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Summary

Summary

Following an injury in the adult central nervous system (CNS), axons fail to regenerate
because of repressed intrinsic growth competence and a cellular environment that lacks
growth support. Interestingly, injured axons of dorsal root ganglia neurons (DRG) can be-
come growth competent and regenerate under specific conditions. The molecular program
underlying their regenerative growth, however, has remained unclear. Thus far, studies of
growth and regeneration in DRG axons have focused on candidate- or pathway-specific
approaches or employed RNA sequencing for unbiased studies. However, transcriptomes
only weakly predict the actual proteome. Especially non-transcriptional mechanisms, such
as target degradation via autophagy or the proteasome or secretion of targets, can escape
such transcriptomic analyses. Consequently, we set out to investigate the proteome of
growing and regenerating DRGs. We used three previously published growth paradigms,
in which DRG axons switch between low growth with high branching, to elongating
growth with little branching. Proteomic analysis identified 39 proteins that inhabit the in-
tersection of these growth paradigms. An overexpression screen of the identified candi-
dates revealed multiple growth effectors. The largest growth effect was elicited by the cell-
surface proteoglycan Glypicanl (Gpcl), which has previously been implicated in devel-
opmental axon guidance in both mammals and invertebrates. Overexpression of Gpcl was
sufficient to induce axon growth in cultured neurons, where it can overcome the growth
inhibition conferred by chondroitin sulfate proteoglycans (CSPGs). Secretion of Gpcl to
the plasma membrane was necessary to bolster growth. Functional knock out of its heparan
sulfate binding domain indicated that Gpcl modulates cell-surface signalling receptors.
We demonstrated that Gpcl acts both autocrine and paracrine. Gpcl-overexpressing cells
confer growth competence to WT neurons via extracellular vesicles which label positive
for Gpcl. Further, we show that overexpression of Gpcl changes the whole- and phospho
proteome of the cell, to mirror a number of characteristics we found in the original growth
paradigms. Together these results reveal Gpcl as a promising candidate for growth activa-
tion, as it acts extracellularly to activate intracellular growth mechanisms, a challenge on
which many other growth activators fail. /n vivo studies will reveal the merit of Gpcl in

regenerating axons following CNS injury.
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Introduction

Introduction

Neurons are the wiring within the brain and the cables from our brain to our muscles. These
cables, in the form of axons and dendrites, span large distances, in humans up to 1 m
(Hagemann et al., 2022) — 50.000-fold of the diameter of many cells (Goethals and Brette,
2020)— and maintain their function from before we were born, hopefully, until we die
(Magrassi et al., 2013). This fact is even more impressive given that almost all neurons we
have are born during gestation (Gage, 2019). Thus, neurons are long-ranged and long-lived
cells that need to be carefully maintained, to provide function for up to a century or even
longer.

As neurons form the functional connections between cells, loss of neurons is typically
associated with a loss of function, be it cognitive, motor or sensory. As regeneration in the
central nervous system (CNS) is abortive (Ramon y Cajal, 1928), function once lost is
hardly ever reacquired. In the following chapters, I will lay out how neurons grow in de-
velopment and regeneration. I will discuss intra- as well as extracellular cues that modulate
axon growth, how these can be manipulated and and where gaps in our knowledge exist
that invite the identification of new growth modifiers. I will also discuss mass spectrome-
try-based proteomics as a main tool used in this thesis to interrogate cellular growth pro-
cesses and compare axon growth and regeneration to other cellular growth and migration
phenomena. Finally, I will give an introduction to Glypican 1 (Gpcl) the main growth-

enhancing molecule investigated in this thesis.
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Axon growth in development and regeneration

Almost all neurons are generated during gestation. They are typically derived from some
form of a progenitor cell, for which the neuron represents the terminal stage of differenti-
ation (Hobert, 2011). Initially, the immature neuron is symmetrical. It needs to break this
symmetry to establish neurites, which in most cases mature into one axon and multiple
dendrites. This process can either be post-migratory, i.e., occurring after the progenitor cell
has migrated to its final destination (Serbedzija et al., 1990), or co-occur with migration
(Namba et al., 2014). In both scenarios, the breaking of symmetry is a non-random process
which is highly regulated, yet not fully understood. Both intra- and extracellular cues in-
fluence when neurites begin to form and which neurite becomes the axon, destining the
remaining neurites to become dendrites (Alfadil and Bradke, 2023). While specific regu-
latory cues will be discussed in a later chapter, the main intracellular effector of neuronal
polarization is the cytoskeleton (Tahirovic and Bradke, 2009). Broadly, the cytoskeleton
consists of three key polymers, filamentous actin, microtubuli (MT) and intermediate fila-
ments. Since actin and MT are the most researched in the context of neuronal polarization
and axon growth, I will focus on them in this introduction. As the molecular scaffold of
the cell, these two highly dynamic structural proteins allow for cellular morphogenesis.
The molecular structure and key interactors of these filaments will be discussed in a later
chapter. Initially during neuronal polarization, filopodia and lamellipodia formed by fila-
mentous actin, push out in a stochastic manner from the round cell body, bulging out the
plasma membrane (PM), to allow for the penetration of MT (Flynn, 2013; Schelski and
Bradke, 2017). Consequently, this very early step of axon initiation requires a malleable
actin network and stable MT. Such MT are then bundled, stabilizing the MT array even
more (Dent et al., 2011). The initial protrusions then form growth cones, the neurite’s
sensing organ as well as the steering unit through the extracellular environment. Much
focus has been directed to the question whether the growth cone is propelled forward from
the axon shaft or whether it is pulling itself through its surroundings, the latter being the
prevailing theory for over thirty years (Lin et al., 1994; Mitchison and Kirschner, 1988).
In this model, cellular adhesions form anchor points, by which the growth cone wrenches
itself forward. Only recently, advances in imaging techniques and culturing systems, al-
lowed our group to thoroughly investigate growth cone motility in a 3-dimensional culture
model that more closely resembles the conditions found in vivo, providing data, that hip-

pocampal neurons move in an amoeboid fashion, being pushed by the extension of MT

12



Introduction

(Santos et al., 2020). If this holds true for other types of neurons or in other environments,
especially in vivo, will have to be investigated.

Whether pushing or pulling, it has been observed that the elongation of a newly formed
axon is related to a myriad of changes in the cytoskeleton. Axons are unique in the aspect
that they orient almost all MT plus-end-out, meaning with the growing MT tip facing the
growth cone (Burton and Paige, 1981; Heidemann et al., 1981). Furthermore, MT of the
future axon are more stable than those of neurite who become dendrites (Witte et al., 2008).
Interestingly, both stability, as well as MT retrograde flow, a recently found phenomenon
reported by our group and others (Burute et al., 2022), seem to play a role in the establish-
ment of a single axon (Schelski and Bradke, 2022). While MT retrograde flow is a recently
observed phenomenon and thus, we are yet largely lacking the tools to manipulate it, MT
stability can and has been manipulated to affect axon growth. Pharmacological stabiliza-
tion of MT can lead to the formation of supernumerary axons (Witte et al., 2008) and
increased regeneration in spinal cord injury (SCI) (Ruschel et al., 2015a; Stern et al., 2021).
Conversely, while axonal MT need to be stable for growth, axonal actin filaments need to
be malleable and increasing actin stability hinders axon growth (Bradke and Dotti, 1999).
The prevailing theory argues that dynamic actin allows for the penetration of MT, while a
rigid actin mesh restricts MT (Coles and Bradke, 2015). Consequently, growing and re-
generating axons present more dynamic actin and manipulations to reduce actin stability
positively affect axon regeneration (Bradke and Dotti, 1999; Tedeschi et al., 2019).

Thus, the cytoskeleton is the main effector of axon growth. Most molecules that affect
axon growth in some way signal down to the cytoskeleton (Huber et al., 2003). Of course,
other processes, such as the availability of energy in the form of adenosine triphosphate
(ATP) or the availability of membrane lipids are necessary for growth but not sufficient to
induce it. However, changes in the cytoskeleton are sufficient to induce axon formation,

growth and regeneration.
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Cytoskeletal organization in growth and regeneration

Both MT and actin stability are regulated by a seemingly endless list of interacting pro-
teins. In general, as the cytoskeleton is omnipresent in the cell, a significant proportion of
cellular processes involves the cytoskeleton. Thus, it can sometimes be difficult to distin-
guish if a protein facilitates an interaction with the cytoskeleton, or if that protein directly
affects the cytoskeleton, or both. Here, I will discuss actin and MT modifications as well
as modifying proteins, and the signalling cascades upstream of cytoskeleton modifications

and how they affect growth.

Actin modifying proteins

Actin dynamics are a key factor in axon growth and regeneration. Filamentous actin is
made up of monomeric globular actin subunits, which are bound non-covalently into a
double-helical filament. In theory, actin filaments can self-nucleate anywhere in the cell,
when three actin monomers bind and form a seed. This process, however, is kinetically
disfavoured for the many actin binding proteins (ABP) that regulate seeding
(Chandrasekaran et al., 2022). Actin filaments in the axon are nucleated off of stationary
endosomes (Ganguly et al., 2015), focal adhesions (Chacon et al., 2012) or existing actin
filaments (Mullins et al., 1998). A newly formed filament can now grow, branch, disas-
semble or be severed. While actin monomers can self-assemble onto filaments, addition of
subunits to a filament is 5-10x faster when facilitated by formins (Pollard, 2007; Romero
et al., 2004). The only known actin filament branching factor is the actin-related protein
(Arp)2/3 complex. Upon recruitment via cortactin, it binds a mother filament and nucleates
a daughter filament in a 70° angle. By remaining at the branch site, the Arp2/3 complex
mechanically stabilizes the branch point (Liu et al., 2024; Rouiller et al., 2008). A highly
branched actin mesh is mechanically more stable, thus restrictive to growth, by hindering
the advancement of microtubules (Forscher and Smith, 1988; Schaefer et al., 2008). De-
stabilizing the actin mesh is mainly achieved via disassembly or severing of filaments.
These two processes are highly related via a large number of ABPs. Unbranched axonal
actin filaments undergo treadmilling, by polymerizing at their barbed end and depolymer-
izing at the minus end. ATP-bound monomers preferentially bind the barbed end. While
bound to ATP, these monomers stabilize the filament. Is ATP hydrolysed to adenosine
diphosphate (ADP), via the actin monomers’ inherent ATPase activity, the filament be-

comes less stable and thus more likely to depolymerize (Kudryashov and Reisler, 2013).
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The equilibrium between these two processes determines whether a filament grows or
shrinks.

The disassembly rate can be influenced by capping proteins and severing enzymes. While
capping proteins, such as actin capping protein (CP), stabilize the barbed end, they also
hinder the addition of new monomers to the filament, thus shifting the equilibrium towards
disassembly. Severing enzymes, such as actin depolymerizing factor (ADF) or Cofilin
family proteins, cleave a filament, thus creating two new filaments. These new shorter
filaments are more likely to depolymerize. Severing of filaments can also decrease the
branchedness of the mesh, thus potentiating the destabilizing effect of filament severing.
As less stable actin networks are more conducive to growth, ADF/Cofilin mediated actin

turnover promotes axon growth and regeneration (Tedeschi et al., 2019).

Microtubuli modifying proteins

MT are larger, more stiff filaments compared to actin. They are formed from protofila-
ments made up of pairs of a- and B-tubulin heterodimers. 13 protofilaments combine into
one microtubule, which is, as the name implies, a hollow structure (Ledbetter and Porter,
1964). MT nucleation is an active field of research and not fully elucidated. Principally,
MT nucleate off of MT organizing centres (MTOC), which include the y-tubulin ring com-
plex (y-TuRC). The most well studied MTOC is the centrosome. In the centrosome, mul-
tiple y-TuRCs nucleate MT which grow plus-end-out toward the axon tip. Another MTOC
is calmodulin-regulated spectrin-associated protein 3 (CAMSAP3), which nucleates MT
acentrosomally (Meng et al., 2008). Which MT nucleation strategy is utilized is cell-type
and task-specific and when and why cells prefer one mechanism over the other is not fully
elucidated. For example, in the CNS, neurons rely on centrosomal MT nucleation for mi-
gration, while it is dispensable for polarization (Vinopal et al., 2023). What types of MT
nucleation are employed in regeneration is still a topic of research.

Once nucleated, MT polymerize towards the plus end, which is often visualized by track-
ing fluorescently labelled microtubule-associated end-binding 3 (EB3), which binds the
plus-tip and is propelled forward upon polymerization, giving rise to “comets” in micros-
copy. While polymerization speed is largely constant, as long as a critical concentration of
tubulin subunits is maintained, catastrophe and pausing events are more highly regulated.
Catastrophe is the rapid disassembly of a MT. The polymerization speed, pausing rate, and
comet-lifetime, which is inversely proportional to the catastrophe rate, are the main factors

for analysing MT dynamics. Catastrophe starts from the plus-end and can dissolve the MT
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completely, or stop at stabilized positions along the MT (Tropini et al., 2012). MT stability
is orchestrated via the nucleotide binding state of the tubulin subunits, as well as post-
translational modifications (PTM). When incorporated, 3-tubulin subunits are guanosine
triphosphate (GTP) bound. These more stable subunits form a protective cap at the end of
the MT, protecting it from catastrophe. Only later on, the GTP in B-tubulin subunits hy-
drolyse to the less stable GDP bound state. This change in the bound nucleotide leads to a
change in the spatial conformation, weakening interactions between protofilaments and
therefore causes a disruption of the MT structure. As for stability modifying PTMs, acet-
ylation at lysine residue 40 (Hubbert et al., 2002; Piperno et al., 1987) as well as detyro-
sination are associated with higher stability, while tyrosination is viewed as a marker for
more dynamic MT (Webster et al., 1987). Interestingly, tyrosination is required for branch-
ing in both DRGs and cortical projection neurons (Barnat et al., 2016; Ziak et al., 2024),
underlining our view of branching and growth as being at least somewhat in opposition to
each other. Detyrosination has also been shown to be essential for the correct formation of
neural circuitry. The main detyrosinating enzyme is tubulin-tyrosine-ligase (TTL). Knock
out of TTL is embryonic lethal and leads to cortical malformation, highlighting the im-
portance of post-translational modifications for microtubule integrity and correct neural
development (Erck et al., 2005).

MT dynamics are furthermore modified by MT associated proteins (MAP). While the
term MAP lacks separation precision and is often applied to all kinds of proteins that in-
teract with M T, such as the aforementioned nucleating factors or motor proteins that traffic
cargoes along the MT, here we refer to MAPs mainly as those proteins, that affect MT
stability or bundling. For example, the Alzheimer’s disease related protein tau, has been
shown to be involved in the bundling of MT (Biswas and Kalil, 2018). Other MAPs in-
volved in bundling in axons are MAP1B, which has been implicated in growth and branch-
ing of DRGs (Bouquet et al., 2004) and Tripartite motif-containing protein 46 (Trim46),
which bundles correctly oriented MT in the axon initial segment, thus reinforcing axonal
identity (van Beuningen et al., 2015). Bundling further stabilizes MT. Another way to de-
stabilize MT are severing enzymes, the most prominent of which are Spastin and Katanin.
Interestingly, these preferably cleave MT at stabilized positions (Lacroix et al., 2010; Sudo
and Baas, 2010), creating two less stable filaments post-cleavage and thus appear as a key

regulator of MT stability.
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Cytoskeletal crosstalk

The crosstalk between actin and MT allows for cellular morphogenesis. I have already
discussed how a dense actin mesh hinders the progression of MT. However, actin in com-
bination with ABPs and MAPs can also contribute to the bundling and guidance of MT.
The ABP Drebrin for example also binds EB3, pulling elongating MT into dendritic spines
(Merriam et al., 2013), links actin filaments to MT in the formation of filopodia which turn
into neurites (Poobalasingam et al., 2022), and positions MT correctly for the delivery of
membrane components in astrocytes during scar formation in traumatic injury (Schiweck
et al., 2021). Another plus tip interacting protein that guides MT specifically in the axon
is Navigator 1 (NAV1). It crosslinks nonpolymerizing MT to filamentous actin in actin-
rich domains of the growth cone and thus stabilizes the MT array, contributing to axon
guidance (Sanchez-Huertas et al., 2020). Microtubule Actin Cross-linking Factor 1
(MACF1) is a giant scaffolding protein, which binds both actin filaments and MT, organ-
izing the structure of the actin mesh and facilitating proper neuronal development (Salem
and Fecek, 2023). Another prominent protein facilitating cytoskeleton crosstalk is tau.
Having both actin and MT-binding domains, it acts as a molecular linker and facilitates
the growth of actin filaments along MT (Elie et al., 2015), enabling MT bundling in the
process (Biswas and Kalil, 2018).

There are many more proteins that link actin and MT structures and their crosstalk is
tightly regulated and dependant on cell types, developmental stages and disease states
(Dogterom and Koenderink, 2019). This summary is intended to give an indication of how
complex the neuronal cytoskeleton is and how two systems that are often regarded as static

scaffolds dynamically interact to steer and enable cellular processes.

Signalling molecules

With this many moving pieces, a system as complex as the neuronal cytoskeleton must be
tightly regulated. Here, I will elucidate some of the signalling cascades that unravel inside
the cell. The extracellular triggers for these signalling cascades will be focus of the next
chapter.

