF N=5, ACSF+CQ N=5). Two-Way ANOVA with Holm-Sidak’s multiple comparison
test was performed. All Data are shown as mean + SEM. Significant differences are indicated by
asterisks (* p<0.05; ** p<0.01; *** p<0.001; ****p<0.0001).

13. Proteomics and phopshoproteomics from AAK1 KO cortical synaptosomes

reveal significantly dysregulated vesicular and microtubule related pathways

Building on our prior findings indicating synaptic accumulation of ATG9A and altered synaptic
vesicle numbers in AAK1-depleted mice, we aimed to further elucidate the molecular changes
occurring within synapses. We performed proteomic (total 3216 protein detected and 1160 of
them significantly dysregulated, p-value <0.05) and phosphoproteomic (total 10111
phopshosites detected and 1425 of them significantly dysregulated, p-value <0.05) analyses
specifically in isolated cortical synaptosomes from AAK1 KO and WT mice to identify pathways
involved in vesicular trafficking and potential microtubule-related mechanisms. The analyses
revealed significant dysregulation in several key pathways, with a notable focus on synaptic

vesicle dynamics and microtubule-associated processes.

In the total proteome (TP) data, KEGG pathway enrichment (Fig. 20B) highlights upregulated
processes such as "Retrograde endocannabinoid signaling” and "Mitophagy," both of which
are closely linked to vesicle trafficking and neuronal function. Especially, mitophagy might
indicate compromised mitochondrial health, possibly due to impaired synaptic trafficking or
altered microtubule dynamics, which are directly linked to proper mitochondrial distribution and
turnover. Additionally, cellular component analysis (Fig. 20C) reveals an upregulation in
"Endosome to plasma membrane transport vesicle" and "Cytoplasmic side of plasma
membrane," supporting the evidence of vesicular dysregulation in AAK1-depleted synapses.
These findings are consistent with our previous results of altered synaptic vesicle numbers,

suggesting a broader disruption in endocytic and exocytic vesicle trafficking pathways.

For the phosphoproteomic (PP) data, KEGG analysis (Fig. 20F) indicates significant changes
in synaptic pathways such as "GABAergic synapse" and "Long-term potentiation," both of
which are critical to synaptic plasticity and depend on efficient vesicle dynamics. Cellular
component enrichment (Fig. 20H) shows upregulation in "Dendritic branch," "Postynaptic
intermediate filament cytoskeleton," and "Cytoskeleton of presynaptic active zone." This
suggests that microtubule and actin networks, which play vital roles in synaptic vesicle

positioning and mobility, are significantly affected by AAK1 depletion. This could reinforce the
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observed synaptic deficits, pointing toward a potential role of AAK1 in maintaining cytoskeletal

integrity at the synapse.

The downregulated pathways in both datasets further point to synaptic dysregulation. For
instance, "Synaptic vesicle cycle" (Fig. 20G) are significantly downregulated, implying
impairments in the vesicle fusion and recycling processes that are crucial for effective
neurotransmission. The downregulation of "Clathrin complex" (Fig. 20D), "Clathrin-coated
endocytic vesicle", and "Clathrin-sculpted glutamate transport vesicle" (Fig. 20l) is especially
relevant, given that AAK1 is known to regulate CME. This supports the notion that AAK1
depletion leads to impaired synaptic endocytosis, potentially explaining the reduced synaptic

vesicle density we observed in earlier experiments.
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Figure 20: Comparative analysis of total and phosphoproteome pathway enrichments in AAK1
KO cortical synaptosomes. (A) Volcano plot shows differential expression of proteins between WT
and AAK1 KO cortical synaptosomes at 12 weeks of age. Significantly changed proteins highlighted in
dark grey (N=5). -0.5 < Log2 fold change > 0.5 and p-value < 0.05. (B) KEGG pathway enrichment
analysis of upregulated proteins. (C) Cellular component pathway enrichment analysis of upregulated
and (D) downregulated proteins. (E) Volcano plot shows changes in phosphorylation levels across
proteins in AAK1 KO cortical synaptosomes compared to WT. (F, G, H, 1) Pathway enrichment analyses
for upregulated and downregulated cellular components and KEGG pathways based on
phosphoproteomic data. (F) Upregulated and (G) downregulated KEGG pathways of phosphoproteomic
data. Cellular component analysis of (H) upregulated and, (I) downregulated phophoproteomics data.

96



14. HEK cells plasma membrane-tagged TurbolD approach reveals potential

novel substrates of AAK1

To further explore the targets and substrates of AAK1, we utilized a stable HEK cell line
expressing plasma membrane-targeted TurbolD (a generous gift from Jan Riemer Lab, cell
line prepared by Sarah Gerlich) (N-terminal Lyn11 tag — GCIKSKGKDSA (Inoue et al 2005)) to
perform proximity labeling, both in the presence and absence of the AAK1 inhibitor, SGC-
AAK1-1.

Figure 21A from (Cho et al 2020) illustrates the general workflow of the TurbolD. Biotin, in
combination with ATP, was utilized to generate reactive biotin intermediates that covalently

attach to proximal proteins, effectively "tagging" them for isolation and analysis.

Figure 21B presents a volcano plot showing proteins enriched through TurbolD labeling in HEK
cells under basal conditions. Notably, proteins such as AP-2u, CLINT1, and MARK2 were
significantly enriched in the dataset. These candidates are key regulators in CME and
microtubule organization respectively. Figure 15C shows the differential protein abundance
after treatment with an AAK1-specific inhibitor, SGC-AAK1-1, compared to the inactive control
compound SGC-AAK1-1N. Firstly, the inhibition of AAK1 kinase activity resulted in a significant
downregulation of AP-2u compared to the control condition. This result serves as an internal
control to validate the efficacy of the inhibitor and demonstrates that the experimental approach
worked effectively. Furthermore, proteins such as CLINT1, and MARK2 displayed significant
changes, implicating these proteins as potential downstream targets of AAK1 or as directly
influenced by its kinase activity. The marked changes in ATP5H, a subunit of ATP synthase,
might reflect an AAK1-related influence on cellular energy metabolism. The enrichment of
MARK?2 is particularly noteworthy as it suggests a possible connection between AAK1 activity
and microtubule dynamics, supporting the microtubule-related findings from earlier

experiments.
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Figure 21: Investigation of AAK1 targets through TurbolD proximity labeling and AAK1 inhibition
in HEK cells. (A) General workflow of TurbolD (B) Volcano plot showing differentially enriched proteins
identified by TurbolD in HEK cells, comparing biotinylated proteins with control conditions (no inhibitor
treatment-basal condition). Significantly changed proteins highlighted in dark grey (N=4). -0.5 < Log2
fold change > 0.5 and p-value < 0.05. (C) Volcano plot showing differential protein abundance after
AAK1 inhibition using SGC-AAK1-1 compared to control conditions (SGC-AAK1-1N). Significantly
changed proteins highlighted in dark grey (N=4). Log2 fold change > 0.5 and p-value < 0.05.