If the cytoskeleton is the main effector of cellular morphology, Rho family GTPases are
the conductor of the cytoskeleton (Fig. 2). Three main protein sub-categories within the
Rho family modify the cytoskeleton at different stages of cellular polarization. These are
isoforms of Rho, Rac, and Cell division control protein 42 homolog (Cdc42). Interestingly,
Rho and Rac/Cdc42 act in an antagonistic manner, i.e., pathways that are inhibited by Rho
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are activated by Rac/Cdc42 (Stankiewicz and Linseman, 2014). This allows for fine-tuning
of cytoskeletal dynamics, by modulating Rho and Rac/Cdc42 activity. Indeed, all three
members of the Rho family GTPases have been implicated in axon guidance and genera-
tion as well as arborization of dendrites (Threadgill et al., 1997).

Rho activates p38 Mitogen-activated Protein Kinase (p38Mapk) (Zhang et al., 1995), c-
Jun N-terminal Kinase (JNK) (Teramoto et al., 1996) and Rho-associated coiled-coil-con-
taining protein kinases (ROCKs) (Schmandke et al., 2007). While p38Mapk and JNK af-
fect mainly transcription -which also might signal back onto the cytoskeleton- and facili-
tate Rho’s role in cell survival, ROCKSs are more directly upstream effectors of the cyto-
skeleton. ROCKs activate phosphatase and tensin homolog (PTEN), which, incidentally,
has been shown to be a major suppressant of axon regeneration (Park et al., 2008) and is
an upstream inhibitor of RAC-alpha serine/threonine-protein kinase (AKT) (Stankiewicz
and Linseman, 2014). AKT, via the inactivation of MT destabilizing factors including
GSK38, enables MT stabilization (Kim et al., 2022). Interestingly, stabilization of MT can
further activate AKT via an AKT/dynactin p150 complex which localizes to stable MT,
thus offering a feedback mechanism for MT stabilization (Jo et al., 2014) Additionally, by
phosphorylating Cyclase-associated protein 1 (CAP1), AKT modifies actin dynamics
(Vandermoere et al., 2007; Zhou et al., 2014). Furthermore, by hindering the expression
of cell death genes, AKT contributes to neuronal survival (Brunet et al., 2001). Thus, the
inhibition of AKT via Rho family proteins hinders axon growth. Recently, our laboratory
provided data that the effects of RhoA activation differ between cell types. In neurons,
RhoA activation via CSPGs lead to activation of Myosin II which compacts actin, thus
blocking MT protrusion in growth cones. In astrocytes, however, such RhoA activation
was shown to inactivate Yes-activated protein signalling via actin compaction, but inde-
pendent of MT.

Rac and Cdc42 activate Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), which
transfers signals via phosphorylated lipids, activating AKT. Interestingly, some forms of
lipid-phosphorylation also serve as an activator of Rac, thus enabling signal feedback
(Campa et al., 2015). Another avenue for signal amplification is Rac activation of p21-
activated kinases (PAK) (Johnson and D'Mello, 2005), which is also activated via the PI3K
pathway (Thillai et al., 2017). PAK then activates extracellular-signal regulated kinases
(ERK). ERK activation is beneficial to neuronal survival (Ley et al., 2003) and is involved
in axon growth and axon guidance (Hausott and Klimaschewski, 2019). Interestingly, how-

ever, ERK activation destabilizes MT, at least in tumour cell models (Harrison and Turley,

18



Introduction

2001). While it is unclear, that this holds true in neurons, this poses another fascinating
regulatory mechanism for the stability of dendritic and axonal MT. Per Harrison and
Turley, the destabilization of MT via ERK is dependent on the G-protein Ras, which in
neurons localizes to the soma and dendrites, but not axons (Pierret et al., 2001). Thus, ERK
might serve to reenforce axon identity by destabilizing the MT network of non-axonal
neurites.

Concluding, the neuronal cytoskeleton is a highly regulated ever dynamic system, influ-
enced by a long list of proteins, which regulate cell morphology. Together, they enable the
neuron to define and grow axons and dendrites and navigate the extracellular environment
to establish functional circuitry. To achieve this, the interplay of extracellular and intracel-

lular signalling is indispensable.
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Figure 2: Overview of Rho family GTPase protein signalling cascades.
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GTPase family proteins and can be both activating and inhibitory, depending on the exact receptor
makeup and receptor-ligand interaction. Solid lines indicate activation (arrows) or inhibition (blunt
ends) and are mostly indirect interaction, via intermediate phosphorylation targets. RhoA and
Rac/Cdc42 act antagonistic to each other. While the activation of Rac/Cdc42 leads to the downstream
activation of AKT, which activates axon growth and regeneration, activation of RhoA leads to the
downstream inhibition of AKT and growth cone collapse, hindering axon regeneration and neuronal

survival.
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Axon guidance during development via extracellular cues

A newly formed axon must navigate a complex and ever-changing environment to reach
its target area and successfully integrate into the neural circuitry. As discussed above, at
the same time, the cell body might also be migrating through different brain regions. Ac-
cordingly, the cell needs to sense its environment, while the environment must communi-
cate to the cell where it is and where to go. The cell’s sensing organ is the growth cone,
while the ECM communicates via extracellular cues (Alfadil and Bradke, 2023). Axon
guidance is a fine balance of attractive and repulsive cues. When a growth cone senses a
cue, that information is relayed to the cell via the signalling cascades affecting the cyto-
skeleton discussed above.

Guidance cues can be broadly categorized into long- and short-ranged. Long-range cues
are secreted by cells distal from the tissue they affect. They include diffusible factors such
as neurotrophins, growth factors, and ephrins, as well as ECM molecules like laminin.
Short-range cues operate within the local environment and are consequently expressed at
key points in development where special guidance is require, such as turning points
(Dorskind and Kolodkin, 2021; Myers et al., 2011; Stoeckli, 2018). Interestingly, some
molecules can function both as long- and short range cues, depending on their secretion
levels (Simpson et al., 2000). This introduces a key principle in axon guidance, concentra-
tion gradients. Gradients confer directionality by attracting or repulsing a growth cone ev-
ermore, the deeper into the gradient it penetrates. For example, the Netrin and sonic hedge-
hog (Shh) gradients at the floorplate of the spinal cord attracts commissural axons towards
the ventral midline (Sloan et al., 2015). From this turning point, another gradient emanates,
a slit gradient, that repulses axons (Farmer et al., 2008). This exemplifies another key fea-
ture of axon guidance, differential responsiveness to extracellular cues. While initially, the
commissural axons are attracted by Netrin and Shh and non-responsive to slit, at the floor
plate they alter their growth cone receptor pattern, which makes them repelled by slit, while
becoming less responsive to the formerly attractive cues (Sabatier et al., 2004).

A major family of guidance molecules are netrins. They act as both long- and short-range
cues and direct growth in the spinal cord and brain. Interestingly, netrins can be both at-
tractive and repellent cues, depending on the receptor pattern on the growth cone. Netrin-
1 attracts axon that present deleted in colorectal carcinoma (DCC) but repels those which
present Netrin receptor UncS, while different ratios between the two receptor types can

fine tune axon guidance (Kruger et al., 2004). Via interactions with cell membranes and
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ECM molecules, netrins have also been proposed as mechanotransductive guidance mole-
cules (Boyer and Gupton, 2018).

Semaphorins are a family of major repulsive cues and are among the first repulsive cues
to be identified (Kolodkin et al., 1993; Luo et al., 1993; Raper and Kapthammer, 1990).
This family, spanning more than 20 proteins, is involved in axon guidance in the brain and
spinal cord, as well as regulation of cellular morphology in the cardiovascular, immune
and reproductive system, the liver, kidney, lungs and muscles (Alto and Terman, 2017).
Semaphorins consist of soluble, GPI-anchored or transmembrane proteins which are de-
fined by a sema domain. These domains are also present on their main receptors of the
neuropilin and plexin families and facilitate the ligand-receptor interaction (Lu et al.,
2021). That interaction then signals onto RhoA, to modulate axon growth and cell motility
via modification of the cytoskeleton (Sun et al., 2012). Astonishingly, Semaphorins are
such a dominant repulsive cue, that they repel even highly growth competent conditioned
DRG axons and have consequently been theorized as a major restricting factor in spinal
cord regeneration (Pasterkamp et al., 2001).

Ephrins are a fascinating group of short-range cues. They are membrane-bound, largely
to neuroepithelial and neuronal progenitor cells during development and to neurons and
astrocytes in the adult (Homman-Ludiye et al., 2017; Stuckmann et al., 2001). They inter-
act with Eph receptors which are often expressed on the same cell types. Upon contact of
Ephrin- and Eph-expressing cells, a bidirectional signalling cascade is initiated, meaning
both cells receive a stimulus that can be attractive or repulsive (Egea and Klein, 2007).
This positions Ephrin-Eph interactions as a feedback tool in neural development, facilitat-
ing intra-cell-type crosstalk. Indeed, Ephrin-Eph signalling defects have been linked to
neurodevelopmental disorders, neurodegenerative disease as well as intellectual disability
(Rasool and Jahani-Asl, 2024). In neurons, Epherin-Eph singling relies on Rho family
GTPases to modify integrin-based cell adhesions (Davy et al., 1999; Davy and Robbins,
2000) and rearrange tissue organization via actomyosin contractility (Kindberg et al.,
2021).

With the human brain being the most complex structure in the universe, allegedly, hun-
dreds of different types of neurons, originating from different areas of the brain, targeting
yet again different areas, need to find their way in a pretty much exactly predetermined
fashion. Having introduced five families of cues, merely scratches the surface of an im-
mense group of molecules that facilitate pathfinding. However, having to guide around

80 billion neurons, instructing them to correctly form billions of synapses, the question
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arises, how a significantly smaller number of guidance cues accomplishes that task? Af-
terall, the human genome contains only around 19.000 protein coding genes (Ezkurdia et
al., 2014) and even while one gene can give rise to multiple proteins, and not all forms of
axon guidance are based on proteins -discussed in a later chapter- (Sheng et al., 2022) , it
becomes highly unlikely that each different class of cells has one specific guidance cue to
follow. Evidentially, each class of neuron presents a unique combination of receptors, tai-
lored to its specific environment and intended path. This pattern of pathfinding molecules
than dynamically responds to the cues it encounters en route and over time, changing its
responsiveness to precisely arrive at its final destination (Stoeckli, 2018). Cumulatively,
axon guidance is a highly orchestrated spatiotemporal procedure which is fine-tuned by
different cues, receptor and mechanical properties of the neural tissues. Deciphering all
levels of this cacophony of interplaying systems will require further research, but enrich
our understanding of neural circuit formation and likely present new therapeutic ap-
proaches to neurodegenerative and neurodevelopmental disease, as deeper knowledges of
the processes involved in growth, will open new avenues to hinder inhibition and bolster

beneficial pathways.
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The Tedeschi paradigms of dorsal root ganglion axon regeneration

In this thesis, I reapply an approach, that has been successfully utilized by our group pre-
viously, based on the work of Andrea Tedeschi. It employs three paradigms of DRG axon
regeneration, in which the neurons can be observed to be in one of the two following states,
either high-growth-low-branching or low-growth-high-branching (Fig. 3A) (Tedeschi et
al., 2016). For the purposes of this thesis, we view the two processes of growth and branch-
ing as mutually exclusive. By comparing different molecular programs, that result in a
similar morphological phenotype, we pose that molecules that behave the same in all three
paradigms, are causally related to the morphological phenotype of the cell (Fig.3 B). Why
use three paradigms though, if one could also focus their attention on only one? Briefly, a
growing cell, be it regenerating or developmentally growing, goes through a myriad of
changes all at once. When comparing for example the transcriptome of our first paradigm,
embryonic DRGs in mid and late gestation, more than half the detected transcripts
(11.000/20.874) significantly change their expression levels (Tedeschi et al., 2016). Dis-
tinguishing which genes are involved in the establishment of cell morphology versus other
concurrent processes, for example angiogenesis, becomes sheer impossible. Consequently,
identifying the overlap between three similar but distinct paradigms, provides a way to thin
out the data and remove processes which might be relevant in one paradigm, e.g., angio-
genesis in an embryo, which is fully absent in our cell culture model. In the following, I
will elucidate the three paradigms which are based on Andrea Tedeschi’s work and thus

termed the Tedeschi paradigms.
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Figure 3: Overview of the Tedeschi axon growth paradigms.

(A) Schematic representation of the Tedeschi paradigms and their axon growth behaviour. All three

paradigms have a high-growth-low-branching state and a low-growth-high-branching state, between
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which they transition during development, over time in culture or following a peripheral nerve lesion
(PNL). (B) Schematic representation of the logic of the paradigms. Comparing morphologically sim-

ilar but molecularly distinct paradigms allows for gene prioritization.

Paradigm 1: Embryonic DRG neurons in mid and late gestation

In paradigm 1, we compare embryonic lumbar DRGs from mid gestation, embryonic day
(E) 12.5, with those from late gestation E17.5. The dorsal root ganglion starts to be formed
around E8.5, with the ventral migration of neural crest cells (NCC) from the neural tube
(Serbedzija et al., 1990). Once reaching the intersomitic area, the NCCs will differentiate
both into the neural precursors as well as the glial cells of the dorsal root ganglion (Teillet
et al., 1987). Beginning at E12.5, the axons of the newly differentiated DRGs, penetrate
into the spinal cord (Honma et al., 2010). At this point, they need to migrate up the spinal
cord to synapse onto neurons of the dorsal horn. Consequently, as the DRG axons need to
cover quite some distance, their molecular program is primed on growth, while downreg-
ulating branching (Tedeschi et al., 2016). Later on, once the axons reach the dorsal horn,
they need to establish functional connections. Synapses within the spinal cutaneous reflex
arc could be detected starting from E14-16 (Vaughn et al., 1975). Accordingly, at E17.5,
our late gestation time point, the axons of the DRG are already well into a molecular syn-
apsing program, while downregulating growth, as to not grow beyond their target area
(Tedeschi et al., 2016). As the onset of synapse formation acts as a molecular off-switch
on growth (Hall and Sanes, 1993; Hilton et al., 2022), and it stands to reason that higher
DRGs, e.g., cervical compared to lumbar DRGs, reach their targets earlier in development,
we focussed our studies on lumbar DRGs, which should be in roughly similar develop-
mental stages.

In summary, in early gestation, DRG axons need to focus all their growth potential into
elongating growth, to reach their targets and not form ectopic branches. Once they have
reached their target area, they downregulate growth, to focus on branching, which is nec-
essary to form their functional circuits. Our early timepoint E12.5, represent the very early
onset of axon growth, when the molecular machinery should be most primed for growth,
while the later timepoint E17.5 is already deep into synapse formation with a major focus

on branching.

Paradigm 2: Adult DRG neurons in cell culture

Adult neurons are in a constantly growth inhibited state. This is also true for the neurons
of the second Tedeschi paradigm, the adult lumbar DRGs in cell culture. Upon plating,

DRG neurons rely on a translation-dependent switch to shift from arborizing to elongating
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growth. This shift is inhibited by retrograde trafficking of a yet elusive signal from the
axon tip (Smith and Skene, 1997). It has been hypothesized that one of the cues hindering
elongating growth in DRG neurons is synaptic activity (Enes et al., 2010; Hilton et al.,
2022; Tedeschi et al., 2016). This gives rise to the following model: An adult DRG phys-
iologically is connected to its synaptic partners in the CNS dorsal horn as well as periph-
erally in muscles, internal organs and the skin. Their synaptic activity leads to the traffick-
ing of an inhibitory signal from the axon tip to the cell body. Upon preparation of the dorsal
root ganglia and consequent plating of the DRGs, these connections are severed. The
growth-inhibitory signal is no longer being trafficked to the soma, which activates a trans-
lation-dependent switch, starting the transition of the transcriptome and proteome to
growth competence. As more and more of these changes occur, the growth rate increases
over time, while branching decreases, thus inversely mirroring the transition from embry-
onic development. In fact, the transcriptomic profiles of DRGs reverts back to a more em-
bryonic state over time in culture (Hilton et al., 2022; Tedeschi et al., 2016). Accordingly,
in this paradigm, we compare neurons at 6 h and 36 h post plating. Here, 6 h represent the
molecular program before the translational switch goes into effect and 36 h representing

the proteome of neurons that have reverted to a more embryonic, growth-competent state.

Paradigm 3: Adult DRG neurons after regenerative conditioning

One outstanding feature of DRGs is their capacity to regenerate, even in the CNS. Physi-
ologically, DRGs, like other neurons, do not regenerate within the CNS. However, upon a
preceding injury to their peripheral nerve, they can overcome the growth inhibition of the
CNS and the glial scar, and also regenerate the central branch (Richardson and Issa, 1984).
This process, called “conditioning”, is one of the most powerful tools in axon regeneration
research, because it allows for functional regeneration into and beyond the lesion site, in
the CNS (Neumann and Woolf, 1999). Briefly, the DRG cell body resides in the dorsal
root ganglion, adjacent to the spinal cord. It extends an axon, that promptly bifurcates,
targeting one arm into the spinal cord and one into the periphery. L3-6 extend their axons
into the sciatic nerve. For its easy accessibility, it has become a common experimental
model for peripheral lesioning. The sciatic nerve is exposed at mid-thigh level, tied off, to
hinder it from reattaching with its distal end, and then transected (Fig. 4A) (Hilton et al.,
2019). Is this peripheral nerve lesion (PNL) performed previously to a central nerve lesion,

for example a SCI, the conditioned neurons are already in a growth competent state and

26



Introduction

can regenerate through the lesion, overcoming CNS growth inhibition and passing the le-
sion before the glial scar forms an inhibitory barrier. Interestingly, is the PNL performed
after the CNS insult, the neurons still intrinsically acquire growth competence, which is
hindered by the glial scar, but would allow for regeneration in a minimal scar environment

(Ylera et al., 2009).
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Figure 4: Overview of the regenerative conditioning lesion.

(A) Schematic view of the peripheral nerve lesion surgery. The sciatic nerve is, in part, innervated
by L3-6. It is exposed via incision at mid-thigh level, sutured off and transected. (B) Representative
images of naive and conditioned DRG neurons 16 h post plating. BIII-tubulin staining. Scale bar 75

pm.

When transferred to cell culture, this enhanced growth state of the conditioned DRG is
reflected in a characteristic growth pattern. While naive DRG neurons are basically the
same as the earlier time points of paradigm 2 and similar in morphology to late gestation
embryonic DRGs, the conditioned DRGs grow long axons with few branches, thus mir-
roring the early embryonic DRGs as well as the late time points of paradigm 2 (Fig. 4B).

In summary, we employ three growth paradigms, which produce the same morphological
phenotype, via similar but distinct molecular patterns. Investigating the differences and
overlap between these three paradigms, allows us to more deeply understand axon growth

and regeneration.
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Failure of axon regeneration after spinal cord injury

The spinal cord and spinal cord injury

The spinal cord and brain form the CNS (Fig. 5A). Its neuronal tracts are protected in the
spinal canal within the spinal vertebrae. Its nerves connect to the PNS to transmit motor,
sensory, and reflex signals. Motor signals descend down the spinal cord, originating from
the brain, reaching neuromuscular junctions via multi-synaptic circuitry. Sensory infor-
mation is communicated from receptors in the periphery ascending to the brain (Purves,
2018). Finally, reflexes originating from the limbs and many internal organs are processed
directly in the spinal cord vial spinal reflex arcs, bypassing the brain entirely for faster
response times. Anatomically, the spinal cord is segmented according to the spinal verte-
brae. The number of spinal vertebrae varies between species and in mice within strains.
Humans present 31 vertebrae (Fig. 5B), while mice have 25-30, depending on the strain
(Sengul and Watson, 2012). Broadly, the vertebrae are categorized by their anatomical
environment and labelled descending from the skull. In human there are 8 cervical, 12
thoracic, 5 lumbar, and 5 sacral nerves, in mice these numbers slightly vary and are sup-
plemented by 7 to upwards of 30 caudal vertebrae depending on age (Matsuura et al.,

1997).
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Figure 5: Overview of the architecture of the human spinal cord and consequences of injury dependent on spinal

level.

(A) Gross architecture of the human central and peripheral nervous system. (B) Segments of the
spinal cord according to the spinal nerves. (C) Consequences of spinal cord injury dependent of the

spinal level.

28



Introduction

Each vertebra is associated with a dorsal root ganglion, which emanates from the lateral
dorsal side of the spinal cord. As discussed above, these ganglia, via their associated neu-
rons and axons, form one of the connections from the PNS to the CNS. Severing these
connections disconnects the brain from the PNS, leading to permanent disruption of motor,
sensory, and reflex function. Around 1.000.000 people suffer SCIs every year, with falls
and road injuries being the major causes, except in conflict-affected areas, where violent
causes predominate (Guan et al., 2023). Which functions are lost depends of the injury
level and severity (Fig. 5C). Complete transection terminates all function below the lesion
site. A low-level transection in the sacral area leads to a loss of voluntary bladder and bowl
function, a loss of sexual functions and some loss of function in hips and legs, however,
walking can often be restored in such patients. In lumbar injuries, loss of hip and leg mo-
bility is more severe, and unassisted movement becomes less likely, with the other re-
strictions persisting. Injuries in the thoracic area most likely result in paraplegia, the full
paralysis of the lower libs, but trunk mobility and balance, as well as self-sufficient breath-
ing are typically maintained. Cervical transections pose the highest burden, combining all
the aforementioned restrictions, while being accompanied by full quadriplegia, i.e., loss of
all limb function and trunk mobility, and a loss of the ability to breathe unassisted
(Alizadeh et al., 2019). As of yet, there are no curative therapies available to patients of
SCI. While rehabilitation can lead to the restoration of some motor function, it relies on
the availability of spared neurons to form secondary circuitry. Pharmacological interven-
tions, such as epothilones, Nogo inhibitors or chondroitinase, as well as surgical interven-
tions, including grafts, implantation of biomaterials and stem cell transplantation, this far
show only small effects in animal models and phase II clinical trials. Consequently, there
is still a need for the discovery and development of novel SCI treatments. Likely, any
successful therapy will involve a combinatory approach to multiple facets of SCI (Griffin
and Bradke, 2020).

SClIs are complex traumatic insults to the nervous system, disrupting a myriad of cellular
processes, whose rebalancing is vital to successful regeneration. Initially, an injury to the
neural tissue causes the death of neurons, astrocytes, microglia and oligodendrocytes as
well as the disruption of the vascular system. This releases damage associated molecules
such as interleukins and ATP, which activate surrounding glial cells, recruit circulating
immune cells, and prompt stromal cell proliferation. Within hours to days after injury,
macrophages and microglia polarize towards the lesion site, while releasing extracellular

matrix (ECM) components, thus stabilizing the lesion border. This creates an increasingly
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proinflammatory and growth inhibitory environment. This roughly coincides with the on-
set of axonal degradation. In the following weeks, reactive astrocytes further wall off the
fibrotic core of the lesion site, enriching the environment in inhibitory factors like Nogo
and CSPGs, while ongoing axonal degeneration and the associated axonal and myelin de-
bris reinforces the inflammatory environment. Thus, a chronic scar forms which poses both
a physical barrier, via the glial border, as well as a growth inhibitory one (Bradbury and
Burnside, 2019).

Inhibitory molecules

Above, I have listed some of the major inhibitory molecules. Here, I will elaborate them
in more detail and summarize strategies to overcome them in a therapeutic setting.

CSPGs are ECM proteoglycans. They consist of a core protein, which is bound to gly-
cosaminoglycan (GAG) chains. In the nervous system, six types of CSPGs predominate.
The four Lecticans: Versican, Aggrecan, Neurocan, and Brevican, as well as Phosphacan
and neural antigen 2 (NG2). While they all have slightly different interactions with axon
repulsion and guidance at different stages of development and areas in the nervous system,
they all inhibit axon growth via chondroitin sulfate moieties in their GAG chains
(Bandtlow and Zimmermann, 2000; Iseki et al., 2012). These activate cell surface recep-
tors, such as protein tyrosine phosphatase sigma, leukocyte common antigen related phos-
phatases, and, interestingly, Nogo receptors, which trigger signalling cascades that activate
Rho family proteins, while inactivating the PI3K/AKT pathway (Sharma et al., 2012). Ad-
ditionally, it has been speculated that CSPGs sterically inhibit ECM interactions, thus de-
creasing the ability of axons to adhere to their substrates (Tan et al., 2011). Because the
inhibitory effect of all neuronal CSPGs is largely dependent on their GAG side chains,
GAG digesting enzymes have been a focus of neural regeneration research. Chondroitinase
ABC (ChABC) has been shown to effectively digest GAG side chains in vivo, prompting
functional regeneration in rodent models (Bradbury et al., 2002). A clinical study in ca-
nines also found a modest yet significant improvement of limb coordination following SCI
(Hu et al., 2018). Clinical studies in humans are yet to be published.

Nogo proteins are among the first identified inhibitors of axon growth (Caroni and
Schwab, 1988b). The main axon growth inhibitory isoform being NogoA. Interestingly,
NogoA is mainly an intracellular protein, localizing to the endoplasmic reticulon

(GrandPre et al., 2000). However, domain Nogo-66, a 66 amino acid (AA) loop within the
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Nogo protein, can be exposed on the surface of oligodendrocytes in the adaxonal mem-
brane. Here, it interacts with Nogo-66 receptor to facilitate growth inhibition, via growth
cone collapse (Wang et al., 2002). Again, the activation of Nogo-receptors leads to the
activation of the RhoA/ROCK pathway and thus to the inhibition of axon growth. Blocking
the interaction with Nogo-receptors via antibodies was one of the earliest approaches to
combat the growth inhibition of NogoA (Caroni and Schwab, 1988a). Recently, a clinical
phase 2b study reported no significant increase in their primary outcome measure of upper
limb mobility in human patients of SCI, however, secondary outcome measures indicated
potential beneficial effects, warranting further study (Weidner et al., 2025). It has been
reported that Nogo antibody treatments are most effective in laboratory models in combi-
nation with ChABC delivery (Zhao et al., 2013), according clinical studies, however, are
yet to be conducted. Another approach to lessen Nogo inhibition are pharmaceutical Nogo-
receptor agonists. One such compound, AXER-204, has recently been shown to be well
tolerated in SCI patients, now awaiting studies of functional recovery (Maynard et al.,
2023).

The developmental guidance molecules of the Semaphorin family belong to the category
of myelin associated growth inhibitory molecules. As discussed above, semaphorins are
imperative in the correct guiding and targeting of axons during development. They are
expressed from neurons, oligodendrocytes, astrocytes, and meningeal cells, which secrete
them, forming a repulsive gradient (Carulli et al., 2021). Via their receptors neuropilin and
plexin, semaphorins trigger cytoskeleton remodelling via Rho and Hippo pathways. Inter-
estingly, semaphorins have also been detected within extracellular vesicles (EVs), which
could be shown to affect neural stem cell migration (Manini et al., 2019). Such EVs also
carried a micro-RNA, miRNA-22, which regulates the expression of a semaphoring family
protein, Semaphorin 4C, affecting motor neuron pathfinding (Sheng et al., 2022). Thera-
peutically, a small-molecule inhibitor of Semaphorin 3A, SM-216289, was found to atten-
uate repulsive cues and accelerate axon regeneration in the olfactory nerve (Kikuchi et al.,
2003) and stimulated growth of neuropilin-1-expressing serotonergic axons following SCI
in rats (Kaneko et al., 2006). Clinical trials of this or other small molecules targeting sem-
aphorins, however, are not reported.

I have summarized here some of the key molecules that inhibit axon growth, their origins,
mechanisms and curative approaches targeting them. Currently, no treatment targeting
growth inhibitors has led to real translational success in human patients. It is clear that the

problem of failing to regenerate is multifactorial, consequently, it stands to reason that a
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cure would also need to target multiple pathways. Combinatory treatments show great
promise (Griffin and Bradke, 2020; Zhao et al., 2013), but also challenges in for example
cumulative toxicity. How to functionally recover the spinal cord will be focus of research

for the foreseeable future.

Rehabilitation to alleviate symptoms of SCI

Rehabilitation is currently the major therapeutic approach to regain function following
SCI. The effects of rehabilitation are multilevel, affecting brain circuitry and different spi-
nal cell types as well as axon regeneration. On the brain level, rehabilitation leads to in-
creased secretion of neurotrophic factors (Graziano et al., 2013) and structural remodelling
of the cerebral cortex circuitry responsible for limb movement. This remodelling is in part
necessary due to the death of neurons in the somatosensory and motor cortex (Freund et
al., 2013; Jurkiewicz et al., 2006), but also a consequence of the enhanced plasticity con-
ferred by rehabilitation (Jurkiewicz et al., 2007). Secondary circuits are also established in
the spinal cord. Spared axons can sprout new branches, forming circuits bypassing the
lesion, bridging the gap from disrupted axons, thus leading to functional recovery follow-
ing SCI (Hansen et al., 2016; Hollis et al., 2015). Rehabilitation, furthermore, triggers mo-
lecular changes in neurons. Environmental enrichment, as a form of rehabilitation, modi-
fies histone acetylation, boosting growth on an epigenetic level (Hutson et al., 2019).

It is important to note, however, that not all rehabilitation is equal. Different modes of
training lead to different outcomes. Girgis ef al. reported that training rats in a grasping
task did increase their ability to perform that task, but worsened performance in horizontal
ladder testing (Girgis et al., 2007). More recently, a systemic review found limited and
inconclusive evidence for task specific training positively affecting non-related function
(Tse et al., 2018). Accordingly, while rehabilitation and the consequent establishment of
secondary circuitry leads to a functional improvement, the scope of that improvement is
limited; is one function emphasized, another might suffer. Consequently, there is still need
for interventions that boost axon regeneration, to reconnect severed circuits, rather than

bypassing them.
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Proteomics as a tool to investigate cellular processes

As the previous chapters have introduced, there is a sheer uncountable number of proteins
involved in the regulation of cell morphology, axon guidance and cellular functions. Those
chapters have only briefly discussed the cytoskeleton and signalling mechanisms affecting
axon growth. To gain a more holistic understanding of cellular processes, we employ pro-
teomics, to evaluate a large portion of the DRG proteins at once. Proteins are the molecular
engines driving almost all cellular processes. Translated from genes, proteins are polypep-
tides of AA subunits, covalently bonded together. The sequence of 20 different AAs, called
primary structure, lays the ground-work for a protein’s identity, which manifests in sec-
ondary and tertiary structure. The secondary structure describes how stretches of the se-
quence form basic structures, including helices, folded sheets or unfolded regions. When
different secondary structures coalesce, they form tertiary structures, broadly speaking, the
architecture of a protein. The correct function of a protein depends on the correct structure
on all three levels (Lehninger et al., 2013).

Where multiple proteins interact, we speak of a proteome. A proteome is the sum of all
proteins in a defined biological system. This can be the content of a synapse (Lassek et al.,
2015), a muscle cell under stress (Bock et al., 2021), a whole liver (Niu et al., 2022), or
any other distinguishable sample. The value of proteomics lies in the fact that they can be
unbiased. Without previous assumptions, we can ask what changes happen during a pro-
cess and then discern changes in protein level for thousands of unique proteins, which then
inform the consequent research questions.

On the technical level, proteomics rely on mass-spectrometry (MS). In this technique, a
mixture of proteins, like from a lysed regenerating neuron, is digested into individual pep-
tides. Combining the knowledge about the cleavage site of the used enzymes — typically
trypsin — and the sequences of known proteins, we can predict a large but finite number of
possible peptides arising from the digestion. Theses peptides are now separated broadly
via chromatographic methods and then measured in the mass-spectrometer. Firstly, the
sample is ionized, giving it a charge. Via different methods this charge can now be detected
as a ratio of mass to charge. As we know all possible peptides and their associated masses
and likely charges, we can identify the peptides. However, peptides with the same AA
composition have the same mass, such as two peptides with the sequence “MASS” and
“SMSA”. To tell these apart, individual peptides are ionized again, supplying enough col-
lision energy to split them. The new fragments are reanalysed for their mass-to-charge-

ratio. As the fragment “MA” has a different mass-to-charge-ratio than the peptide “SM”,
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we can decipher which peptide was the original one. This second round of MS is referred
to as tandem MS or MS/MS. The abundance of each detected peptide correlates to its
abundance in the sample, thus we can infer the protein levels for all detected proteins. It is
important to note that some peptides can be generated from different proteins or multiple
times within the same proteins, for example, because two proteins share a domain or a
protein repeats a domain. Thus, only unique peptides are used to identify proteins.

Mass spectrometry is not the only unbiased “-omics” technique used in biological re-
search. Unbiased studies in axon regeneration have thus far largely focussed on RNA se-
quencing (RNAseq), be it bulk (Poplawski et al., 2020; Tedeschi et al., 2016), single cell
(Kim et al., 2023; Matson et al., 2022; Renthal et al., 2020) or spatial (Bielefeld et al.,
2024; Skinnider et al., 2024). The main advantage of RNAseq-based techniques is the abil-
ity to amplify targets, thus lowering detection thresholds. RNAseq studies typically detect
above 20.000 transcripts, which represent the lion’s share of protein coding genes (Harati
et al., 2014). Even recent MS-based studies detect less than half of that number (Bian et
al., 2021). However, transcriptomes poorly predict the proteome (Ghazalpour et al., 2011).
While the large number of detected transcripts offers a good systems overview, individual
candidate proteins might show drastically different levels in the proteome as would have
been predicted by the transcriptome. This positions MS-based proteomics as the better tool

for candidate identification.
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Glypican 1 as a modulator of extracellular signalling receptors

In the following thesis, one protein will stand out as an extraordinary activator of axon
growth: Glypican 1 (Gpcl). Here, I will introduce Gpcl as a modulator of extracellular
signalling receptors and summarize its role -or the role of its homologues- in neurodevel-
opment.

Gpcl is a 557 AA heparan sulfate proteoglycan (HSPG) of ca. 60 kDa before its matura-
tion. Roughly, Gpcl can be separated into 4 domains. An amino-terminal (N-terminal)
24 AA secretory peptide, a core protein, a heparan sulfate (HS) binding cassette of three
alternating serine and glycine residues, and a 28 AA carboxy-terminal (C-terminal) Gly-
cosylphosphatidylinositol (GPI) anchor domain (Fig. 6) (Svensson et al., 2012). It is traf-
ficked outside of the cell where it is tethered to the PM via a GPI anchor. Upon transloca-

tion, the secretory peptide is cleaved (Pan and Ho, 2021).
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Figure 6: Structure and maturation of Gpcl.

Pro-Glypican 1 harbours a 24 amino acid secretory peptide (Sec) a core protein and a 28 amino acid
anchor domain. A cassette of three alternating serine and glycine residues (SGSGSG) close to the
C-terminus binds heparan sulfate (HS) chains. Upon maturation, the secretory peptide is cleaved,
while Gpcl is translocated to the plasma membrane (PM) facing the extracellular matrix (ECM).