15. AAK1 depleted primary neurons show decreased microtubule dynamics

To identify novel substrates of AAK1, we employed a multi-omics strategy that integrated
phosphoproteomics, proteomics, TurbolD proximity labeling in HEK cells, and
immunoprecipitation (IP) datasets (Fig. 22A). With this combined data sets we narrowed down
the potential substrates to MARK2 and CLINT1. Among these, we decide to focus on MARK2
which is a kinase involved in microtubule dynamics. Immunoblot analysis confirmed that the
total protein level of MARK2 remained unchanged between WT and KO cortical synaptosomes
(Fig. 22B and C), consistent with our previous proteomics results that indicated no significant
difference in MARK2 abundance. Following this discovery, we aimed to explore how AAK1
depletion might influence microtubule dynamics. To achieve this, we utilized EB3-tdTomato
tracking -a construct based on a +TIP protein that is associated with growing microtubule plus
ends (Geraldo et al 2008, Nakagawa et al 2000) - to monitor microtubule plus-end dynamics
in tamoxifen (TMX)-inducible AAK1 WT and KO primary neurons. Time-lapse imaging of EB3-
positive microtubule comets demonstrated a significant reduction in EB3 puncta velocity in KO
neurons compared to WT (Fig. 22D-F), as indicated by the decreased speed of EB3 puncta
along the neurites. Representative kymographs further highlight the altered dynamic behavior
in AAK1 KO neurons (Fig. 22E). These findings suggest that AAK1 depletion disrupts
microtubule polymerization rates, likely mediated through impaired regulation of microtubule-

associated proteins, such as MARK2.
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Figure 22: Microtubule dynamics in AAK1 KO neurons. (A) Venn diagram depicting the overlap
among different phosphoproteomics and proteomics datasets: Synaptosome phosphoproteomics (PP),
AAK1 IP, HEK Plasma Membrane (PM) Turbo-ID, and cortical phosphoproteomics. (B) Representative
immunoblot of MARK2 in cortical synaptosomes from 12-week-old WT and AAK1 KO mice. ACTB was
used as loading control for normalization of protein levels. (C) Quantification of MARK2 expression level.
Each dot represents one animal (N=4). One-tailed unpaired t-test was performed for comparison of WT
and AAK1 synaptosomes. (D) Representative images of EB3-tdTomato dynamics in primary AAK1 WT
and KO cortical neurons at 1s, 20s, and 40s. Arrowheads indicate microtubule plus end movement. (E)
Corresponding kymographs of (D) time-lapse images. Kymographs show decreased dynamics in AAK1
KO neurons. (F) Quantification of EB3-tdTomato puncta velocity in AAK1 WT and KO neurons,
demonstrating a significant reduction in microtubule growth rates in AAK1 KO neurons. Each dot
represents one comet from N=3 independent experiments. Two-tailed unpaired t-test was performed for
EB3-tdTomato puncta comparison of WT and AAK1 KO neurons. All Data are shown as mean + SEM.
Significant differences are indicated by asterisks (* p<0.05; ** p<0.01; *** p<0.001; ****p<0.0001).

16. AAK1 depletion impairs autophagosome trafficking in neurons

Since our results indicated less dynamic microtubules in KO neurons compared to WT, we
sought to determine how AAK1 depletion affects autophagosome motility. Given that the proper
transport of AVs depends on dynamic microtubule networks and the binding of motor proteins
like dynein (Kimura, Noda & Yoshimori 2008) we performed live-imaging of LC3B-RFP in
tamoxifen-induced AAK1 WT and KO neurons to assess the motility of autophagosomes. Time
lapse imaging showed that LC3B-RFP puncta in WT neurons moved more dynamically
compared to AAK1 KO neurons (Fig. 23A and B). Quantification of puncta velocity also
revealed that LC3B-RFP puncta velocity (Fig. 23C) also reduced compared to WT neurons.
Additionally, the density of LC3B-RFP puncta along the neurites was reduced in KO neurons,

suggesting impaired autophagosome formation or transport (Fig. 23D). No significant
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difference in the velocity of directionality of movement (anterograde vs. retrograde) was
observed between WT and KO neurons (Fig.23E).
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Figure 23: AAK1 KO neurons have impaired autophagosome trafficking. (A) Representative time
lapse images of LC3B-RFP puncta (indicated with red arrow heads) in WT and TMX induced AAK1 KO
neurons, recorded every 10 seconds for 40 seconds. (B) Corresponding kymographs of time lapse
images. (C) Quantification of LC3B-RFP puncta velocity in AAK1 WT and KO neurons, demonstrating a
significant reduction in velocity in AAK1 KO neurons. Each dot represents one LC3B puncta from N=3
independent experiments. Two-tailed unpaired t-test was performed for LC3B-RFP puncta comparison
of WT and AAK1 KO neurons. (D) Quantification of number LC3B-RFP puncta/um in AAK1 WT and KO
neurons, demonstrating a significant reduction in puncta number in AAK1 KO neurons compared to WT.
Each dot represents one LC3B puncta from N=3 independent experiments. Two-tailed unpaired t-test
was performed for LC3B-RFP puncta comparison of WT and AAK1 KO neurons. (E) No significant
difference is observed in velocity of the directionality (anterograde vs. retrograde) between WT and KO
neurons. Each dot represents one LC3B puncta from N=3 independent experiments. Multiple t-test was
performed for LC3B-RFP puncta comparison of WT and AAK1 KO neurons. All Data are shown as mean
+ SEM. Significant differences are indicated by asterisks (* p<0.05; ** p<0.01; *** p<0.001;
****p<0.0001).