The anchor domain is partially cleaved upon tethering to the plasma membrane.
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On the PM, Gpcl interacts with various cell signalling receptors, one family of them
being fibroblast growth factor receptors (FGFR). These receptors are activated by fibro-
blast growth factors (FGF), which are secreted glycoproteins, active in development and
cell homeostasis (Guillemot and Zimmer, 2011). Gpcl has been proposed as a coreceptor
for FGFRs by sequestering FGF, thus making the receptors more receptive to lower con-
centrations of their ligands (Zhang et al., 2001). Interestingly, Gpcl also facilitates secre-
tion of FGF, offering up another mode of FGF signal amplification (Sparn et al., 2022).
When activated, FGFRs trigger signalling cascades leading into, among others, PI3K and
AKT pathways (Geary and LaBonne, 2018).

Similarly, another upstream activator of these pathways which is also regulated by Gpcl,
is vascular endothelial growth factor receptors (VEGFR). Known primarily from their role
in the development of the vascular system, VEGFR and its ligand vascular endothelial
growth factor (VEGF) are also paramount in neurodevelopment (Carmeliet and Ruiz de
Almodovar, 2013). Gpcl interacts with VEGFR via its HS chains, coactivating it and fa-
cilitating receptor ligand interactions specifically for VEGF-A (Gengrinovitch et al.,
1999).

Development of the nervous system is also majorly influenced by Wnt signalling, which
is activated by Frizzled receptors. Wnt is an upstream regulator of GSK38, Rac and Rho,
thus affecting cytoskeletal reorganization, as well as a regulator of target gene transcription
via Ca2+/calmodulin-dependent protein kinase II (Mulligan and Cheyette, 2012). Frizzled,
depending on the physiological needs of its expressing cell, forms a receptor complex with
R-spondins (Lebensohn and Rohatgi, 2018), which in turn have been recently published to
form tertiary complexes with Gpcl and other Glypicans to enhance Wnt signalling (Dubey
et al., 2020).

Lastly, bone morphogenic protein receptors (BMPR) and their ligands bone morphogenic
proteins (BMP), besides their namesake role in osteogenesis, regulate the fate and matura-
tion of neural stem cells. For example, a BMP gradient is imperative in the establishment
of the dorsal-ventral axis in the developing spinal cord (Bond et al., 2012). Via Rac sig-
nalling, BMPs and BMPRs are involved in the development of synapses (Kim et al., 2019).
Gpcl negatively regulates BMPRs in the context of osteogenesis (Dwivedi et al., 2013).
Interestingly, this interaction appears to be largely steric. Following up this finding, it was
observed that recombinant Gpc1 released from titan nano tubes acted as a BMPR inhibitor,
positioning it not only as a therapeutic agent, but also providing data that non-membrane-

tethered Gpcl is biologically active (Bariana et al., 2018).
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Thus, Gpcl has been shown to interact with a long but likely not exhaustive list of cell
surface signalling receptors. Among this list are many known neural growth factors, acti-
vating signalling cascades established to influence axon growth. Interestingly, it also in-
hibits receptors involved in synapse formation, BMPRs, while synaptic activity has been
shown by our group to be adverse to axon growth (Enes et al., 2010; Hilton et al., 2022;
Tedeschi et al., 2016). Consequently, Gpcl appears to be a major regulator of axon growth
and neural development. This is underlined by the observation that absence of Gpcl during
development leads to malformation and aberrant patterning of the brain (Jen et al., 2009)
and expression levels of Gpcl decrease with ageing (Kato et al., 2020; Perrot et al., 2019).
The fly homologue of Gpc1, Dally-like, is required for axon guidance and circuit assembly
in the drosophila visual system (Rawson et al., 2005) and dysregulation of Gpcl levels
hinders the formation of the trigeminal ganglion in chick embryos (Shiau et al., 2010).
Finally, Gpcl was observed to be upregulated in DRGs following injury in the spinal cord

and sciatic nerve (Bloechlinger et al., 2004).
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Parallels in cell migration and axon growth

The extension of axons is remarkably similar to the process of cell migration. After all,
both are about manoeuvring (a part of) the cell through the extracellular environment. Cell
motility is largely driven by the cytoskeleton and, consequently, much of what we know
about the cytoskeleton has been learned from the study of migrating cells such as smooth
muscle cells (Tang and Gerlach, 2017), fibroblasts (Petrie and Yamada, 2015), and various
types of tumour cell models (Fife et al., 2014). Smooth muscle cells, for example, receive
the cues that trigger migration via G-protein coupled cell surface receptors, which signal
onto ROCKs, PI3K, and Rac, among others. Towards the muscle cell’s leading edge, actin
polymerizers and depolymerizers become active, making the actin mesh more dynamic,
while MT penetrate into the leading edge (Gerthoffer, 2008). Similarly, mouse embryonic
fibroblasts rely on stable MT to penetrate into their leading edge, supporting migration,
which is governed by Rac and Cdc42 (Kole et al., 2005). Conversely, fibroblasts of the
spinal cord are hindered from migration upon stabilization of their MT following SCI
(Ruschel et al., 2015b). This emphasises that the migration behaviour of fibroblasts is con-
text specific, possibly to the environment or developmental stage, as it is for neurons. Sta-
bilization of MT is also well established to hinder migration of tumour cells. Both Taxol
and Epothilones were approved as cancer therapies, before our group described them as
being beneficial to axon growth (Altmann et al., 2000; Martin, 1993). Interestingly, highly
migratory tumours express increased levels of neuronal genes (Denny et al., 2016) and
hindrance of such gene expression results in decreases in tumour migration (Wu et al.,
2016). The outgrowth of metastases follows the formation of filopodia-like protrusions
similar to early stages of neuronal development (Shibue et al., 2012) and specific cancers
have been observed to form axon-like protrusion, which correlated with high migratory
potential (Yang et al., 2019). Finally, dysregulation of the signalling mechanisms which
govern axon growth and maturation is also associated with tumorigenesis. All signalling
receptors I summarized in the context of Gpcl and axon growth, also have major associa-
tions to cancer (Pan and Ho, 2021). Furthermore, Gpcl itself is upregulated in liver, pan-
creatic, colorectal, prostate, and breast cancer (Cao et al., 2024) and high levels of Gpcl
expression correlate with a poor clinical prognosis, for its strong correlation with tumor
size and tumor-node-metastasis (Chen et al., 2020). In conclusion, cell migration and axon
growth both rely on the cytoskeleton and are activated by the same signaling cascades.
Especially in cancer cell migration those parallels become obvious, as what is good for

axon growth, is often also beneficial for cancerous growth.
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Results

The aim of this study was to investigate the proteome of growing and regenerating DRG
neurons to find novel modulators of axon growth and regeneration. To this end, I generated
proteomic data sets for the growth paradigms laid out above, developed a cell culture
screening method to test for growth effects and characterized the most prominent candi-

date, Gpcl, with regards to its mechanism of action.

Proteomic analysis of DRG growth states

To identify novel growth modulators in DRG neurons, I set out to produce a proteomic
dataset of the three different growth paradigms that our group has successfully employed
in the past, to identify growth modulators from RNA sequencing data (Tedeschi et al.,
2016). Briefly, embryonic ganglia, as well as conditioned and naive adult ganglia, were
harvested, and flash frozen in liquid nitrogen before lysis. Cell cultures of adult DRG neu-
rons were harvested at the appropriate time points by scraping the cells, before pelleting
and flash freezing the dry pellets on dry ice. Thus, this data set includes both whole tissue
samples, as well as a culture sample. In mass spectrometry, we detected 3467, 3516 and
4415 proteins in the embryonic, cell culture, and conditioning lesion paradigm, respec-
tively. Taken together, we detected 5674 unique proteins with 2865 of those being detected
in all three paradigms. Principal component analysis (PCA) showed that the different con-
ditions separate well within their paradigms, as indicated by non-overlapping 95% confi-
dence intervals for each condition within a paradigm (Fig. 7A-C). Consistent with regen-
eration literature, RAGs including Gap43 and Sprrla were upregulated (Fig. 7D-F). These
quality control measures confirmed that we have generated a robust proteomic data set,

which can be further used to investigate growth effectors in DRG neurons.
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Figure 7: Quality controls of growth state proteomics.

(A-C) Principal component analysis of DRG growth states. Ellipses show 95% confidence intervals

per group. (D-F) Volcano plots of detected proteins in the individual paradigms.

Gene ontology analysis of proteomic data

With an average of roughly 3.800 proteins detected in each paradigm, one way to make
sense of large datasets like this is gene ontology (GO) term analysis. Briefly, GO term
analysis relies on databases of genes tagged with their associated processes, molecular
function and cellular localization, here called component. By comparing the abundance of
a specific tag, for example the component “plasma membrane”, in the provided gene list,
against the general abundance of that term in the data base or a background set, GO term
analysis allows to detect statistically overrepresented tags in a list of genes of interest
(GOI). In an effort to identify growth activators, I focussed on the proteins upregulated
whenever neurons became growth competent. For each paradigm, the upregulated terms
were collected individually and then compared to find GO terms that are upregulated in all
three paradigms. This provided us with a list of 18 terms that appear essential when DRG
neurons become growth competent, including “cell adhesion”, “signal transduction”, “in-
tegral component of plasma membrane”, and “extracellular matrix binding” (Fig. 8). In-
terestingly, hippocampal neurons have been reported to grow without reliance on extracel-
lular matrix adhesions in 3-dimensional cell cultures (Santos et al., 2020), which suggests,

that DRG neurons grow in a different mode than other CNS neurons.
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Figure 8: GO terms commonly upregulated in DRG growth states.

GO terms that are overrepresented in proteins upregulated in growing DRGs. Dotted line indicates
p=0.05

Equidirectional protein level changes in DRG growth states

As the GO term analysis revealed mostly broad categories instead of specific pathways, I
wanted to investigate further into the specific proteins implicated in axon growth. I rea-
soned, that proteins that change equidirectionally, meaning increase or decrease in all three
paradigms when DRGs acquire growth competence, could be cues to essential growth pro-
cesses, which are “conserved” between the three similar but distinct growth paradigms.
Accordingly, I sorted the datasets by proteins that significantly change their levels equidi-
rectionally in all three paradigms. This yielded a list of 39 GOIs (Fig. 9). Again, this list
showed known RAGs as being upregulated, including Gap43, Stathmin2 (Stmn2) and
Brain Abundant Membrane Attached Signal Protein 1 (Baspl), as well Nestin (Nes), which
is considered a marker for stemness. Conversely, a number of downregulated proteins
could be placed into growth hindering pathways, including the negative regulator of
Ca**/calmodulin-dependent protein kinase II, Neurochondrin (Dateki et al., 2005) (Ncdn)
and Vesicle Transport Through Interaction With T-SNAREs 1B (Vtilb), which could be
placed upstream of Munc13, which has been shown by our group to be a growth inhibitor
(Emperador-Melero et al., 2018; Hilton et al., 2022; van de Bospoort et al., 2012; Voets et
al., 2001). With the list being internally consistent with literature, I reasoned we might find
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unknown growth molecules among the remaining genes, which could not be directly re-

lated to axon growth.
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Figure 9: Proteins that are significantly up or down regulated in all three growth paradigms.

Foldchange of GOIs in the MS data set for the axon growth paradigms. Each point indicates the

significant change (FDR < 0.05) in one paradigm. The dotted line indicates no change in expression.

42



Results

Development of a cell culture system to screen genes of interest for

axon regeneration

After establishing a list of GOIs for potential growth effectors, I needed to develop a cul-
ture system suitable to investigate growth effects in DRGs. Typically, DRGs are used to
study regeneration, precisely for their immense growth capacity. A naive adult DRG neu-
ron will grow on average around 200 pm longest axon— as measured from the neuronal
MT marker BIII-tubulin — within 16 h when cultured on poly-L-lysine (PLL) and laminin,
the typical culture conditions used in our laboratory and others. In comparison, a hippo-
campal neuron, probably the most widely used primary neuron culture (Bradke and Dotti,
2000), will in the same time and conditions only generate around 50 pm of a longest neurite
(Fig. 10). This capacity for growth, however, can be disadvantageous when trying to mod-
ify growth by overexpression of transgenes. The expression of ectopic genes from plas-
mids follows its own kinetics, while the transfected axons are already growing. The most
suitable method to introduce transgenes to DRGs is nucleofection. A nucleofected cell will
have to express, correctly fold, and traffic an overexpressed protein before it can even
affect the cell. The earliest we observe fluorescence of ectopically expressed fluorescent
proteins in DRGs is 18-24 h post transfection. In that time a DRG neuron might have al-
ready grown quite the impressive axon, before the transgene can even affect the cell. This,
paired with the heterogeneity of DRG cultures, allows for possible growth effects being
overshadowed by already well growing axons. Consequently, the cell culture system I de-
veloped aimed to reduce growth of DRG axons without actively inhibiting it. To this end,
I cultured DRGs on PLL only, to slow down the growth of the DRGs enough see growth
effects. Additionally, I collected two time points per construct, 48 h and 72 h, partially
because a candidate might spike axon initiation, thus leading to an increase in the earlier
timepoint, without influencing axon elongation, thus losing the growth effect in the later
time point, but mainly to be able to check whether a potential candidate would consistently
increase growth. A promising candidate would, in the best-case scenario, boost growth

consistently over both timepoints.
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Figure 10: Growth comparison between DRGs and hippocampal neurons.

DRGs and hippocampal neurons were grown for 16 h on PLL and laminin coated coverslips. (A) Rep-
resentative images of DRGs and hippocampal neurons. BIII-tubulin staining. Scale bar 100 um

(B) Quantification of the length of the longest neurite. N = 192 and 364, n = 3.

Another consideration was detecting the overexpression of the GOIs. To avoid the prob-
lems that might arise with fusing a full protein, such as green fluorescent protein (GFP) or
HaloTag, I decided to use the 27 AA 3xHA tag. This small tag is easily detected by anti-
bodies and less likely to lead to misfolding. However, the addition of a tag might still cause
proteins to be mistrafficked or otherwise disrupt function of N- or C-terminal domains.
Hence, I decided to generate most plasmids in an N- and C-terminally tagged version,
unless a cursory literature review indicated one tag to be highly likely to disrupt function
or be cleaved. This is the case, for example, for methylenetetrahydrofolate dehydrogen-
ase 2 (Mthfd2), which has a mitochondrial translocation sequence in its N-terminus, that
is cleaved upon transport into the mitochondria. Consequently, I did not generate the N-
terminally tagged (ntag) version of Mthfd2. Additionally, to have the expression of GFP,
we decided to include it on the expression vector, driven by a separate promoter. While
the expression of the GOI is driven by a strong CMV promoter, GFP is expressed from
human synapsin (hSyn) promoter. All plasmids were generated de novo from mouse cDNA
libraries.

Finally, before starting the screen, I conducted a preliminary literature search to exclude a
number of candidates. GOIs were excluded for reasons such as already being known
RAGs, like Baspl, which also sits in the same pathway as Stmn2, being clearly related to
growth modulating processes, for example the aforementioned Necdn or being known mod-

ulators of the cytoskeleton, like microtubuli associated protein tau, as the cytoskeleton is
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well established as a main driver of axon regeneration and we aimed to find novel growth

mechanisms. This led to the generation of 56 constructs of 31 different GOls.
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Overexpression screen of genes of interest

Of the 112 tested conditions (56 constructs x 2 time points), 43 returned a significant
growth effect, with 12 constructs having a consistent growth effect over both time points.
Interestingly, of these 12, 7 showed a robust growth effect only in one of the tagged con-
structs, reaffirming the merit of this approach (Table 1). Figure 11 shows only one con-
struct per GOI, preferentially the one with an effect, if there was a discrepancy between
constructs. In total, I detected a robust growth effect for 10 different GOIs, with the largest
effect from Gpcl. This not only confirmed the validity of the theoretical approach and the
culture system, but also offered up Gpcl as a fascinating candidate for more in depth mech-

anistic studies.
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Table 1: Statistical overview of the overexpression screen results.

Indicated GOIs show a positive axon growth effect. Underlined GOIs show a robust increase in axon
growth over both time points in at least one construct. Empty grey cells indicate constructs that have
not been generated or the absence of a statistical comparison because one construct is missing. The
first four columns are statistical comparisons to empty vector. The last column indicates a compar-

ison in axon growth between c- and ntag constructs. n = 3, N = 90. *p<0.05, **p<0.01, ***p<0.001.

ctag ntag Difference
GOI
48 h 72 h 48 h 72 h ctag vs ntag
mp skskok * ns ns skksk
Copg2 ns ns ootk ootk gk
Ddx18 ns * ns ok ns
Dnajc6 ns ns * ns ns
Dnmll ns ns ns ns ns
Dj[nclll * * skskok sk ns
Eepdl ootk * ns ns *
G3bp2 ok ns ns ns *k*
Gap43 * ns ns ns oo
Q&l skskok sKskok skskok Kok skksk
Hsd17b7 ns ok ok ns oAk
Kiaa45 ok ns
Kif5a Hok Hkok
Map7d1 ns ns
Map7d2 ns oAk ns ns ol
Mthfd2 ns ns
Nestin Fok ok Fok ok Fok ok ns deokok
Osbpl3 ns ns * ns ns
Pcbp3 oAk ns * ns ns
Pgm?211 ns ns
Plcb3 ns ns
Ppplr2 ns ok ns ok ns
Pygb ns ns ns ns ns
Rbmsl1 ns ns * ns ns
Recl ns * * Fok ok ns
Scpepl ns ok ns ns ns
Sh3glb2 ns ns woH ns *x
Stmn2 Hokok Hkok ns ns dokx
Trim2 ns ns ns ns ns
Tusc5 ns ns ns ns ns
m ns ns skskok sk skksk
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Figure 11: Multiple GOIs show a positive growth effect in the overexpression screen.
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A) Representative images of DRGs from selected GOIs from the overexpression screen. BIII-tubulin

staining. Scale bar 100 um. B) Longest axons per culture of overexpression experiments with mean

indicated. Dotted line indicates the mean of the empty vector control. N = 90, n

3. One-way

ANOVA with Dunnett’s multiple comparison test. All groups compared to empty vector. *p<0.05,

#%p<0.01, ***p<0.001.
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Gpcl-overexpression overcomes the growth inhibition of chon-

droitin sulfate proteoglycans

As the screen was designed to have neurons grow slowly, but not actively inhibit axon
growth, I tested, whether Gpcl-overexpression would overcome the growth inhibition of
the CNS. Consequently, I plated DRGs on PLL and laminin plus chicken-derived CSPGs,
to mirror the inhibitory environment of the spinal cord. While laminin itself is a potent
activator of axon growth, it was necessary to allow the plated neurons to attach in the first
place when CSPGs are present. Still, overexpression of Gpcl overcame the inhibition con-
ferred by the CSPGs and acted synergistically with the growth effect conferred by laminin
(Fig. 12). This implies that of the many possible signalling pathways, via which Gpcl
could activate growth (as reviewed in an earlier chapter), integrin signalling, which is ac-
tivated by laminin, is likely not a major factor. Furthermore, by demonstrating Gpcl can
overcome this proxy for the CNS growth inhibition, it was revealed as an interesting can-

didate to activate axon growth in an in vivo SCI model.

A B
CSPGs + laminin
Empty vector Gpc1-ctag E
e
x o 0 ‘_?'
B & ‘ 3
\\ \»" 1
) - g
{ L J T g
P ®
{ : »f‘*j’—& L 2
| & < U g’
. n @ TES K- 0 T T
» ) g g & ()
By d
Q e ® & \’}
et - 4 (9
3 Y R
o &
— <

Figure 12: Gpcl-overexpression overcomes the growth inhibition of CSPGs.

(A) Representative images of DRGs expressing Gpcl-ctag or the control empty vector from cultures
plated on CSPGs and laminin. BIII-tubulin staining. Scale bar 100 um. B) Longest axons per culture
of overexpression experiments on CSPGs and laminin with mean indicated. Student’s t-test.

*EX*p<0.0001.
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Identification of Gpcl functional domains from multiple sequence

alignment

Gpcl is viewed as a modulator of extracellular signalling receptors (Pan and Ho, 2021).
To this end, Gpcl is trafficked outside of the cell via an N-terminal signalling domain.
Following translocation, this signal peptide is cleaved. Via a C-terminal GPI anchor do-
main, Gpcl is anchored to the outside of the PM, where it interacts with signalling recep-
tors, such as FGFR, VEGFR and BMPR2. The anchor domain is truncated upon anchoring
(Fig. 6). Gpcl’s receptor interaction is facilitated by HS chains, which induce conforma-
tional changes of the receptors upon formation of a tertiary complex. Via this interaction,
Gpcl can act as a coactivator, making receptors more receptible to their respective activa-
tors, or as an inhibitor, reducing the responsiveness of receptors to their activators. The HS
chains responsible for this interaction are attached to a HS binding cassette of three alter-
nating serine and glycine residues. As studies of Gpc1 have mostly focussed on the human
protein, for its relevance in cancer migration, I needed to confirm the position of these
functional domains in the murine protein, in order to generate functional KOs. To this end,
I used multiple sequence alignment, comparing the murine protein to all available con-
firmed protein sequences for Gpcl, that being, chicken, cow, human, mouse, rat, and zebra
(Fig. 13). I included the other species besides mouse and human, to indicate high percent
identity domains which would indicate motifs that are important for the interaction with
modifying enzymes or the establishment of relevant secondary and tertiary structures. In
general, mouse and human Gpcl have a high identity of 89%. With 558 AAs, the human
version is one AA longer than the murine protein. This insertion is L184 in the human
protein. In the human protein, the secretory signal peptide is described to span AAs 1-24
and terminate in aspartic acid D24. The high number of identities between the murine and
human protein in the first 24 AAs, as well as the presence of D24 in 5/6 species, suggests
that the secretory signalling peptide also spans AAs 1-24 in the murine protein (Fig. 13A).
The HS-binding serine residues of the human protein are located at S486, S488, and S490.
The murine protein shows a high identity motif starting from glycine G481 to G499, with
perfect alignment to the human protein and near-perfect alignment to the other species.
Thus, S494, S496, and S498 are likely to be the HS-binding residues of the murine protein
(Fig. 13B). Finally, in the human protein AAs 531-558 constitute the GPI anchor domain,
which is initialised by S531. While the immediate upstream sequence of S531 is perfectly
conserved between mouse and human, as well as highly with the other species, the down-

stream sequences show some variability. However, the high identity of key AAs, such as
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S531, E532, E534, P546, and L552, indicate that in the murine protein, the anchor domain
also begins at S531 (Fig. 13C). In conclusion, via multiple sequence alignment, I con-
firmed the position of the relevant domains of murine Gpcl to generate functional KOs for

further mechanistic studies.

A 10 20 30

Zebra/1-554 A F

Chicken/1-550 A L]

Cow/1-559 S |

Human/1-558 S 1

Mouse/1-557 S 1

Rat/1-558 S |

B . . 510 . 520
Zebra/1-554 HLEVRGRPPVFGPKTDR
Chicken/1-550 DVEVKRLSK-§-PST
Cow/1-559 EMEGRKVGRKS - A
Human/1-558 RSAYN D DLESRKV -S|
Mouse/1-557 GAYG G DTCGRR)

Rat/1-558 DACGRRVSKKS-S

Cc . 510 . 520 . 530 . 540 . 550 .
Zebra/1-554 BHLEVRGRPPVFGPKTDRBKLY T-l---PlNKRVKGSGNQIQPSIIL.I-VFFVS.
Chicken/1-550 VKRLSK-8-PST KQSIGHGV IGA--SSRSLPSAELLFLS---GAS
Cow/1-559 GRKVGRKS-A EREGQQTSAAAPTPPQASPLIBLLGLALA
Human/1-558 SRK KS-S -QEGQK PQP P L A
Mouse/1-557 GRRVSKKS|-S PEPH FELF v
Rat/1-558 GRRVSKKS-S L SAATRPERHYE-FELFLFTLV

A

Figure 13: The multiple sequence alignment of six species of Gpcl confirms the localization of key functional

domains.

The colour code indicates percent identity, darker shades of blue indicate higher percentage. The
mouse sequence is highlighted in the red dotted box. Red arrows indicate the AAs that start (A) the
secretory peptide or (C) the GPI anchor domain. (B) The solid red box indicates the alternating SG

residues required for HS binding.
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Gpcl needs to be secreted but not anchored to the cell membrane to

induce regeneration

In the overexpression screen, the C- and N-terminally tagged (ctag and ntag, respectively)
Gpcl constructs showed significantly different growth effects, with the ctag version grow-
ing longer (Table 1 and Fig. 14B). When considering the domain structure, I wondered
whether the ntag might hinder correct trafficking, thus diminishing the growth effect
(Fig. 14A). This would indicate that trafficking of Gpcl to the outside of the cell membrane
is necessary to facilitate its growth effect. Based on the multiple sequence alignment, I
generated functional KOs to investigate the trafficking behaviour of murine Gpcl. The
noSec-Gpcl construct was still expressed without the secretory peptide, but stained mostly
in the soma with only weak signal in the axon in close proximity to the BIII-tubulin signal.
Comparatively, the ntag construct stained the axon well and spread out from the BIII-tubu-
lin signal, indicating localization to the outside of the PM (Fig. 11C). Thus, removal of the
secretory peptide did, indeed, hinder proper localization to the PM. Further, removing the
secretory peptide fully abrogated the growth effect conferred by Gpcl. Next, I wondered
whether Gpcl must be anchored to the plasma membrane in order to confer its growth
effect. Interestingly, while diminishing the growth effect, removing the anchoring domain
did not fully negate it (Fig. 14C). Thus, Gpcl needs to be secreted to the plasma membrane

but not anchored to it to activate axon growth.
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Figure 14: Gpcl must be secreted but not anchored to the plasma membrane to elicit axon growth.

(A) Schematic of Gpcl maturation. Pro-Glypican 1 is trafficked from the soma to the plasma mem-
brane via a secretory peptide, which is cleaved upon translocation. Via an anchoring domain, the
secreted Gpcl is GPI-anchored to the outside of the plasma membrane. The anchor domain gets
partially cleaved upon anchoring. (B) Longest axons per culture for amino- and carboxy-terminally
tagged Gepl constructs with mean indicated. Gpcl-ctag is the same data as Fig. 11C Gpcl. (C) Rep-
resentative cells stained for Gpcl and BIII-tubulin expressing the noSec or Gpcl-ntag construct.
Scale bar 25 pm. (D) Longest axons for trafficking-related Gpcl functional KO constructs with mean
indicated. N = 90, n = 3. One-way ANOVA with Dunnett’s multiple comparison test. All calculated
comparisons indicated. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (D) Representative images

of DRGs expressing the indicated constructs. BIII-tubulin staining. Scale bar 100 pm.
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Deletion of heparan sulfate binding serine residues abolishes axon

growth effect conferred by Gpcl

After confirming that the canonical trafficking of Gpcl is required to induce axon growth,
I wanted to confirm, that the growth effect is conferred via extracellular signalling recep-
tors, as is the case in the dysregulated signalling of Gpcl-positive cancers. To this end, I
replaced the HS-binding serine residues, identified in the multiple sequence alignment,
with glycine residues, terminating the binding of HS-chains. This confirmed, that the in-
teraction with cell surface receptors via HS chains is necessary to induce axon growth, as

the growth effect is fully depleted via this functional KO (Fig. 15).
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Figure 15: Removal of HS binding serine residues abolishes the growth effect of Gpcl.

(A) Representative images of DRGs expressing the indicated constructs. BIII-tubulin staining. Scale
bar 100 pm. (B) Longest axons for heparan sulfate binding functional KO constructs with mean
indicated. N = 90, n = 3. One-way ANOVA with Dunnett’s multiple comparison test. All calculated

comparisons indicated. ****p<0.0001.
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Gpcl conditioned media induces growth in untreated DRGs

As my studies on the trafficking of Gpcl indicated that it needs to be secreted, but not
anchored, to activate growth, I wondered whether overexpressed Gpcl was enriched in the
culture media and whether conditioned media from Gpcl-overexpressing cultures could
induce growth in wildtype cell cultures. Subsequently, I raised nucleofected donor cul-
tures, expressing either Gpcl-ctag, noSec-Gpcl or noAnchor-Gpcl, concentrated and re-
plenished their media and transferred it to wildtype cultures (Fig. 16A). Both the noAnchor
and ctag conditioned media induced growth in the receiving cultures (Fig. 16B-C), thus
indicating that either Gpcl itself or an unknown growth factor secreted by Gpcl expression

in the conditioned media can activate growth in a paracrine fashion.

A Donor culture B noSec c *kk
(nucleofected) ; = l—
- & [ ;f
72h 'y . : ook
L @ [ %3
‘ ‘ e 2 # ns
Media : ) v g 'E'
transfer \ ® o o 3 1600 —
Receiving culture A 3 40 ‘;‘ o
(wildtype) @ ! - .
i 5 Py | 5 1400 o
72h > =
i - 3 12004 | o
S P R R
Gpc1-ctag noAnchor » 8004 ©
. - ;
& /4 . g / ) g 8
o 5 0 Al s N\ x 600
o R 5 el ©
e ) . o N | g 4007
ol . N . * o
a . A .| & 2004
oL e Z b c
S . : g L 0T
( 8 2oe el R, | g o O &
/ ~ ; ° ve | ® G'QQ‘ i ’(\o
.\ £ ¥ / e ,0 )
; &?‘* < A ® NS
£ S e o C R
Rl S ®. o

Figure 16: Gpcl-overexpressing cells condition their growth media to confer a growth effect to wildtype cultures.

(A) Schematic representation of the media transfer experiment. Donor cultures were nucleofected
with Gpcl constructs and grown for 72 h. Consequently, the media was concentrated, replenished
and used to grow wildtype cultures for another 72 h. (B) Representative images of DRGs from the
receiving cultures. BIII-tubulin staining. Scale bar 100 pm. (C) Longest axon analysis for the re-
ceiving cultures with mean indicated. N =90, n = 3. One-way ANOVA with Dunnett’s multiple com-

parison test. All calculated comparisons indicated. ***p<0.001, ****p<0.0001.

55



Results

Isolated Gpcl protein does not induce axon growth

As conditioned media from Gpcl-overexpressing cultures activated growth in wildtype
cultures, I wondered whether Gpcl could be detected in the media of Gpcl-overexpressing
cells. An enzyme-linked immunosorbent assay (ELISA) against the 3x-HA tag indicated
that only the noAnchor protein was present in the media (Fig. 17A). Considering the mat-
uration process of Gpcl, the c- and ntag are likely to be cleaved thus avoiding detection in
the ELISA when using the HA-tag antibody. Consequently, I developed a Gpcl-construct
with the 3xHA tag between the secretory peptide and the core protein. The “hidden” HA
tag construct (hHA-Gpcl) was readily detectable in ELISA of the culture media (Fig. 17B),
as well as immuno fluorescence and conserved the growth effect (Fig. 17C-D). In accord-
ance with the literature that Gpcl is trafficked to the outside of the PM, the staining showed

PM localization.
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Figure 17: "hidden-HA" Gpcl is readily detectable in ELISA and immunocytochemistry.

(A) ELISA against HA-tag of cell culture media from overexpression cultures. Mean + SD, n = 3.
One-way ANOVA with Dunnett’s multiple comparison test. All groups compared to empty vector.
(B) ELISA against HA-tag of cell culture media from “hidden-HA” Gpcl (hHA-Gpcl). Mean + SD,
N =6, n = 3. One-way ANOVA with Dunnett’s multiple comparison test. All groups compared to
noSec. (C) Longest axon analysis for hHA-Gpcl-overexpressing cultures with mean indicated. N =
90, n = 3. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (D) Representative images of DRGs over-
expressing hHA-Gpcl. Scale bar 200 pm.
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As I now confirmed that Gpcl was available in the media of overexpressing cultures, I
posed the question, whether the isolated protein could induce growth when added to the
media of DRG cultures. We acquired the Gpcl protein commercially, expressed from our
ctag vector. To achieve higher yields, the company also generated a histidine-tagged ver-
sion of Gpcl, where the histidine-tag replaced the C-terminal 3x-HA tag (Gpcl_trunc).
Both protein isolates where serially diluted to achieve final concentrations ranging from
110 pg/uL to 1.1 pg/uL. Interestingly, none of the tested concentrations induced growth,
while the higher concentrations even had a negative impact on the growth of the treated
axons (Fig. 18A).

To verify the correct folding of the isolated protein, we employed size-exclusion chroma-
tography (SEC) and circular dichroism (CD) spectroscopy. The SEC showed that the pro-
tein eluted at the expected rate in a sharp peak at 14-15 mL, indicating an absence of mis-
folded aggregates (Fig. 18B). Additionally, the CD spectrum indicated the presence of
alpha helices via a positive peak at 192 nm and a negative peak at 222 nm (Fig. 18C)
(Kumagai et al., 2017), consistent with the crystal structure of the Gpcl core protein, which
shows alpha helices as the main structural element of the tertiary structure (Madej et al.,
2014). Thus, while the protein we used appeared correctly folded, it did not induce growth
in DRG cultures. Together, I could show that there is a detectable amount of Gpcl in the
media of overexpressing cultures, but while the transfer of media from overexpressing to
naive cultures sparked growth, the isolated protein did not. This indicated that it is not the
soluble Gpcl protein, that confers the growth effect, but rather a different kind of secreted

factor.
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Figure 18: Isolated Gpcl does not induce growth, even when correctly folded.

(A) Longest axon analysis for cultures treated with Gpcl-ctag or Gpcl_trunc isolated protein. The
dotted line indicates the average for the non-treated control, which cannot be plotted on a logarith-
mic x-axis. Mean plus SEM. Gpcl-ctagn=1, N =30, Gpcl_truncn=1-3, N =30-90. (B) Absorption
of the size exclusion chromatography eluate of Gpcl_trunc at 254 and 280 nm. (C) Circular dichro-
ism spectrum of Gpcl_trunc. The vertical dotted lines indicate the expected peaks for alpha helices

at 192 and 222 nm.
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Gpcl-loaded extracellular vesicles activate axon growth

Besides soluble Gpcl, another way Gpcl could interact with other cells is via secretion in
extracellular vesicles (EVs). Gpcl-positive EVs have been reported by multiple proteomic
studies (Chitti et al., 2023; Garcia-Silva et al., 2021) and are investigated as a biomarker
for different cancers (Adel et al., 2025; Tripathi et al., 2023). Consequently, I stained Gpcl
in hHA-Gpcl expressing DRGs, to investigate its cellular localization. Confirming the hy-

pothesis that Gpcl is trafficked in EVs, I observed many intensely fluorescent puncta in

the staining (Fig. 19).

Figure 19: Gpcl staining in overexpressing cells shows punctate Gpcl signal.

Representative image of a DRG overexpressing hHA-Gpcl stained for BIII-tubulin (Tujl) and Gpcl.
Blue arrows in the zoomed in panels indicate clearly defined puncta in the Gpcl signal. Scale bar
100 um.