17. Inhibition of AAK1 kinase activity results in MARK2 relocalization in
synapses

Since we did not observe any differences in total MARK2 levels within synaptosomes but found
enrichment of MARK2 on the plasma membrane (PM) under basal conditions, as well as its
downregulation upon treatment with the AAK1 inhibitor SGC-AAK1-1, we pursued to further
investigate MARK2 localization in synapses. To do so, we isolated synaptosomes from acute
brain slices treated with either AAK1 inhibitor or inactive control compound (Fig. 24A). Isolation
of plasma membrane proteins from synaptosomes was validated by confirming the presence
of E-cadherin (CDH1) in the PM fraction (Fig. 24B). Immunobloting results showed that
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inhibition AAK1 kinase effectively reduced phosphorylation of AP-2u (Fig. 24C), thus
confirming the efficacy of the inhibition treatment. There was no observed change in total AP-
2u (Fig. 24D). A dose-response experiment showed that 12.5 yM SGC-AAK1-1 was sufficient
to achieve stable inhibition of AAK1 kinase activity (Fig. 24E). Synaptosome fractionation from
acute cortical slices revealed that MARK2 is present at the plasma membrane under basal
conditions; however, AAK1 inhibition led to a substantial reduction of MARK2 in the plasma
membrane (Fig. 24F and G). This shift was accompanied by a slight increase in the
cytoplasmic fraction. These data suggest that AAK1 activity is necessary for localizing MARK2
at synaptic plasma membranes, possibly regulating microtubule interactions crucial for
synaptic stability.
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Figure 24: Inhibition of AAK1’s kinase activity results in reduced MARK2 localization on PM (A)
Short schematic of experimental setup. Acute slices treated with kinase inhibitor SGC-AAK1-1 or
inactive control compound SGC-AAK1-1N for 4hr. Afterwards synaptosomes were isolated as
mentioned above and this step followed by plasma membrane isolation. (B) Representative immunoblot
of plasma membrane protein E cadherin (CDH1) as proof of principal. (C) Representative immunoblot
of pThr'%- AP-2u in 12-week-old acute slices treated with SGC-AAK1-1 (Inh in WB) or SGC-AAK1-1N
(Cnt in WB) (B). ACTB was used as loading control for normalization of protein levels. (D)
Representative immunoblot of AP-2u in 12-week-old acute slices treated with SGC-AAK1-1 or SGC-
AAK1-1N. ACTB was used as loading control for normalization of protein levels. (E) Quantification of
pThr'%6-AP-2u / AP-2u. Each dot represents one animal (N=3). Multiple t-test was performed for
comparison of WT and AAK1 synaptosomes. (F) Representative Ponceau S stain and immunoblot of
MARK2 from PM and cytosolic (Cyt) samples treated with SGC-AAK1-1 or SGC-AAK1-1N for 4hr. (G)
Quantification of MARK2 level in PM and Cyt from 12-week-old cortical synaptosomes after treatment
with SGC-AAK1-1 or SGC-AAK1-1N. Ponceau S was used as loading control for normalization of protein
levels. Each dot represents one animal (N=3 for Cyt and N=4 for PM). Multiple t-test was performed for

Normalized MARK2 level
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comparison. All Data are shown as mean + SEM. Significant differences are indicated by asterisks (*
p<0.05; ** p<0.01; *** p<0.001; ****p<0.0001).

18. AAK1 depletion results in changes in microtubule dynamics both in-vivo

and in-vitro

To understand whether AAK1 depletion has any microtubule related manifestation in neurons,
we performed immunostaining with delta-2 tubulin (D2) and acetylated tubulin in cultured
primary neurons (DIV 14-16) and in brain sections of 12-week-old WT and AAK1 KO mice. In
cultured neurons, we immunostained with D2 and MAP2 to examine the distribution and
relative intensity of D2 between MAP2-positive (dendritic) and MAP2-negative (non-dendritic
or axonal) regions (Fig. 25A) Interestingly, quantitative analysis of D2 levels showed a
significant increase in D2 intensity in MAP2+ dendrites of KO neurons compared to WT, while
no significant difference was observed in MAP2-negative processes (Fig. 25B). These findings
suggest that AAK1 depletion results in an increased stabilization of microtubules in dendritic
regions of cultured neurons. Contrary to the results in cultured neurons, D2 levels were
significantly reduced in both the cortex and hippocampus of 12-week-old AAK1 KO brain
sections when normalized to TUBA1A, a general microtubule marker (Fig. 256C—F). The
discrepancy between cultured neurons and brain sections could be due to the differences in
the developmental timing and microenvironmental context. To further assess microtubule
stability, we examined acetylated tubulin levels in different compartments of the cortex using
acetylated tubulin and TUBA1A co-staining (Fig. 25G). Acetylated tubulin is a marker of stable
microtubules, typically present in less dynamic, mature microtubule networks (Janke & Chloé
Bulinski 2011). Analysis of acetylated tubulin/TUBA1A ratios revealed no significant differences
between WT and KO mice in the soma, axon, or dendritic compartments (Figure 25H-J),
suggesting that AAK1 depletion may selectively impact more dynamic microtubules, such as

those marked by delta-tubulin, rather than mature, stable microtubules.
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Figure 25: AAK1 depletion affects microtubule dynamics. (A) Representative images of WT and
TMX induced AAK1 KO primary neuronal culture (DIV16) stained for DAPI (blue) and immunostained
for D2 (green) and MAP2 (red). Scale bar is 20um in upper image and 10um for lower image. (B)
Analysis of fluorescent based level of D2. Each dot represents one region of interest (ROI) (N=3).
Multiple t-test was performed for comparisons. (C) Representative images of WT and AAK1 KO brain
cortices at 12 weeks of the age stained for DAPI (blue) and immunostained for D2 (green) and TUBA1A
(red). Scale bar is 50um in upper image and 20um in lower image. (D) Analysis of fluorescent based
level of D2 to TUBA1A. Each dot represents one animal (N=3). One-tailed unpaired t-test was performed
for comparison. (E) Representative images of WT and AAK1 KO brain hippocampi at 12 weeks of the
age stained for DAPI (blue) and immunostained for D2 (green) and TUBA1A (red). Scale bar is 50um in
upper image and 20um in lower image. (F) Analysis of fluorescent based level of D2 to TUBA1A. Each
dot represents one animal (N=3). One-tailed unpaired t-test was performed for comparison. (G)
Representative images of WT and AAK1 KO brain cortices at 12 weeks of age stained for DAPI (blue)
and immunostained for acetylated tubulin (green), TUBA1A (red), and NF-H (gray) . Scale bar is 50um
in upper image and 20um in lower image. (H-1) Analysis of fluorescent based level of Acetylated tubulin
to TUBA1A for (H) soma, (1) axon and (J) dendrites. Each dot represents one animal (N=4). One-tailed
unpaired t-test was performed for comparison. All Data are shown as mean + SEM. Significant
differences are indicated by asterisks (* p<0.05; ** p<0.01; *** p<0.001; ****p<0.0001).
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V. Discussion

AAK1 is a kinase known for its with well-established role in CME by phosphorylating AP-2,
thereby enhancing efficiency of vesicle formation (Conner & Schmid 2002, Ricotta et al 2002).
Apart from its canonical role in CME, various studies suggest that AAK1 likely has versatile
biological functions extending beyond vesicular trafficking. Notably, AAK1 has been shown to
control dendritic development in hippocampal neurons as a substrate of NDR1 and its
depletion results in increased dendritic branching and length, underscoring its importance in
neuronal morphogenesis (Ultanir et al 2012). Beyond neuronal development, AAK1 also
appears to contribute to immune regulation by mediating the internalization of MHC class |
molecules, an effect dependent on its recruitment by LC3B (Loi et al 2016). This finding
positions AAK1 at the intersection of endocytic pathways and immune responses, further
broadening its physiological relevance. Additionally, different studies have highlighted AAK1’s
potential role in disease physiology. AAK1 has been implicated in neurological disorders and
neurodegenerative conditions, together with genetic studies identifying it as disease
associated candidate gene (Fu et al 2018, Heaton et al 2020, Latourelle et al 2009, Liu et al
2021, Shi, Conner & Liu 2014). Despite these notable associations, the specific role of AAK1

in the brain—especially the consequences of its depletion in vivo—remains largely unexplored.

In this study, we sought to understand the role of AAK1 in the brain by progressively narrowing
our focus from a broad, organ-level perspective down to synaptic organelles. Our aim was to
elucidate AAK1's function — primarily through its depletion at the protein level- and to identify
novel substrates within the brain. Our findings not only highlight AAK1's established role in
synaptic regulation but also reveal its involvement in other essential processes, including
microtubule dynamics and autophagosome trafficking, both of which are vital for neuronal
function. To explore these aspects, we employed AAK1 KO mouse models alongside a
comprehensive set of biochemical, proteomic, and imaging-based techniques. Through this
multi-faceted approach, we demonstrated that AAK1 is crucial for regulating microtubule
dynamics, autophagosome trafficking, and the localization of key substrates, such as MARK2,
within synaptic compartments. These roles underscore AAK1's importance in maintaining

synaptic stability and plasticity.

1. AAK1 expression in the brain shows regional and temporal diversity

In the analysis of WT mouse brains, we found that AAK1 protein expression varies significantly
across different brain regions, with particularly high expression in the cortex compared to the
hippocampus, striatum, cerebellum, hindbrain, and midbrain. The regional enrichment in the

cortex suggests that AAK1 may play a more prominent role in cortical functions, which are
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essential for cognition, sensory processing, and motor planning (Cadwell et al 2019, Rakic
2009).

Furthermore, the developmental analysis of AAK1 expression in the cortex revealed a temporal
pattern. AAK1 levels were lowest in P7 mice, increased steadily until reaching a peak at 3
months, and subsequently declined by 12 months. This pattern suggests that AAK1 is
particularly critical during the maturation phase of cortical synapses, coinciding with a peak in
synaptic refinement and plasticity (Nazir et al 2018, Wong & Ghosh 2002). The decline in AAK1
levels by 12 months may reflect the reduction in synaptic plasticity or a shift towards synaptic
maintenance instead of active remodeling, which aligns with age-related shifts in synaptic
function (Ge et al 2007). Interestingly, AAK1's expression pattern closely parallels that of SYT1,
which also peaks at 3 months of age. SYT1 is crucial for synaptic vesicle release and overall
synaptic activity (Nazir et al 2018, Sudhof 2013). These findings suggest that AAK1 might have
context specific regulatory roles. It could be integral to synaptic development and maintenance,
particularly within the cortex, with its peak expression at 3 months indicating a role in synaptic
maturation and plasticity. Additionally, the age-dependent decline may point towards an
evolving role for AAK1 in synaptic stability, with intriguing implications for further studies into
neurodegenerative conditions, where synaptic dysfunction is a common feature (Henstridge,
Tzioras & Paolicelli 2019).

2. AAK1 KO and cKO mice display hyperactivity, delayed growth and motor
deficit

In our study, we generated a global AAK1 KO mouse model to dissect the role of AAK1 in the
brain in vivo. AAK1 KO mice exhibited significant growth delays starting from early
developmental stages, which was reflected by their reduced body weight compared to WT
mice. Notably, this reduction in body weight was not due to weight loss over time, but rather a
failure to gain weight at the same rate as WT mice, with this disparity becoming apparent
around 2-3 weeks of age and persisting into adulthood for both males and females. Despite
these differences in overall weight, there were no significant changes in body composition,
such as lean mass, fat percentage, or bone growth, suggesting that the effect of AAK1
depletion was more specific to growth regulation rather than indicative of broader
developmental abnormalities. These findings may suggest a systemic role for AAK1 in

regulating overall metabolic or growth processes.

Further examination of brain morphology revealed differences between AAK1 KO and WT
mice. At 3 weeks of age, the cortical area was significantly reduced in KO mice, suggesting

impaired cortical development. This observation underscores the critical role of AAK1 in
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ensuring proper cortical growth and maturation. Beyond its classical role in CME, AAK1 has
also been implicated in other essential neurodevelopmental processes, including dendritic
development and synaptic plasticity (Ultanir et al 2012). Interestingly, by 12 weeks, the cortical
area had normalized, indicating some compensatory growth during maturation. However, the
thickness of the corpus collosum remained reduced in KO mice at 12 weeks, suggesting long-
term deficits in axonal growth. Given that the corpus collosum is crucial for communication
between the brain's hemispheres, reduced thickness could potentially impair information
processing and synchronization between cortical areas (Edwards et al 2020, Piscopo et al
2018).

While the overall gross morphology of the brain was not dramatically altered between WT and
KO mice, there were subtle regional size differences observed at early stages. The reduced
cortical and hippocampal areas at 3 weeks suggest that AAK1 is involved in
neurodevelopmental processes specific to these brain regions during early postnatal
development. These changes might also imply a temporal regulation where AAK1 activity is
more crucial during specific windows of neuronal differentiation and growth, particularly in
areas important for cognitive functions like memory and learning. Immunohistochemical
analysis of cortical and hippocampal sections showed no major alterations in the distribution
of neurons, astrocytes, or progenitor markers between WT and KO animals. This suggests that
AAK1 deficiency may not drastically affect early neuronal differentiation or glial development
but may instead influence other aspects of neuronal maturation or synaptic integration that
could lead to the observed changes in brain structure. Additionally, the observed phenotypes
in both brain and body weight could be attributed to impairments in CME. CME components
are known to control mitotic progression independently of their classical roles in endocytosis,
localizing to the centrosome or mitotic spindle to regulate spindle morphology and cytokinesis
(Camblor-Perujo et al 2024, Lehtonen et al 2008, Olszewski et al 2014, Royle, Bright &
Lagnado 2005). The reduction in body weight observed in AAK1 KO animals is also consistent
with previous findings from AP-2u KO models, which indicate that impairments in the AP-2

complex can influence overall development (Kononenko et al 2017).