Subsequently, I isolated EVs from DRG cultures nucleofected with hHA-Gpcl or the
empty vector control. The EV-enriched fraction stained positive for Gpcl and HA-tag, as
well as CD9, a marker for EVs (Fig. 20A). Finally, treating DRG cultures with EVs from
either hHA-Gpcl or empty vector expressing cultures, elicited a growth effect in the hHA-
Gpcl EV treated neurons. Thus, extracellular vesicles from Gpcl-overexpressing cultures

are positive for Gpcl and confer a paracrine growth effect on wildtype cells (Fig. 20B-D).
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Figure 20: Gpcl-positive extracellular vesicles elicit growth in wildtype DRGs.
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(A) Western blot from the EV enriched fraction following EV isolation. Molecular weight in kDa.

Antibodies indicated on the right. (B) Schematic representation of the EV transfer experiment. Donor

cultures were nucleofected with the indicated constructs and grown for 72 h. Consequently, the EVs

were isolated and used to grow wildtype cultures for another 72 h. (C) Representative images of

DRGs from the receiving cultures. BIII-tubulin staining. Scale bar 100 um. (D) Longest axon anal-

ysis for the receiving cultures with mean indicated. N = 90, n = 3. One-way ANOVA with Dunnett’s

multiple comparison test. Student’s t-test. ****p<0.0001.
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Gpcl-overexpression changes the phosphorylation state of the cell

and regulates growth essential processes

The cell surface receptors modulated by Gpcl largely signal inside the cell via phosphor-
ylation cascades. Consequently, to elucidate which receptors are involved in the Gpcl
growth effect, we generated whole and phosphoproteomic data sets for DRGs overexpress-
ing hHA-Gpc1 or empty vector controls. Interestingly, while the whole proteome analysis
of empty vector and hHA-Gpcl samples showed roughly equal numbers of proteins de-
tected, 7632 and 7579, respectively (Fig. 21A), there was a significant reduction on detect-
able phosphorylated peptides in the hHA-Gpcl samples; 12696 vs. 14180 (Fig. 21B).
When analysing the GO terms of up- and downregulated proteins in the whole proteome,
I detected largely terms associated to the PM, mitochondria and the ribosome. Interest-
ingly, however, I also detected “negative regulation of smooth muscle cell migration”. As
discussed above, the processes of cell migration and axon growth are often similar
(Fig. 21C). The responsible downregulated genes in this GO term include slit homolog 2
(drosophila) and ras homolog gene family, member a (Rhoa), which are known to be neg-
ative regulators of axon growth (Piper et al., 2006; Stern et al., 2021) and bone morpho-
genic protein receptor type la (Bmprla), which is negatively regulated by Gpcl (Dwivedi
etal., 2013). Thus, the GO analysis of these proteomes indicates that canonically inhibitory
pathways for axon growth are downregulated upon Gpcl-overexpression.

GO term analysis of proteins which change their phosphorylation state, meaning at least
one phospho peptide was significantly enriched between groups, reenforced the focus on
cytoskeletal interactors. Processes such as “regulation of microtubule depolymerization”
and “regulation of microtubule binding”, the components “cytoskeletal part” and “micro-
tubule” as well as the function “actin binding”, “cytoskeletal protein binding”, and
“GTPase regulator activity” directed our attention toward Rho family GTPases, as the mas-
ter regulators of the cytoskeleton. Consequently, I analysed the phosphoproteomic data
with regards to Rhoa interactors. While Rhoa itself was not detected in this data set, mul-
tiple of its interactors, like rho gtpase activating protein (Arhgap)39, Arhgap21, Arhgap32,
and rhogef (arhgef) and pleckstrin domain protein 1 (chondrocyte-derived) (Farpl),
changed their phosphorylation state upon Gpcl-overexpression. This observation was un-
derlined by canonical pathway analysis via the Ingenuity pathway analysis tool, for which
RHO GTPase cycle was the top hit (p =2,97e-21, overlap 49/450). Together, this indicated
that overexpression of Gpcl activates signalling cascades that lead to Rho inactivation,

which enables axon growth.
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Figure 21: Gpcl-overexpression changes the phosphorylation state and proteome of DRGs.

Number of detected proteins in the whole proteomics (A) and number of detected phospho pep-
tides (B) of hHA-Gpcl and empty vector-overexpressing DRGs. Student’s t-test. n = 6, *p<0.05.
(C) enriched GO terms of up and down regulated proteins from the whole proteome of hHA-Gpcl
and empty vector-overexpressing DRGs. (D-F) Top 12 enriched GO terms of proteins which change
their phosphorylation state from hHA-Gpcl and empty vector-overexpressing DRGs. Dotted line
indicates p=0.05.
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Discussion

CNS axons fail to regenerate, because both intracellular and extracellular signalling mech-
anisms hinder them from growing. The aim of this thesis was to identify proteins which
would overwrite those inhibitory signals, thus enabling axons to regenerate. Using prote-
omics of different growth paradigms, I established 31 GOIs. Following an overexpression
screen, I observed a growth effect in 10 different proteins, chief among them, Glypican 1.
I provide data indicating that correct trafficking of Gpcl is imperative for Gpcl to facilitate
growth, which it does by interacting with extracellular cell surface receptors. I show that
the activation of signalling cascades via these receptors is powerful enough to overcome
the growth inhibition of the CNS as approximated by CSPGs. Consequent mechanistic
analysis showed that Gpcl is enriched in extracellular vesicles upon overexpression, and

such Gpcl-positive vesicles induce growth in naive cells.

Glypican 1 as an effector of axon growth

In this thesis, I provided data about the discovery as well as characterization of Gpcl as an
effector of axon growth. Following an unbiased screen, we detected Gpcl as a novel can-
didate to induce axon regeneration, which led back to known growth mechanisms, such as
growth regulation via Rho family proteins (Ahnert-Hilger et al., 2004; Arakawa et al.,
2003; Da Silva et al., 2003; Stern et al., 2021). It is important to reiterate that we are not
the first group to observe Gpcl as being related to neural development or spinal cord in-
jury. Gpcl has been described in association to netrin-mediated axon guidance (Blanchette
et al., 2015) and as a modulator of Sonic hedgehog signalling (Stoeckli, 2018). Its dro-
sophila homologue dally-like protein is required for correct circuit assembly in the fly’s
visual system (Rawson et al., 2005). Furthermore, Gpcl was shown to be regulated on the
transcriptional level by neurotraumatic injury in rats (Bloechlinger et al., 2004), a result
we confirm. My work, however, presents the first causal link between high levels of Gpcl
and axon regeneration. We also show Gpcl as having both autocrine and paracrine activity.

Interestingly, we show that this growth activity is related to the regulation of cell signal-
ling receptors, as confirmed by removal of the HS chains, which facilitate such interac-
tions, fully abrogating the growth effect (Fig. 15). Which specific receptors are coactivated
or inhibited by Gpcl in our setting will need to be focus of further studies. Our experiment
with CSPGs exclude the integrin signalling pathway. That is because, to plate DRGs on

CSPG they require laminin to form their initial adhesion. Typically, as a growth activator,
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laminin was excluded from our over expression culture system. The fact that Gpcl-over-
expression in an environment of CSPGs and laminin still had a major growth effect implies
that Gpcl acts synergistically with laminin, thus, the original effect is likely independent
of it.

One key finding of this thesis is the ability of Gpcl to confer a growth effect via EVs. As
mediators of cell-cell communication, EVs have recently been discussed as drug delivery
vectors that facilitate cellular uptake of cargos and can confer tropism to specific cell pop-
ulations (Elsharkasy et al., 2020; Herrmann et al., 2021). As such, our findings indicate a
clinical relevance that might not be given by a protein that acts only in an autocrine manner.
To pursue this avenue, further research will be needed into the mechanism of Gpcl EV
genesis and paracrine interaction. Our findings indicate that Gpcl-loaded vesicles confer
a growth effect. They do not, however, conclusively show that this growth effect is due to
Gpcl directly. Possibly, Gpcl-overexpression leads to loading of other growth-affecting
molecules into vesicles, a mechanism that has been described for FGF2 (Sparn et al.,
2022). The presence of Gpcl on or in these vesicles might just be a consequence of the
overexpression. On the other hand, Gpcl on the surface of EVs might confer tropism for
neurons, as has been shown for other HSPGs (Christianson et al., 2013; Hagey et al., 2023).
Interestingly, this would give hints to the formation of Gpc1 positive vesicles. As Gpcl is
wholly extracellular, i.e., having no intracellular domains, for it to confer tropism, Gpcl
needs to be presented on the outside of the vesicle. This would indicate such vesicles are
the result of outward budding of the PM, which is then pinched from the mother cell. Such
vesicles are typically referred to as micro vesicles, though the nomenclature is inconsistent
(Zhang et al., 2024).

The question whether Gpcl presents on the outside or within the lumen of EVs carries
some translational implications. Were Gpcl on the inside of vesicles, transported as a
cargo, it could possibly be delivered to cells in liposomes, synthetic membrane bilayers
which have been researched as drug delivery systems (Sercombe et al., 2015). The ad-
vantage of this approach is that liposomes can be generated free of cell culture systems
(Lombardo and Kiselev, 2022), modified chemically to avoid clearance via immune cells
(Gabizon et al., 1993) and can be loaded with the exact ratio of cargoes desired. There are
also techniques of embedding GPI-anchored proteins into the outer lipid layer of liposomes
(Fotoran et al., 2020), this approach, however, is less well established and would need to
be developed further to facilitate Gpcl delivery in a therapeutic context. This assumes,

furthermore, that the uptake of Gpcl-loaded vesicles into host cells is only dependent on
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Gpcl and entry receptors on the PM of the host cell. However, as has been observed of
viral peptides, cellular uptake and tropism can depend on multiple proteins (Bannach et
al., 2020). Consequently, only loading liposomes with Gpcl might not facilitate cellular
uptake. Isolating Gpcl-loaded EVs from a donor culture seems to be the more straight
forward approach. These vesicles are functional, as indicated by their ability to confer
growth (Fig. 20) and thus possess all the necessary machinery for uptake or membrane
integration, assuming these processes occur. However, physiologically appearing EVs face
the aforementioned issues of clearance via the immune system.

Regardless of via liposomes or in EVs isolated from appropriate donor cultures, Gpcl-
loaded vesicles would pose a fascinating avenue for therapy in SCI. EVs could conceivably
be injected intrathecally or epidurally. The former, having the advantage of delivering
Gpcl directly into the cerebrospinal fluid surrounding the spinal cord, but being more in-
vasive and a more complex surgical intervention. The latter, only being delivered outside
of the dura, but being less invasive. Both application routes are routine methods practised
in most hospitals (Kearns et al., 2024; Traynor et al., 2016). Since SCIs disrupt the blood-
spinal-cord-barrier (BSCB) (Noble and Wrathall, 1988) and dorsal root ganglia locating
outside of the dura, epidural injection might suffice to deliver Gpcl to where it can have a
therapeutic impact following SCI. With the afore mentioned disruption of the BSCB, sys-
temic administration of EVs could also be possible, however, due to the effect on cancer
cell migration observed in Gpcl-overexpressing tumours, that avenue appears the least

advisable, while the more invasive intrathecal injections seems most favourable.
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The merits of an overexpression screen

To evaluate our GOIs we choose an overexpression screen, focusing on the longest axon
as an outcome measure. However, most of the GOIs we detected, were shown to be down-
regulated upon acquisition of growth competence (28/39) (Fig. 9). Would it then not have
been more reasonable to screen the downregulation of these proteins? Partially. Overex-
pression is easy to achieve and easy to detect. As all constructs from the screen included
an HA-tag, I could confirm their overexpression in the image acquisition process. Knock
down (KD) or knock out (KO) of a protein is much harder to confirm, and requires specific
probes, such as antibodies or quantitative PCR primers, which in turn have to be validated.
Achieving KO of a GOI is quite difficult. Techniques such as Cre-Lox mediated KO take
months to establish for individual GOIs and are consequently unfeasible for screening 31
GOIs. CRISPR-based KOs are easier to achieve, but still need thorough validation of
guides. Furthermore, they require the ectopic expression of multiple vectors, which is quite
hard to achieve in samples with few neurons, like our DRG culture, that are additionally
hard to transfect. KD via small hairpin RNAs (shRNA) is easier to achieve, but also more
prone to off-target effects (Neumeier and Meister, 2020).

Studies with shRNAs routinely use multiple constructs to target the same gene, which
would multiply the work involved. Furthermore, both KO and KD follow their own kinet-
ics, meaning it takes some time for the KO/KD to go into effect, and then the depletion of
the target protein follows its own kinetic once again. As neurons are long-lived cells, much
of their proteome also exhibits exceptionally long half-lives, in the range of days to weeks
(Cohen and Ziv, 2019). Consequently, in DRGs, the slow removal of the knocked-down
or knocked-out hypothetically growth inhibiting protein might get lost in the inherent high
growth competence of cultured DRGs. Of course, it would be possible to KO/KD the GOI
before culture, for example via sciatic nerve injection or dorsal root ganglion electro-
poration (Saijilafu et al., 2011), this however, would require a massive amount of surgeries
and could be ethically questioned, with regards to the harm caused to the animals versus
the knowledge gained.

An additional issue arises from the difficulty of detecting transfected cells. In our hands,
DRGs do not express fluorescent proteins to sufficiently high levels for detection within
the first 72 h post plating. When overexpressing a tagged protein, that is less of an issue
then when co-expressing an inhibitory RNA or CRISPR components with a fluorescent
protein. So, in a hypothetical KO/KD screen, the matter of detecting KO/KD cells would

need to be solved.
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Finally, on the matter of KO/KD screens, the question arises what value the detection of
a candidate has, which decreases axon growth. If the depletion of a protein of interest can
be causally linked to an increase in axon growth, that might reveal druggable targets. In-
deed, our group has identified two drugs that increase axon growth in models of SCI in
this manner, Pregabalin and Baclofen (Hilton et al., 2022; Tedeschi et al., 2016). Some
might argue that the downregulation of a pathway is more effortlessly achieved than path-
way upregulation. However, our group has also identified beneficial drugs in models of
SCI, derived from axon growth activating processes, Taxol and Epothilones (Hellal et al.,
2011; Ruschel et al., 2015b). Summarizing, there is no inherent benefit to studying growth
inhibitors over growth activators, when the end goal is to identify translatable interventions
in SCIL

Thus, the merits of an overexpression screen are easy detectability of overexpression
compared to KO/KD, the technical feasibility of the generation and expression of GOI
constructs for a large screen, the absence of off-target effects and the maintained possibility

to reveal translationally relevant processes.
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Analysis of the 30 longest axons

In my screen, I choose to forgo identification of overexpressing cells and analysed the 30
longest axons per culture instead, from images of the whole coverslip. I reasoned, that if a
GOI increases growth, the 30 longest axons per culture would be positively transfected.
Even if these were not transfected and the growth effect was conferred by overexpressing
cells to naive cells, if the average outcome is a growth increase, that could yield interesting
candidates to follow up on. Following this logic, it is not surprising that the largest effect
size is produced by a protein that has both an autocrine and paracrine effect (Fig. 11,
Fig. 16, and Fig. 20). Additionally, focusing on the 30 longest axons per culture made the
comparisons more robust. Firstly, when analysing cells, one always has to choose which
cells to analyse. In a highly heterogeneous population of neurons, such as in a DRG culture,
there is always a chance to accidentally choose only well growing cells, thus biasing the
results of the analysis. By following a simple rule to choose which cells to include in the
analysis, I eliminated my own bias which cells to analyse. Secondly, primary cell cultures
are highly variable from batch to batch. Axon growth is an exceptional readout for the
health and stress level of a cell. Just as famines decrease the growth of humans (Gorgens
and Meng, 2007; Portrait et al., 2017), axon length is highly sensitive to any and all
changes in their environment. Sheer uncountable factors can influence the overall “happi-
ness” of a culture. Variations in batches of growth factors or the quality of cover slips and
even the diameter of pipette tips used for dissociation can affect axons length. In most
experimental timelines, these factors can often be neglected, but with hundreds of cultures
produced and almost 100.000 axons quantified for one comparison (Tablel and Fig. 11),
reducing the variability in the analysis was imperative to avoid false positive or false neg-
ative results. Analysing the 30 longest axons per culture empirically showed to quench
such variability from the analysis.

Conversely, the question still stands, why analyse the longest axons when most of the
overexpressed proteins are expected to hinder growth? The answer is again the technical
variability of the primary cultures. Again, axons length is very sensitive to all manner of
factors. In a DRG culture following my culture conditions, 30-50% of cells might not even
form an axon, irrespective of treatment, so analysing which GOIs make growth worse can
be difficult. Additionally, disruptions to cellular pathways might hinder growth, without
the pathway itself being directly growth activating. For example, while cells require energy
in the form of ATP to grow, supplying cells with more ATP does not on its own boost axon

growth. Or, ATP is necessary for growth, but not sufficient to induce it. So, detecting
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shorter axons after expression of GOIs requires another step of establishing causality, that
is avoided when directly detecting axon growth. Finally, with overexpression of modified
proteins, there is always a risk of a loss of function, for example via misfolding or disrup-
tion of functional domains. Consequently, there was a chance for each of our overexpres-
sion constructs to result in a dominant negative protein, which is partially supported by the
7 GOIs that showed a robust growth effect only in one of the two generated constructs.

Now, is a similar analysis possible for detecting the shortest axons? Analysing the 30
shortest axons would in all likelihood yield the exact same result in all samples. Because
of the heterogeneity of DRG cultures there are always 30 neurons which just manage to
produce an axon below 10 um within 72 h. Alternatively, one might analyse the percentage
of axons below a certain threshold. This threshold would have to be fine-tuned and exper-
imentally validated, but it could give insights into GOIs that hinder growth. Considering
the discussion above about growth hindering interventions, this might still yield interesting
insights and should be focus of further studies.