AP-2 is a well-known target of AAK1-mediated phosphorylation, playing a crucial role in CME
(Conner & Schmid 2002). In AAK1 KO mice, AP-2a and AP-2u levels were significantly
downregulated at both 6-week and 12-week time points. This is consistent with AAK1’s
established role in stabilizing AP-2 components through phosphorylation (Conner & Schmid
2002, Ricotta et al 2002). Moreover, the level of CHC, a key endocytic protein, remained
unchanged, indicating that the loss of AAK1 selectively affected AP-2 components rather than
the entire CME machinery which is in line with a study showed that AP-2 subunits contribute

independently to SV endocytosis (Gu et al 2013). Immunostaining of primary cultured neurons
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from KO mice showed a substantial decrease in AP-2a levels in MAP2-positive dendrites, and
a decreased internalization of Tfn 488. This decreased endocytosis efficiency directly supports
a critical role for AAK1 in CME, particularly in neurons where synaptic vesicle recycling relies

on efficient endocytosis (Kononenko et al 2014, Slepnev & De Camilli 2000).

To understand whether neuronal function of AAK1 differs or results in different consequences
we also created cKO AAK1 under CaMKIla promoter which is expressed primarily in excitatory
neurons of the forebrain (Dragatsis & Zeitlin 2000). The growth curve indicates that AAK1 cKO
mice exhibit lower body weights compared to their WT counterparts, similar to the global AAK1
KO phenotype. This reduction in body weight could be indicative of a systemic influence of
AAK1 on metabolic processes or neuronal circuits that regulate growth and body weight. The
femur length in cKO mice is slightly shorter, approaching significance. In the global KO model,
the reduction in femur length was not significant. This suggests that the growth phenotype
observed in the global KO may be partially due to non-neuronal effects, as the impact on femur
length is exaggerated when AAK1 is knocked out specifically in neurons. It has been known
that bone remodeling is a complex process regulated by various factors, including endocrine,
paracrine, mechanical, and, more recently, neuronal influences. Interestingly, multiple
neurodegenerative diseases, such as AD, PD, epilepsy, and autism spectrum disorders, have
been associated with decreased bone marrow density (Ducy et al 2000, Kelly, Sidles & LaRue
2020, Takeda et al 2002). This suggests a potential link between neurological health and bone
integrity. For future investigations, incorporating bone marrow density measurements
alongside femur size assessments could provide a more comprehensive understanding of the

phenotypic characteristics and help clarify how AAK1 impacts bone physiology.

AAK1 cKO mice have a significant reduction in lean mass and an increase in water percentage.
Interestingly, there was no significant difference in fat content. In global KO mice we did not
observe any significant change in MRI results. This might suggest that the neuronal function
of AAK1 contributes to body composition, possibly via neuroendocrine signaling that influences
lean body mass. Endocytosis, particularly CME, is critical for regulating receptor availability at
the cell surface, which in turn influences signaling cascades that control cellular growth,
proliferation, and differentiation (Puthenveedu & von Zastrow 2006, Sorkin & von Zastrow
2009). CME facilitates the internalization of receptor tyrosine kinases (RTKs) like the insulin
receptor and epidermal growth factor receptor (EGFR) (Goh & Sorkin 2013, Gur G 2000,
Sorkin & von Zastrow 2009, Yoneyama et al 2018). RTKs are central to many pathways that
regulate growth and metabolism. When internalized through CME, these receptors can be
either degraded or recycled, determining the strength and duration of their downstream
signaling. AAK1’s regulation of AP-2-dependent endocytosis thus allows precise control over

RTK signaling, and disruptions in this mechanism could lead to altered cellular responses to
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growth factors, contributing to metabolic changes (Goh & Sorkin 2013, Gur G 2000). Analysis
of the cortex area and gross morphology did not reveal significant changes in the cKO
compared to WT. This is in contrast with the global KO, where cortical thinning was observed,
suggesting that cortical thinning may be largely driven by non-neuronal effects or requires

AAK1 in both neurons and glial cells to manifest.

There is a marked reduction in AP-2a levels in the cKO brain, similar to what was seen in the
AAK1 KO model. Given that AP-2a is a critical component of CME machinery, this decrease
supports AAK1's role in regulating endocytosis within neurons. In contrast to AP-2a, AP-2u
and CHC levels are not significantly altered in the cKO compared to WT. This could indicate
that AP-2u and CHC are regulated by AAK1 in non-neuronal cells, or that their regulation
requires AAK1 activity across a broader cell population than just excitatory neurons. Given
AAK1's known role in phosphorylating adaptor proteins to regulate CME, its neuron-specific
deletion and the reduction in AP-2a may indicate a direct effect on synaptic vesicle cycling,

which is essential for neurotransmission (Asmerian et al 2024, Gu et al 2013).

In OF experiments both global and cKO mice showed clear differences in movement patterns
between WT and KO mice. WT mice exhibit more uniform exploration of the arena, whereas
global KO mice have erratic, disorganized movement. Both mouse lines exhibit hyperactivity,
but it is much more pronounced in the global KO. This hyperactive behavior in the OF is
consistent with increased exploratory drive and potential deficits in controlling impulsive
movement, which are commonly observed in hyperactivity models (Lalonde & Strazielle 2009,
Langford-Smith et al 2011, Radyushkin et al 2009). This neuron-specific effect is particularly
significant, as it implies that AAK1 function in the brain is central to the regulation of locomotor
activity and anxiety-like behavior. Important to emphasize before continuing, the less severe
hyperactivity phenotype of cKO compared to the global KO suggests that AAK1 functions in
both neuronal and non-neuronal cells might contribute to the regulation of movement and
exploratory behavior. Hyperactive phenotype observed in AAK1 KO mice aligns well with
characteristics of attention-deficit hyperactivity disorder (ADHD) and ASD (Martinez-Morga et
al 2018, Waldren et al 2024), particularly in the way that ADHD is often linked to synaptic
dysfunction (Dark, Homman-Ludiye & Bryson-Richardson 2018) and altered dopaminergic
signaling (Schneider et al 2006). Given that AAK1 influences endocytic processes, including
synaptic vesicle recycling, it's plausible that its loss may lead to altered synaptic transmission
and hyperactive behavior. This is in line with literature where AAK1 was identified as one of
the "hub genes" in a gene co-expression network analysis, showing high significance
particularly in the context of major depressive disorders (MDD) and adult ADHD (de Jong et al
2016).
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Additionally, a recent study highlighted that variants in MARK2 cause ASD, with Mark2-
deficient mice exhibiting specific behavioral alterations, including social deficits, stereotyped
behavior, and anxiety—key features of ASD found in individuals with these variants (Gong et
al 2024). Given our findings of altered MARK2 phosphorylation and localization in the AAK1
KO model, it is possible that these changes contribute to the observed phenotype. This
connection between AAK1 and MARK2 could imply an interplay affecting not only motor control

but also behaviors related to ASD.

Studies on ASD often indicate changes in synaptic density, displaying hyperconnectivity or
impaired synaptic pruning (Eltokhi et al 2020). In our AAK1 KO model, increased ATG9A
accumulation and altered autophagic flux could indicate disruptions in synaptic maintenance

processes and this may affect the synaptic density.

The beam walk motor coordination test is an excellent tool for assessing motor function,
specifically focusing on balance and coordination. Here animals were subjected to beams in
different thicknesses (25mm, 12mm and 5mm). As the thickness of the beam decreased, the
number of slips increased drastically, especially on the 5 mm beam in both KO groups
compared to WT littermates. However, for the other beams AAK1 cKO mice showed a similar,
though milder trend when compared to the global KO mice. Interestingly, the less pronounced
effect in the cKO mice compared to the global KO mice may suggest a compensatory
mechanism in other cell types that helps maintain overall motor function or AAK1 function in
multiple cell types may be required for precise motor coordination. Role of glial cells in synaptic
plasticity and regulation might be worth to discuss in this context (Halassa & Haydon 2010,
Henstridge, Tzioras & Paolicelli 2019). The AAK1 KO mice did not display any deficits in the
rotarod test. In this context, it appears that in the beam walk test, which is more sensitive to
subtle motor deficits and requires precise paw placement and posture control to traverse a
narrow beam, the KO mice demonstrated a significantly increased number of foot slips
compared to WT controls, indicating impaired motor coordination or a deficit in motor planning.
This discrepancy between the rotarod and beam walk results suggests that while the core
aspects of motor coordination remain intact (as evidenced by the rotarod), the AAK1 KO mice
may have impairments in motor precision or planning, which are more apparent in tasks that
require fine motor adjustments, such as the beam walk. These findings imply that AAK1 may
play a role in regulating specific components of motor control, particularly those involving more
precise, goal-directed movements that depend on the integration of sensory feedback, rather

than general motor balance.

To sum up, these findings reveal that AAK1 depletion impairs motor coordination and balance,

particularly under challenging conditions. As a complementary data to motor deficit phenotype,
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we did not observe any anatomical changes in cerebellum or in Purkinje cells. However, slight
p62 accumulation in cerebellum indicates some dysregulations or a link between AAK1 and
autophagy. Interpretation of accumulated p62 is enigmatic while some papers showed that
knock-down of it causes locomotor deficits and motor neuron axonal defects in ALS/FTLD
(Lattante et al 2014) some others indicated accumulation of it accelerates the disease like in
ALS (Gal et al 2007, Mitsui et al 2018).

3. AAK1 regulates autophagy

Our autophagic flux experiment indicated impaired autophagasome formation due to non
responsive state of LC3B-Il upon starvation and BafA1 and CQ treatment in neurons and
synaptosomes respectively. This result may be related to AAK1's role in endocytosis, as it can
modulate various protein trafficking processes, some of which overlap with autophagic
machinery. Inhibition of CME causes defective autophagosome formation, which is associated
with impaired uptake of plasma membrane into autophagic precursors and autophagosomes
(Ravikumar et al 2010). Endocytic pathways and trafficking is often linked to autophagy (Bera
et al 2020, Kononenko et al 2017, Overhoff, De Bruyckere & Kononenko 2021), particularly
through the recycling of membrane components and regulation of signaling pathways that
promote autophagy, including receptor tyrosine kinases and mTOR signaling (Birgisdottir &
Johansen 2020, Tooze & Yoshimori 2010).

ATGOA is a critical regulator of autophagosome formation, and its function is essential for
supplying membranes to the expanding phagophore, an essential precursor to
autophagosomes (Yamamoto et al 2012). This upregulation of ATG9A could suggest a
compensatory response to the impaired autophagic flux seen in the KO neurons and
synaptosomes. When autophagy is inhibited, cells often upregulate essential autophagy
proteins in an attempt to counterbalance the loss of functionality in the pathway (Matsunaga
et al 2009). In this case, the increase in ATG9A in synapse might represent the cells attempting
to increase autophagosome formation to counteract the impairment seen in autophagic flux,
which could be particularly exacerbated as the mice mature. This might explain why an
increase is observed at 12 weeks rather than 6 weeks of age, since 12-week-old mice are
closer to a mature adult stage, where synaptic and metabolic demands are greater, thus

necessitating effective autophagy (Nazir et al 2018, Stdhof 2013).

The developmental expression pattern of AAK1 is another critical point that ties into the
regulation of ATG9A and autophagy. Since AAK1 expression peaks around 12 weeks in the
cortex, aligning with the observed increase in ATG9A levels in the KO mice. This could suggest

that AAK1 may play a role in maintaining the homeostasis of ATG9A levels during this critical
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developmental period. The loss of AAK1 appears to disrupt this balance, resulting in

dysregulated autophagy, as reflected by the altered ATG9A expression levels.

ATG9A-containing vesicles are known to traffic from the plasma membrane to recycling
endosomes, where they fuse with ATG16L1 vesicles to regulate autophagosome formation
(Puri et al 2013). In this context, the increased colocalization of ATG9A with VGLUT1, along
with the elevated number of autophagosomes observed in EM analysis, suggests a possible
misdirection of ATG9A-containing vesicles toward synaptic regions, potentially due to impaired
trafficking or regional accumulation due to the impairment in PM retrival. Notably, our
immunoblot analysis showed that ATG9A accumulation is present in the KO synaptosome
fraction but not in the KO cytoplasmic fraction. This finding implies that the issue may not be
related to anterograde trafficking but rather retrograde transport. It is likely that these vesicles
become trapped within the synaptosome and are unable to effectively move back towards the
soma. To investigate this possibility further, live imaging experiments focusing on the trafficking
of ATG9A vesicles could be conducted to directly observe their dynamics. Additionally, synaptic
vesicle purification could also provide valuable insights. It has been shown that ATG9A vesicles
are enriched in synaptic regions and resemble SVs in their structure and composition, yet they
have distinct biochemical properties. According to Binotti et al. (Binotti et al 2024), ATG9A-
containing vesicles are enriched with proteins involved in CME, such as EPN1/Eps1, EPS15,
and EPS15L1, as well as components of the AP-2 complex. Notably, these vesicles are
depleted in V-ATPase, suggesting they do not acidify, which makes them biochemically distinct
from other post-Golgi trafficking vesicles. Importantly, a study in C. elegans showed that ATG9-
containing vesicles undergo exo-endocytosis at synapses in an activity-dependent manner
(Yang et al 2022). These studies support the concept that ATGOA vesicles might represent a
specialized pool in synapses, distinct from Golgi-derived ATG9 vesicles, and may undergo
independent cycles of endo- and exocytosis regulated by synaptic activity. Thus, ATG9A
vesicles at synapses could be differentially requlated compared to their Golgi counterparts,
and this specialized role might be regulated through alternative endocytic mechanisms. AAK1
could potentially contribute to these processes by modulating the dynamics of ATG9A
trafficking at the synapse. Another parallel and plausible explanation or idea to take into
consideration is that these ATG9A vesicles accumulate abnormally at endocytic intermediates,
as previously reported (Yang et al 2022). This suggests that the issue may lie in the recycling
or maturation steps rather than in the initial trafficking. The correlation between these changes
and the developmental peak of AAK1 expression emphasizes the role of AAK1 in regulating
both synaptic maintenance and autophagic processes. Dysregulation of AAK1 could disrupt
this balance, leading to impaired autophagic flux and improper synaptic vesicle recycling,

ultimately contributing to synaptic dysfunction and reduced neuronal resilience. Future
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experiments could further elucidate how AAK1 activity modulates ATG9A trafficking and
whether restoring this balance could mitigate the synaptic deficits observed in AAK1 KO

models.