In conclusion, this analysis method was chosen for both practical as well as scientific
reasons. It proved effective in enabling me to analyse large data sets of axon growth and
filter out at least one, possible multiple, interesting candidates to research axon regenera-

tion.
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Gpcl receptors and downstream pathways

I provided data indicating that the Gpcl growth effect relies on interactions with cell sur-
face signalling receptors (Fig. 14 and Fig. 15), consistent with the literature on Gpcl sig-
nalling. However, which receptors are involved in the growth effect is not clear. Gpcl is
known to interact with many receptors, including FGFR, VEGFR, TGF-BRI+II, Frizzled
and BMPRI+II (Pan and Ho, 2021). Clearly, deciphering which receptors facilitate the
Gpcl growth effect is a fascinating and impactful question for further study. Downstream
of this elusive receptor or receptors, Gpcl has a major impact on the cytoskeleton. Both,
the whole- and phospho proteomics of Gpcl-overexpressing cells strongly implicated the
cytoskeleton generally, and the Rho family GTPase RhoA specifically in the Gpcl axon
growth effect (Fig. 21). As the cytoskeleton is the major effector of axon growth and Rho
family GTPases are the major effectors of the cytoskeleton, this finding is fully conclusive
with the current literature. Interestingly, Gpcl appears to activate pathways that are similar
to physiological growth, as the GO term analysis showed that overexpression of Gpcl also

99 ¢¢

affects the cells energy metabolism (“mitochondrial part” “succinate dehydrogenase activ-

ity”’), protein synthesis (“ribosome”, “intrinsic component of the endoplasmic reticulum
membrane”), production of membranes (“membrane part”) and the transcriptome (“14-3-
3 protein binding”). This indicates that Gpcl not only bolsters one process that enables
axon regeneration, like for example application of Taxol to stabilize MT (Hellal et al.,
2011), but resets the cell to a more growth competent state as a whole. Furthermore, it
partly aligns with the GO term analysis of the Tedeschi paradigms -which all reflect growth

competent states in DRGs- where “plasma membrane” and “plasma membrane part” were

consistently upregulated between growth paradigms (Fig. 8).
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Outlook

The presented data positions Gpcl as a promising candidate to enable axon regeneration
through scar tissue in SCIs and as a regenerative therapeutic in other diseases, that are
accompanied by the loss of axons. To ensure the efficacy and safety of such therapies, a
number of key experiments need be performed on the basic biology of Gpcl in neurons.
The first major question is whether Gpcl-overexpression causes regeneration of the DRG
tracts in in vivo models of SCI. If so, the next experiments should involve the application
of EVs or liposomes in rodent models of SCI. Here, the optimal mean of delivery could be
identified. As discussed above, possible application routes would be intrathecal or epidural
injections or systemic administration. Gpcl-loaded cuffs or titan nano tubes could also be
conceived as drug delivery approaches (Bariana et al., 2018; Elyahoodayan et al., 2020).
Of course, the time line of treatment would have to be elucidated. Immediate treatment
with Gpcl following an injury might be beneficial for setting axons in a growth competent
state, before the fibrotic scar poses a physical barrier. However, Gpcl might also affect the
migration of other cell types, responsible for wound healing, so later application might be
more beneficial. The duration of treatment would have to be carefully determined as well.
A fascinating follow up question on any in vivo studies would be whether Gpcl-overex-
pression leads to improvements in motor recovery. To this end, a more severe injury model
would be required. In such experiments, Gpcl treatment could also be combined with other
promising approaches for the treatment of SCIs, such as rehabilitation, epothilones or
Nogo inhibition.

The receptors which Gpcl modulates to achieve axon growth are yet elusive. To identify
which receptors are involved in the Gpcl growth effect, western blot analysis or prote-
omics of Gpcl pull-downs could be employed. However, membrane-bound proteins are
notoriously hard to detect in these methods, so these experiments would have to be thor-
oughly optimised for their respective targets. It would also be possible to block receptors
with antibodies or small molecule inhibitors, however, such approaches are prone to off-
target effects and would have to be well controlled. Optimally, a combination of all of
these approaches would be utilized to pinpoint which receptors are involved in the Gpcl
growth effect.

It also remains unclear whether it is the Gpcl on the EVs or the content of the EVs which
triggers the growth effect. Here, proteomics of the EVs could inform us, whether they are
loaded with specific growth factors. To this end, ELISAs of Gpcl-overexpressing culture

media could also be used to detect specific growth factors. This approach, however, would
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introduce candidate specific bias, which is absent in the proteomic approach. Then, the
question of EV uptake should be investigated. Typically, EVs are internalized via endocy-
tosis and then release their cargo to multi vesicular bodies, which then release specific
cargoes to specific subcellular locations (Joshi et al., 2020). For cancer exosomes, this
process depends on EV surface HSPG (Christianson et al., 2013), consistent with our data
that deletion of HS binding serines hinders the Gpcl growth effect (Fig. 15). They can,
however, also fuse directly with host cells (Papareddy et al., 2024). Deciphering the Gpc1-
EV uptake mechanism could have therapeutic implication regarding target cell tropism or
engineering EVs to also traffic other compounds that are beneficial to axon regeneration.
Finally, this work opens up many questions of the physiological role of Gpcl. From our
data it could be speculated that Gpcl is a main driver of the regenerative conditioning
effect observed upon a PNL. To follow this speculation, KO/KD studies of Gpcl in DRGs
could be informative. If deletion of Gpcl in DRGs hindered the conditioning effect, that
could mean that the retrograde signal described by Smith and Skene (Smith and Skene,
1997) could be derived from Gpcl-positive vesicles. Interestingly, Gpcl can itself localize
to the nucleus (Bloechlinger et al., 2004), so conceivably, Gpcl itself could be that cue.
Furthermore, being a secreted growth signal, Gpcl-positive EVs could confer the regener-

ative effect that is observed in non-injured ganglia following PNL (Dubovy et al., 2019).

72



Materials and Methods

Materials and Methods

Materials

Chemicals
Name Supplier Product number
Ammonium chloride Merck 168320
B-27 Supplement Life technologies 17504-044
Borax Sigma 71996
Boric acid Sigma B6768
Bovine serum albumin (BSA) Sigma A3294
Collagenase IV-S Sigma Aldrich C1889
DMEM/F12 Life technologies 11330032
Fetal Calf Serum (FCS) Invitrogen 10270106
Fish gelatin Sigma G7765
Fluoromount mounting medium Sigma F4680-25ml
HBSS Gibco 14025-100
HEPES Buffer solution (1 M) Gibco 15630-056
Hydrochloric acid (>37%) Merck 1003141000
Hydrochloric acid (HCI, 1 N) Fisher Scientific 124210010
L-Glutamine (200 mM; 100x) Thermo fisher scientific 25-030-081
Laminin (500 pg/mL) Roche 11243 217 001
P3 Primary Cell 4D X Kit S (32 | Lonza V4XP-3032
RCT)
Paraformaldehyde Roth 0335.3
PBS (10x) powder AppliChem A0965
Penicillin/Streptomycin Life technologies 15140-122
Poly-L-lysine Sigma P-2636-1G
Sodium bicarbonate Merck 1.06329.0500
Sodium chloride (NaCl) Merck 106404
Sodium hydroxide pellets (NaOH) | Merck 1064821000
Triton X-100 Sigma X100-100ML
Trypsin-EDTA (0.05%), phenol red | Life technologies 25300096
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Drugs

Equipment
Name Supplier Model
Anaesthesia system VetEquip Inc. 931401
Centrifuge Eppendorf 5427R
Cold light source Schott KL 1500 LCD
Fine Scale Kern APJ-NM
Hot bead sterilizer FST 18000-45
Incubator HERACcell 2401
Magnetic stirrer IKA RH Basic 2
Microscope Zeiss PrimoVert
Nucleofector Longza 4D-Nucleofector Core

Unit and X Unit

pH meter METTLER Toledo | Seven Easy
Pipetting controller Integra Pipetboy
Scale Scout Scout Pro 400g
Stereomicroscope Leica M651
Sterile hood Thermo Scientific SAFE 2020
Tabletop centrifuge Corning LSE Mini Microcentrifuge
Temperature Controller WPI ATC 1000
Thermo oven Thermo Scientifc HERA THERM
Ultra-centrifuge Optima L80-XP
Vacuum pump Vacuubrand BVC21
Vortex Corning LSE VortexMixer
Waterbath Thermo Fisher Lab Armor

Surgery materials

Name

Supplier

Product number

Askina gauze compress

7.5x7.5 cm

B. Braun Melsungen AG | 9031316

Baytril 2.5% Vet injection

solution (Enrofloxacin)

Bayer

03543238
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Bepanthen. Eye- and Bayer Vital GmbH PZN1578675

nose ointment

Braunol. povidon iodine B. Braun Melsungen AG | 3864235

solution

Dumont #5 forceps Fine Science Tools 11251-30

Friedman Pearson Rongeur Fine Science Tools 16221-14

Glucose 5% (G5) solution B. Braun Melsungen AG | 3154910

— 100 ml

Metacam. (Meloxicam) Boehringer Ingelheim PZN 8890217

Noyes Spring Scissors Fine Science Tools 15514-12

Scalpel blades #10 Fine Science Tools 10010-00

Scalpel handle #3 — 12 cm Fine Science Tools 10003-12

Sofsilk 4.0 suture material Covidien S-1174

Sugi. — Sterile Kettenbach Medical 30601

Absorption Spears

Vannas Spring Scissors Fine Science Tools 15000-00

Vetflurane (Isoflurane) Virbac 24279 WDT

Wound clip applicator Fine Science Tools 12018-12

Wound clips Reflex 7 CellPoint Scientific 203-1000
Consumables

Name Supplier Product number

4 well dish Nunclon Delta Thermo Scientific 176740

Surface

13 mm, #01-115 30 Marienfeld 0111530

Amicon Ultra-15, PLTK Ul- | Merck UFC903024

tracel-PL Membran, 30 kDa

Eppendorf tubes 1.5 mL, 2 mL | Eppendorf VB-0306

Falcon 70 pm cell strainer Neolab 352350

Falcon tubes 15 mL, 50 mL Corning CLS430053-500EA

Frosted Microscope Slides, 90°

Fisher Scientific

16245172

MaxiSorp Immuno Plates

Thermo Scientific

442404
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Pipette filter tips nerbeplus 06-602-5300,
06-662-5300,
06-695-5300

Pipette tips nerbeplus 06-360-2018,
06-375-2018,
06-379-2018

Media, buffers, and solution
Name Recipe Preparation and
storage

quenching

Ammonium chloride 50 mM for

1.34 g ammonium chlo-

ride in 500 mL PBS

Store at RT

Blocking solution

2% fetal calf serum
2% bovine serum
albumin 0.2% fish
gelatin in dH20

Aliquot and store at

-20 °C

Borate buffer

1.24 g boric acid
1.9 g Borax
(Sodium borate) in

400 mL H20

Adjust to pH 8.5

CD dialysis buffer

20 mM KH2PO4
50 mM Na2S0O4

Adjust pH to pH 7.4

Collagenase solution

Dissolve 50 mg in
DMEM/F12 to achieve
min. 1000 U/mL Colla-
gen activity and
2 U/mL FALGPA ac-
tivity

Aliquot in 20 pL and
store at -20 °C

Digestion media

1.8 mL DMEM/F12 +
FCS
200 pL Collagenase so-

lution

Make fresh for DRG

culture
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DMEM/F12 complete 48 mL DMEM/F12 Filter sterilize with
0.5 mL Pen/Strep 0.22 um filter and
(100x) store at 4 °C,
0.5 mL L-Glutamine Use within a week
(100x)
1 mL B-27
supplement
DMEM/F12+FCS 45 mL DMEM/F12, Filter sterilize with
5mL FCS 0.22 um filter and
0.5 mL Pen/Strep store at 4°C,
(100x) Use within a week
ELISA blocking solution 4% milk powder Always use fresh
In PBS-T
HBSS + HEPES 5 mL Hepes (1 M, Store at 4°C
pH 7.25) in 500 mL
HBSS

Laminin solution

Laminin (500 pg/mL)
in PBS
(1:200)

Prepare fresh before

coating cover slips

5x Laemmli buffer

4 ml 1.5 M Tris-Cl
pH 6.8

10 ml glycerol

5 ml 2-mercaptoethanol
2 g sodium dodecyl sul-
fate

1 ml 1% bromophenol

blue

Store aliquots at

-20 °C

20 x MOPS Buffer

52.31 g MOPS

30.29 g Tris-Base

5 gSDS

10 mL 0.5 M EDTA
Fill up to 250 mL with
ddH>O

Dilute to 1x before use

Paraformaldehyde/sucrose

l6 g

Adjust to pH 7.4, filter
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(16%) for ICC Paraformaldehyde sterilize, aliquot and
16 g sucrose in 100 store at -20 °C, 4% di-
ml PBS lutions are prepared
from this stock in PBS
PBS 114.9 g Na,HPO4 Add ingredients and
26.41 g NaH,PO4 preheat to 50°C until
90 g NaCl solution 1is clear, ad-
Add 1000 mL with just pH to 7.4 with
H20 HCI or NaOH, store at
RT
PBS-T 0.1 % Tween20 Store at RT

In PBS

Poly-L-lysine solution

(PLL)

1 mg/mL poly-Lysine

hydrobromide in

Solution is sterile fil-

tered and stored at 4°C

borate buffer for up to 1 week

10x TBS 48.4 g Trizma (Tris) Dilute to 1x before use
160 g NaCl
Adjust pH to 7.6 with
HCI
Fill up to 2 L with
ddH>O

10x Transfer Buffer 144 g Glycine Dilute to 1x before
30 g Tris use, including 20%
Fill up to 1 L with | methanol
ddH>O

Triton 0.1% 5 mL Triton X-1000 | Store at RT

45 mL PBS
Dilute this 1:100 in
PBS

Trypsin 0.05%

100 mL
Trypsin/EDTA
700 uL HEPES

Aliquot and store at

-20°C
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Antibodies

Target Host species Dilution | Supplier Product number

BIII-Tubulin Mouse 1:500 BioLegend 801201

BIII-Tubulin Rabbit 1:1000 Sigma Aldrich T2200

CD9 Rabbit 1:1000 Cell Signaling | 13403
Technology

Gpcl Rabbit 1:500 Thermo Fisher | PA5-28055
Scientific

HA-tag Mouse 1:500 Abcam ab49969

HA-tag Rabbit 1:500 Cell Signaling | 3724
Technology

Alexa Fluor. Goat 1:1000 Invitrogen A11029

488 Anti-

Mouse

Alexa Fluor. Goat 1:1000 Invitrogen A11034

488

Anti-Rabbit

Alexa Fluor. Goat 1:1000 Invitrogen A21422

555

Anti-Mouse

Alexa Fluor® | Donkey 1:1000 Invitrogen A31572

555 Anti-Rab-

bit

Alexa Fluor® | Donkey 1:1000 Invitrogen A31571

647 Anti-

mouse

Alexa Fluor® | Goat 1:1000 Invitrogen A21244

647 Anti-Rab-
bit
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Methods

Animals

All animal experiments were conducted in accordance with the Animal Welfare Act and
the guidelines of the Landesamt fiir Natur, Umwelt und Verbraucherschutz (LANUYV).
Adult wildtype female mice (C57BL/6J) were purchased from Janiver Labs or Charles
River or bred in house. Wildtype animals were used in experiments between 8-16 weeks

of age. The wildtype mice used were predominantly female.

DRG culture

Adult mice were sacrificed with CO2 using a Medres rodent euthanasia system. After-
wards, the spine was excised, and opened rostral-caudally. The first lumbar (L1) DRG was
identified via its position below the lowest rib. The DRGs where collected in Hank’s buff-
ered salt solution + 7 mM HEPES before being washed once in DMEM for washes and
digested in 500 pL collagenase solution at 37 °C for 45 min. Consequently, the ganglia
were washed three times and digested in 500 pL 0.05% trypsin at 37 °C for 10 min. After
two washes in 1000 uL. DMEM + FCS, the ganglia were dissociated mechanically in
1000 unLL. DMEM + FCS via a P1000 pipette. Following filtration through a 70 um nylon
mesh, the filter was washed with 500 uL DMEM + FCS, the cell suspension was trans-
ferred into a clean tube and centrifuged for 6.5 min at 100 xg. For nucleofection, the cell
pellet was resuspended in 20 pL. P3 solution with 3 pg of DNA. After nucleofection with
the program “Neuron, rat, brain Hi/Cx HE” using the Lonza P3 Primary Cell 4D-Nu-
cleofector™ X Kit S, cells where quickly mixed with 100 uL. of warm culture media and
incubated at 37 °C for 10 min. After this recovery period, 140 uL of the neuron solution
were recovered from the cuvette and mixed into 1900 pL culture media. Neurons were
then plated on two poly-L-lysine (PLL) coated coverslips (1 mg/mL, 37 °C for 1 h) per
mouse. For experiments with CSPGs, after coating with PLL, the coverslips were washed
and then coated with 5 mg/mL Laminin plus 3 pg/mL in PBS. For the 6 h — 36 h cell
culture time points in paradigm two, cells were plated on coverslips coated with PLL and
Laminin. For the media transfer experiments, the media was collected from two overex-
pressing cultures and concentrated in 30 kD molecular weight cut off membrane filter tubes
(Amicon Ultra-15, PLTK Ultracel-PL. Membran, 30 kDa) at 4000 xg at 4 °C for 10 min.
The concentrated media was then mixed with fresh culture media at a 1:6 ratio before using

it to plate non-nucleofected cells.
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Anaesthesia, analgesia and general (post) surgical care

At different time points and project-dependent, surgeries were conducted according to dif-
ferent protocols approved by LANUV. As such some details of surgical interventions dif-
fer between experiments. Where medications had to be replaced for animal welfare rea-
sons, great care was taken that new medications would not interfere with the experimental
purposes of the respective surgeries.