Lastly, in our synaptosome proteomic analysis, we observed a striking prevalence of
upregulated proteins compared to downregulated ones. This pattern could point to several
underlying mechanisms. One possible interpretation is the accumulation of proteins within the
synapse, which may reflect impaired protein trafficking. Such trafficking problems could result
from disruptions in microtubule stability or motor protein function, which we observed in our D2

analysis, and could contribute to an altered distribution of proteins essential for synapse.

Another possibility is a deficit in protein degradation, which may be linked to impaired
autophagic or proteasomal pathways. Given the increased number of Avs observed in AAK1
KO synapses, it is plausible that the upregulated proteins represent a backlog of material that
is failing to be efficiently degraded. This impaired autophagic flux could lead to the
accumulation of proteins that normally undergo synaptic recycling, thereby contributing to an

imbalance in the synaptic proteome.

Lastly, the increased levels of proteins might also result from heightened protein synthesis,
possibly as a compensatory response to synaptic dysfunction. It is conceivable that the cells
are attempting to counterbalance deficits in synaptic proteins due to either loss of function or
mislocalization. This hypothesis aligns with the increased levels of translation-associated
pathways that we observed in the synaptosome proteomic data. While it is difficult to
distinguish between these possibilities definitively, the combination of our biochemical and
proteomic findings suggests that AAK1 plays a significant role in maintaining the equilibrium of

synaptic protein turnover—by regulating both protein trafficking and degradation processes.

The notable imbalance in the proteome, with significantly more upregulated than
downregulated proteins, highlights a broader dysregulation within synaptic compartments. This
dysregulation may contribute to synaptic instability and functional decline, particularly in the
context of impaired autophagosome trafficking and disrupted microtubule dynamics, both of
which were evidenced by our data. The failure to maintain a homeostatic balance of proteins
within synapses could ultimately contribute to the neurodegenerative phenotypes observed in

AAK1 KO models, including synaptic vesicle loss and altered synaptic function.

4. AAK1 regulates microtubule dynamics and vesicular trafficking via MARK2

phopshorylation
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OMICs data, live cell imaging and fractionatiotion of subcellular organelles (synaptosome,
cytosol, plasma membrane etc) showed that AAK1, through MARK2 phosphorylation might
regulate trafficking dynamics which is critical to synaptic function. This connection could
provide a new perspective on how AAK1 deficiency might lead to cellular or synaptic

dysfunction, especially in the context of autophagy and neurodegeneration.

MARK?2 is known to contain a conserved KA1 domain, which is a membrane-targeting domain
involved in localizing the kinase to specific subcellular regions, including the plasma membrane
(Moravcevic et al 2010). This study is, therefore, consistent with the idea that AAK1-mediated
phosphorylation helps recruit or stabilize MARK2 at the membrane. The importance of MARK2
for microtubule stability and dynamics, particularly within neurons, has been extensively
documented (Caiola et al 2024, Han et al 2024a, Mendoza et al 2024, Sapir et al 2008, Wu et
al 2011). Its role in organizing the cytoskeleton by phosphorylating MAPs suggests that altering
its localization could have downstream consequences on cytoskeletal and synaptic dynamics
(Chin et al 2000, Drewes et al 1997, Sanchez, Diaz-Nido & Avila 2000).

The decrease in MARK2 localization to the plasma membrane upon AAK1 inhibition could
indicate that AAK1 is necessary to promote the recruitment of MARK2 potentially through
phosphorylation-dependent manner, perhaps to facilitate microtubule anchoring at the synapse
and subsequent vesicular transport. This is in line with previous observations of microtubule
regulation at synaptic terminals to ensure efficient endocytosis and recycling of synaptic
vesicles (Parato & Bartolini 2021, Sakakibara et al 2013). Loss of AAK1 may impair MARK2
localization, reducing its ability to interact with and phosphorylate MAPs, ultimately affecting
dendritic stability. This aligns with studies showing that deregulation of MARK2 can disrupt
dendritic spine morphology and synaptic function (Hayashi et al 2011). Immunofluorescent-
based analysis that we performed to understant the affect of mislocalization of MARK2 on
microtubule and trafficking dynamics indicated reduction in D2 levels highlights a shift towards
a more dynamic, less stable microtubule state in the dendritic compartment. Microtubule
stability is critical for cellular transport and synaptic plasticity, and disruptions can impair
neuronal connectivity (Conde & Caceres 2009, Song & Brady 2014). Given that hippocampal
and cortical regions are essential for memory and cognition, these findings could imply that
AAK1 depletion disrupts neuronal function by compromising microtubule stability in key regions
involved in learning and memory. In AD, increased level of D2 may serve as a compensatory
response (Peris et al 2022, Vu et al 2017), whereas in AAK1 KO, the absence of this
compensatory stabilization suggests an intrinsic vulnerability due to impaired MARK2 activity
and localization. The lack of change in acetylated tubulin (even though we have a decreased
trend in axon and soma it is not significant, likely to prevent a complete collapse of microtubule

integrity) suggests that while the overall microtubule stability is disrupted, as indicated by delta-
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tubulin levels, specific compartments retain their stability or compensate for the loss of delta-
tubulin. Acetylation is associated with microtubule resilience (Portran et al 2017, Xu et al 2017)
thus this data may represent compensatory mechanisms since reduction in acetylated tubulin
(Hempen & Brion 1996) and increased level of Histone deacetylases (HDACs) in AD mouse

brain (Ding, Dolan & Johnson 2008, Govindarajan et al 2013) related to disease pathology.

In cultured neurons, we observed an increase in D2 tubulin in MAP2-positive neurites, which
is indicative of less dynamic microtubules. This finding aligns well with the decreased velocity
of both EB3 comets and LC3 puncta in AAK1 KO neurons, suggesting reduced microtubule
dynamics. D2, which represents a detyrosinated form of tubulin, tends to accumulate on stable
microtubules, indicating that microtubules in AAK1 KO neurons are shift towards a less

dynamic state.

The discrepancy between the increased D2 levels in dendrites of cultured neurons versus
decreased levels in brain sections could reflect the different microenvironments. In primary
culture, neurons are isolated from their native environment, and they might not fully recapitulate
the mature signaling environment that exists in a living brain. In the context of the in vivo brain,
complex extracellular signaling and intercellular interactions tightly regulate microtubule
dynamics. Elevated AAK1 levels in the mature brain might exert a more significant effect on
MARK2-mediated pathways, resulting in fine-tuning of microtubule stability to facilitate mature
synaptic function. Loss of AAK1 in the mature cortex could lead to dysregulation of these
pathways and reduced D2 stabilization. Another thing, in the mature cortex (12-week-old),
elevated AAK1 levels may exert a more nuanced regulation on microtubule stability through
interactions with MARK2, leading to differential regulation of D2 that is compartment-specific.
Loss of AAK1 might disrupts this regulation more dramatically in this age which is line with
AAK1 abundancy in the brain over the time, resulting in lower levels of delta-tubulin and likely
contributing to dendritic instability and synaptic dysfunction. As a part of microtubule related
data it is worth to emphasize downregulated “neurofibrillary tangles” (NFT) and upregulated
“microtubule minus ends” in cellular components pathway analysis from synaptosome
phopshoproteomic dataset. NFTs are abnormal aggregates composed primarily of
hyperphosphorylated tau protein, which have been widely characterized as a central hallmark
of AD pathology (Grundke-Igbal et al 1986). Their presence is typically associated with
impaired synaptic function and neuronal loss (Colom-Cadena et al 2023, Jadhav et al 2015,
Zhou et al 2017b). This upregulation might indicate a tendency for pathological tau
accumulation in AAK1 KO synapses. Since AAK1 is linked to endocytic regulation, it is possible
that impaired endocytosis or vesicular trafficking could exacerbate tau accumulation and its
aggregation into tangles. Downregulation of “microtubule minus-end” in components might be

indicative of impaired microtubule stability in the AAK1 KO condition. In healthy neurons or
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under normal physiological conditions, tau protein stabilizes microtubules. However,
hyperphosphorylation of tau reduces its ability to stabilize microtubules, leading to microtubule
destabilization and fragmentation (Barbier et al 2019, Wang & Mandelkow 2016). This loss of
stability at the microtubule minus-end may result in compromised microtubule function, leading
to deficits in the retrograde and anterograde trafficking of synaptic components. The inability
to properly stabilize microtubule minus-ends may also hinder the attachment and regulation of
key motor proteins, such as dynein and kinesin, ultimately impairing the transport of synaptic
vesicles and AVs. Together, the presence of upregulated NFTs and the downregulation of
microtubule minus-end components highlight a critical intersection of impaired microtubule
stability and pathological tau aggregation. This intersection is likely to exacerbate synaptic
dysfunction in AAK1 KO model. Disrupted synaptic vesicle recycling and impaired trafficking
of autophagic components could further contribute to the buildup of misfolded proteins and the
formation of NFTs, leading to synaptic degeneration. This aligns with models of AD in which
synaptic dysfunction is one of the earliest detectable features, occurring well before
widespread neuronal loss (Selkoe 2002). The synaptic accumulation of hyperphosphorylated
tau and subsequent formation of NFTs may therefore represent a key mechanism by which
AAK1 loss leads to early synaptic vulnerability, potentially contributing to a cascade of

neurodegenerative events.

This highlights a temporal and spatial regulation where AAK1 is critical for modulating
microtubule stability, ensuring that cortical and hippocampal neurons/synapses maintain the

proper balance of stable versus dynamic microtubules during development.
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VI. Closing remarks

This study aimed to understand the role of AAK1 in the brain by shedding light on its
localization, cell-type specific distribution and its novel substrates that may play a role in
signaling and overall neuronal health. We demonstrated that the lack of AAK1 in both global
and cKO mice resulted in a consistent phenotype characterized by hyperactivity, reduced body
size and motor deficits. Although both models displayed similar deficits, the cKO mice showed
relatively milder impairments, particularly in beam walk performance, suggesting that non-
neuronal sources of AAK1 could modulate the severity of these phenotypes. One important
takeaway is that AAK1 is predominantly expressed in neurons, as evidenced by the significant
reduction in AAK1 levels observed in the cortex lysates of cKO mice, which targets CamKlla-
positive excitatory neurons. The observed 80% reduction in AAK1 in the cortex suggests that
its expression is primarily localized in CamKlla neurons. The remaining AAK1 expression,
potentially accounting for 15-20%, might be found in inhibitory neurons or glial cells. This
finding raises a fundamental question: what is the role of AAK1 in other cell types, and how
might these cells contribute to the observed phenotypes or mechanisms? Future studies
focusing on inhibitory neurons and glial cells may provide valuable insight into their contribution
to AAK1-related functions. Our exploration of the synaptic and subcellular roles of AAK1
revealed several key functions that go beyond traditional CME pathways. The proteomics data
led us to identify MARK2 as a promising novel substrate of AAK1, and further analyses
indicated that AAK1 regulates MARK2 localization specifically at synaptic plasma membranes.
This regulation appears to be vital for microtubule stability, synaptic plasticity, and
autophagosome trafficking. We observed that in the absence of AAK1, MARK2 was less
effectively localized to synaptic plasma membranes, which had a cascading effect on
microtubule post-translational modifications, specifically impacting D2 levels. This
dysregulation likely underlies the impairments in motor behavior and synaptic integrity that

were observed in AAK1 KO models.

The observation of increased autophagosome accumulation, particularly in synaptic regions,
along with reduced synaptic vesicle numbers, underscores a role for AAK1 in synaptic
autophagy. The age-dependent expression of AAK1, which peaks at 12 weeks and coincides
with a critical period of synaptic refinement, suggests that AAK1 might be particularly important
for maintaining synaptic homeostasis during developmentally sensitive periods. The
upregulation of ATG9A in KO animals provides further evidence that AAK1 may help coordinate
autophagosome trafficking and vesicular dynamics, especially within the synaptic
compartment. This aligns with the observed impaired autophagic flux in cultured neurons

lacking AAK1, highlighting a broader role for AAK1 in autophagic regulation.
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These findings bring forward several questions and future directions. First, what are the precise
roles of AAK1 in non-neuronal cells such as astrocytes or microglia? Addressing this could
help elucidate whether these cells contribute to the observed motor and behavioral
phenotypes. Second, how does the dysregulation of autophagosome trafficking contribute to
synaptic dysfunction and neurodegeneration in the long term? The interplay between AAK1,
MARK2, and microtubule dynamics could be further explored to determine if pharmacological
modulation of these pathways might ameliorate synaptic deficits in neurodegenerative disease

models.

Finally, our work reveals that AAK1 is a key regulator of synaptic health, linking processes of
endocytosis, autophagosome trafficking, and microtubule regulation. Further research into the
diverse roles of AAK1 in specific brain regions, distinct neuronal populations, and different
developmental stages will be essential in fully understanding its contributions to both normal

brain function and disease.
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