For conditioning lesions, animals were anesthetized in 5% (v/v in O2) isoflurane, before
being transferred to a respirator that supplied 2-2.5% isoflurane for the duration of the
surgery. Eye ointment was applied to prevent drying of the eyes. Baytril (5 mg/kg) was
administered subcutaneously as an antibiotic.

Early sciatic nerve lesions, as for the sample generation for the proteomics data, were con-
ducted using Metacam (0.5 mg/mL, 50 uL) once a day for two days post-surgery for anal-
gesia. Later surgeries used Tramadol (Img/mL in drinking water) from one day before
surgery until three days after surgery, plus Buprenorphine (0.1 mg/kg) 30 min before the
surgery and 4-6 h after the first injection for pain management. Before being removed from
the anaesthesia, all animals received 10 pL/g glucose (5%) subcutaneously to counteract
fluid loss during surgery and were left to wake up on a 37 °C heat pad or under a UV heat

lamp.

Conditioning lesion

After confirming complete anaesthesia by testing the interdigital- and tail-base reflex, the
hindlimbs of the animal were shaved and the incision site disinfected with 70% ethanol
and Braunol or just Braunol. The animal was then turned onto its side and the hip ridge
was located. An incision was made into the skin via scalpel below the hip ridge at mid-
thigh level. The muscle was then punctured with scissors and bluntly dissected. The sciatic
nerve was localized and carefully propped up via fine tweezers. The nerve was ligated and
transected distally to the ligation site. Consequently, the skin was clamped and the animals
were left to recover for 7 days before dissection of the dorsal root ganglia. For experiments

in cell culture, both sciatic nerves were lesioned.
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Generation of expression vectors and viruses

All vectors were generated via NEB HiFi assembly. GOIs were fished from murine cDNA
libraries generated via the SuperScript™ VILO™ cDNA Synthesis Kit. For GOIs from the
screen, some genes were first cloned into a pJet expression vector, before generating over-
hang fragments for HiFi assembly. To this end, Primer-Blast (Ye et al., 2012) was used to
generate a primer pair 100-300 bp upstream and downstream of the coding sequence of
transcript version 1 of the respective GOI. After blunt-end ligating this product into the
pJet vector using the CloneJET PCR Cloning Kit and validating the sequence, this vector
was used as a specific template for adding 20 bp overhangs to the coding sequence for
assembly. In the screen, a pAAV1 vector harbouring the C- or N-terminal 3xHA tag was
linearized using Notl and Xhol restriction sites. Via the corresponding overhangs, the
GOIs were inserted into these vectors to generate the N- and C-tagged constructs. All
transfections were carried out in NEB® Stable Competent E. coli to preserve viral inverted
terminal repeats.

To generate functional KOs of Gpcl, primers were generated to exclude the respective
domains. The generated fragments were cloned into the same above vector. To introduce
point mutations, assembly primers with long overhangs (25-35 bp) were generated, that
included the desired point mutations in the binding region. This fragment was then assem-
bled with another fragment covering the rest of Gpcl into the same above vector. All se-

quences were confirmed via Sanger sequencing.

Immunocytochemistry

Cells were fixed with 4% PFA at RT for 20 minutes, washed 3x with PBS, quenched with
50 mM NH4Cl at RT for 15 min, washed 3x with PBS and permeabilized with 0.1% triton
in PBS at RT for 3 min. Consequently, cells were blocked in blocking solution at RT for
1 h and incubated with primary antibodies in 10% blocking solution in PBS. After washing
3x in PBS, secondary antibodies were applied in 10% blocking solution in PBS, before
washing 3x in PBS and 1x in distilled water before mounting onto microscopy slides using
Fluoromount. Both antibody incubations at RT for 1 h. Before microscopy, slides were

allowed to dry at RT protected from light for a minimum of 16 h.
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Enzyme-linked immunosorbent assay

Cell culture media were used either immediately after collecting from the cultures, or after
flash freezing in liquid nitrogen and storage at -80 °C. 100 pL of media were applied to
Nunc 96-Well Flat Bottom MaxiSorp Immuno Plates and incubated at 4 °C over night.
Consequently, the medium was discarded and wells were blocked with 200 uL ELSIA
blocking solution at 37 °C for 2 h, washed 3x with 200 pL PBS-T and 3x with 200 uL
PBS, before applying 100 puL of the primary antibody in ELISA blocking solution at 4 °C
over night with mild agitation. After discarding the primary antibody, the wells were
washed as before, and 100 pL of the secondary antibody in ELISA blocking solution were
added. Following RT incubation for 2 h with mild agitation, the secondary antibody was
discarded and the wells were washed as before, while taping on tissue paper to remove
excess washing buffers. Consequently, 100 uL. of TMB were added to each well and incu-
bated in the dark at RT for 30 min. The reaction was stopped with 100 pL 1 M HCI, before

measuring the absorption at 450 nm.

Microscopy

Imaging of whole cover slips was conducted using a fully motorized AxioOb-
server.D1(Zeiss) inverted epifluorescence widefield microscope. Up to 4 microscopy
slides were mounted onto the sample holder before setting up the tile scan regions for the
individual cover slips in the ZenBlue software. To this aim, a 13 mm circular tile region
was created and its edge was aligned with the edge of the actual cover slip. To maintain
focus, a 9-point focus map was generated to capture the focus plane of the axons. After
acquisition, the tile regions were stitched from a 10% overlap and the scenes were split

before saving.

Mass-spectrometry of DRG growth states

For paradigm one, embryonic developmental stage, the lumbar DRGs of 4 embryos were
collected in ice cold HBSS at E12.5 and E17.5. After centrifugation at 21000 xg at 4 °C
for 5 min, the media was removed and the ganglia were flash frozen on dry ice. For para-
digm two, in vitro time points, the cultures were prepared as above from 4 animals per
sample and the cells were harvested by washing with ice cold PBS once, scraping the cells
in PBS and centrifugation at 21000 xg at 4 °C for 5 min. Consequently, the media was

removed and the cells were flash frozen on dry ice. For paradigm three, peripheral nerve
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lesion, surgeries and isolation of the ganglia was performed as described above. After iso-

lation the ganglia were centrifuged and frozen as were the embryonic ganglia.

Consequently, DRGs were prepared for MS proteome analysis by in-solution digestion.
DRGs were lysed in urea buffer (6 M urea, 2 M thiourea), incubated for 15 min, and soni-
cated to facilitate lysis. Protein concentrations were determined using the Pierce Protein
Assay (Thermo Fisher). BSA standard solutions (0.05 mg/mL to 1.0 mg/mL) were gener-
ated by diluting 2 mg/mL BSA solution (Thermo Fisher). Protein samples were diluted
1:10 in H20 and absorption was measured at 660 nm using an EnSpire® Multimode Plate
Reader (Perkin Elmer). 30 pg of each sample were reduced and alkylated by applying
(tris(2-carboxyethyl)phosphine) TCEP at a final concentration of 10 mM and chloroa-
cetamide (CAA) at a final concentration of 40 mM at room temperature (RT) for 1 h. The
samples were incubated with LysC at an enzyme:substrate ratio of 1:100 at RT for 2 h,
diluted to a urea concentration of 2 M with 50 mM ammonium bicarbonate (ABC), and
incubated with trypsin at an enzyme:substrate ratio of 1:100 at RT overnight. Digestion
was stopped by acidifying the samples with formic acid (FA) to a final concentration of
1% and purified using StageTips(Rappsilber et al., 2007). In brief, StageTips (containing
two layers of styrene divinylbenzene-reverse phase sulfonate (SDB-RPS) in a 200 pl pi-
pette tip) were equilibrated by loading 20 pl methanol followed by centrifugation at 500
xg for 2 minutes. This step was repeated once with 20 pul of buffer B (0.1% FA, 80% ACN)
and twice with 20 pl of buffer A (0.1% FA). After equilibration, the acidified samples were
loaded onto the StageTips and the samples were centrifuged at 500 xg for 5 minutes. After
loading, the StageTips were washed once with 30 pl buffer A and twice with 30 pl buffer
B centrifuging at 500 xg for 3 minutes in between. The StageTips were finally dried using
a syringe and stored until further use at 4 °C. To elute the proteins for mass spectrometry
analysis, 30 pl 1% ammonia in 60% ACN were added onto the StageTips and incubated
for 15 minutes. Elution into a 96-well plate was performed manually by using a syringe.
The plate was then dried in a Speed Vac and 10 pl buffer R (0.1% FA, 5% ACN) were

added before measurement.

Phosphoproteomics of Gpcl-overexpressing DRGs

Samples were analyzed by the CECAD Proteomics Facility on an Orbitrap Exploris 480

mass spectrometer (Thermo Scientific, granted by the Deutsche Forschungsgemeinschaft
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INST 216/1163-1 FUGG ) coupled to an Evosep ONE. The Evosep was run with its Whis-
per Zoom 20 SPD gradient using the recommended column, the mass spectrometer was
operated using a WHISH-DIA approach (Petrosius et al., 2023). MS2 spectra were ac-
quired in the range of 400 to 1000 m/z at 60k resolution in 15 m/z windows, resulting in
40 scans total. Fragments were acquired in a range of 250 to 1500 m/z with a normalized
AGC target of 1000% and 30% normalized HCD collision energy. Every 10 scans, an MS1
scan was inserted, which was acquired at a resolution of 180k in the range of 390 — 1010
m/z and 300% AGC target.

Samples were analyzed in Spectronaut 19 (Biognosys) in directDIA mode using the ca-
nonical murine Uniprot reference database (UP0589, downloaded 15/01/24) and standard
settings, but quantifications were performed on MS1 level. For phospho analyses, PTM
localization filter was set a threshold of 0.75. Afterwards, reports were loaded into Perseus
1.6.15 (Tyanova et al., 2016), wrongly quantified signals removed and filtered for data
completeness in at least one comparison group. Afterwards, FDR-controlled T-tests were

performed.

Extracellular vesicle isolation and quantification

Extracellular vesicles (EV) were harvested from overexpressing cell cultures at 72 h post
plating. The medium was filtered through a 0.8 pm syringe filter and then processed as per
the exoEasy Maxi Kit instructions. All optional steps from the protocol were included. The
EVs were eluted in 300 pL of the supplied elution buffer. For use in cell culture, the eluted
fraction was diluted to a total volume of 1.5 mL with PBS. Consequently, EVs were pel-
leted at 100.000 xg at 4 °C for 1 h washed once in 1.5 mL PBS, pelleted again, and then
diluted into an appropriate amount of PBS. For quantification of EVs, the Zeta View par-
ticle reader with the respective software were used. Before measurement, the device was
set to a chamber temperature of 22 °C, and allowed to fully come to temperature for about
4 h. Before each measurement, the device was thoroughly rinsed with 20 mL of fresh ster-
ile ddH20. Then, the device was calibrated with the particle standard at a sensitivity of 85
and a shutter speed of 120. Measurements were conducted with appropriate dilutions of

the samples, ranging from 1:1000 — 1:5000, averaging 11 positions over 3 cycles.

Western blot

For western blot of EV samples, EVs were concentrated via ultracentrifugation as de-

scribed above omitting the second wash. Consequently, the pellet was resuspended in a
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small volume of PBS. Samples were then mixed with 6x Laemmli buffer and boiled at
95 °C for 10 minutes, before loading onto 4-12% Bis-Tris gradient gels. After running the
gel to completion at 120-150 V in 1x MOPS buffer, the proteins were transferred to a
PVDF membrane at 240 mA per gel in 1x transfer buffer with 20% methanol. Conse-
quently, the membrane was washed once with TBS-T before blocking in 4% milk in TBS-
T for 1 h. Antibodies diluted in 4% milk in TBS-T were added after blocking and incubated
either at RT for 2 h or at 4 °C overnight, in both variants under agitation. Subsequently,
the membranes were washed 3x with TBS-T for 10 min each. Secondary antibodies were
applied at RT for 2 h. Following three washes as above, the blots’ chemiluminescence was

read a ChemiDoc imaging system, using Pierce ECL reagent pico or dura.

Size exclusion chromatography and circular dichroism measurement

For size-exclusion chromatography, 110 pg of Gpel_trunc were diluted in 200 uLL PBS
and run on a Superdex™ 200 Increase 10/300 SEC column connected to an Aekta Pure
FPLC System (Cytiva) against PBS, the absorbance at 254 and 280 nm was monitored.
Fractions of 500 uL were collected until 29 mL were eluted. The two fractions below the
peak from 14-15 mL were pooled and analysed in SDS-PAGE, showing a clear band at the
molecular weight for Gpcel (ca. 60 kDA, data not shown). For a circular dichroism meas-
urement, the same sample was dialysed against 80 mL CD dialysis buffer at 4 °C, with
slight agitation overnight. Consequently, 500 ul protein solution (¢ = 0.04 mg/ml) were

measured in a CD spectrometer at 10 °C from 185-265 nm to detect circular dichroism.

Use of generative artificial intelligence

Generative artificial intelligence (Al), was used to aid in the generation of python scripts
and ImageJ macros, for the analysis of experimental data. Furthermore, the large language
models ChatGPT and Perplexity.ai were used in the discovery of relevant literature. No

text or images generated by Al were copied over into this manuscript.
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Analysis

Length of the longest axon and 30 longest axons per culture

Images of whole cover slips were converted into 8bit files, where necessary split into their
different channels and saved as .tiff files. Whenever possible, image files were blinded
before analysis. The longest axons were then annotated manually for the whole coverslip
using NeuronJ (Meijering et al., 2004). Where applicable, the data was sorted via a custom

python script to output the 30 longest axons per condition.

Growth state MS-based proteome analysis

Proteome samples were analyzed using a liquid chromatography tandem mass spectrome-
try set up in a Q-Exactive™ Plus Hybrid Quadrupole-Orbitrap™ (Thermo Fisher). Chro-
matographic peptide separation was achieved on PoroShell 120 packed 50 cm analytical
columns coupled to an EASY-nLC 1000 HPLC system and a binary buffer system con-
sisting of buffer A (0.1% FA) and B (0.1% FA, 80% ACN). Samples were analyzed over
a 240 min gradient, raising the content of buffer B from 5 to 34% over 215 min, from 34
to 55% over 5 min, and from 55% to 90% over 5 min. This was followed by washing with
90% buffer B for 5 min, reducing buffer B to 5% over 5 min and re-equilibration with 5%
buffer B over 5 min. Full MS spectra (300—1750 m/z) were recorded at a resolution (R) of
70000, maximum injection time (max. IT) of 20 ms and AGC target of 3e6. The ten most
abundant ion peptides in each full MS scan were selected for HCD fragmentation at nom-
inal collisional energy (NCE) of 28. MS2 spectra were recorded at R = 17500, maximum
IT of 60 ms, and AGC target of Se5.

Growth state MS data processing and analysis

Raw MS data were analyzed using MaxQuant analysis software and the implemented An-
dromeda software (1.5.3.8)(Cox and Mann, 2008; Cox et al., 2011). Peptides and proteins
were identified using the mouse UniProt database with common contaminants. All
MaxQuant parameters were set to default values. Trypsin was selected as the digestion
enzyme; a maximum of two missed cleavages was allowed.

Methionine oxidation and N-terminal acetylation were set as variable modifications; car-
bamidomethylation of cysteines was chosen as a fixed modification. The label-free quan-
tification (LFQ) algorithm was used to quantify the measured peptides and the “match

between runs” option was enabled to quantify peptides with a missing MS2 spectrum.
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Statistical analysis was performed using Perseus (1.5.5.3-1.6.5.0) software. Potential con-
taminants and reverse peptides were excluded, and values were log2 transformed. Two-
sided t-tests were used to identify differentially expressed proteins between conditions.
Identified peptides were annotated with the following Gene Ontology terms: Biological
Process, Molecular Function, Cellular Compartment, and the Reactome database terms.
Graphical visualizations were achieved using Instant Clue software (Nolte et al., 2018).
The canonical pathway analysis were generated through the use of QIAGEN IPA (QI-
AGEN Inc., https://digitalinsights.qiagen.com/IPA) (Kramer et al., 2014).

Gene ontology of proteomics data

Gene ontology (GO) analysis was conducted in the Gene Ontology enRIchment anaLysis
and visuaLizAtion tool (GORILLA) web application (Eden et al., 2007; Eden et al., 2009).
Unranked target and background lists of respective protein gene names were compared to
the Mus musculus GO term database. For whole proteomics, respective gene names were
separated into lists of significantly up or downregulated proteins and compared separately,
to the background list of all detected proteins. For phospho proteomics, the target list in-
cluded all proteins which significantly changed at least one phosphorylation site while the
background list consisted of all proteins for which at least one phospho peptide was de-
tected. Directionality of change and the effect of specific site phosphorylation were not

considered.

Statistics

Analysis was performed with GraphPad Prism 10. Where only two groups are compared a
Student’s t-Test was performed, whereas multiple comparison were drawn via ANOVA
with a post-hoc test applicable to the respective experimental design. Which comparisons

were made is indicated in the respective figure legends.
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