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ABSTRACT

The nervous systemis developed underthe regulation of growth and guidance cues. This process
is highly dynamic and tightly regulated by the composition, concentration and timely presence of
different signalling molecules. whoseinteractions resultin avariety of responses that are complex
and specific. For these few, general signalling molecules to elicit so many differential responses,
their signals must be integrated and a level of intracellular control for signal integration and
differentiation mustbe in place. The endosomal system with its different organelles characterized
by distinct sets of proteins associated is the ideal platform to implement signal diversity. In this
thesis | investigate how the endosomal system regulates receptor signalling in axonal growth and
degeneration.

In the first chapter| give anintroduction into the mechanisms of neurodevelopment and signalling
of neurotrophicfactors, as well as the endosomal system and its involvement in neurodegenerative
disorders.

Inchaptertwo | present myfirst project,in which weinvestigated the principle of signal integration
during neurodevelopment. We show that two unrelated receptors, stimulated by two different
ligands localize to the same endosomes and spatiotemporally integrate their signal on a shared
signallingnode toinduce neuronal growth.

Inchapterthree | present my second project, in whichwe have shown that a neurotrophicreceptor
isretrievedfrom vacuolarlate endosomes by tubular microdomains, thus enabling proper signalling
insensory neurons. We also show how this mechanism s disrupted in neurodegenerative disorder
Charcot-Marie-Tooth 2B.

In chapter four | discuss how both of these studies highlight the importance of receptor signalling
from endosomes and the receptor’s location being tightly controlled. | present other studies that
contribute to the image of the endosomal system as a regulator of intracellular signalling and point
out caveatsin the interpretation of suchresults.



1 INTRODUCTION

Neuronal cells are characterizedby theirlong processes and axons that can stretch over a meterin
length. This highly polar structure allows fast communication between neurons over a long
distance. However, this long, polarized structure can provide challenges for intra-neuronal
signalling. In my doctoral thesis, | amlooking at the endosomal system as an intracellular signalling
platform. In my first project | investigate intracellular signalling during development, which allows
neuronsto grow over such longdistances and provides regulatory mechanismsforsurvival. In my
second project, | discuss intracellular signalling in mature sensory neurons and how disruptionin
receptorretrieval leads to Charcot-Marie-Tooth disease 2B (CMT2B).

1.1 NEURODEVELOPMENT

The nervous system is composed of the central nervous system (CNS), the peripheral nervous
system (PNS) and the enteric nervous system (ENS). Since most of my work was conducted in the
PNS, | will give anintroduction below.

The PNS hoststhe somatic and the autonomicsystems, with the somaticsystem including sensory
neurons and axons of motoneurons. The PNSis derived from neural crest cells as well as placodes,
ectodermal swellings of the cranial region. During the final stages of neurulation the neural crestis
formed from the margins of the neural folds, derived of the ectoderm. Neural crest cells separate
and are not part of the neural tube - instead they migrate away upon neural tube closure (Burk,
2009; Plaand Monsoro-Burg, 2018).

Placode development is a tightly regulated process conserved across vertebrates. Bone
Morphogenetic Protein (BMP), Fibroblast growth factor (FGF) and WNT signalling initiate
interactions between neuronaland non-neuronal ectoderm at the border of the neural fold during
early gastrulation. This border region between neuronal and non-neuronal cells is then further
divided into subpopulations of neural crest and pre-placodal progenitors. Neural crest cells will
developontoformsensory and secretory cells of the PNSas wellas cartilage, bone, smooth muscle
and mesenchymalcells. Onthe other hand, pre-placodal cells will give rise to the sensory organs of
the head. Based on their place of origin, cranial placodes are groupedinto anterior, posteriorand
intermediate placodes. In my first study, we are looking at neurons of the nodose ganglia, which
are derived from the posterior placode. The posterior placodes host the otic, lateral line and
epibranchial placodes and the epibranchial placodes develop into the sensory neurons of the
geniculate, petrosal and nodose ganglia (Jidigam and Gunhaga, 2013). The nodose ganglia are
comprised of visceral sensory afferents. The precursors of the third epibranchial placode are
specified to differentiate into nodose neurons by E2.5 (Vogel and Davies, 1991). Upon arrival of
sensory neuronal progenitor cellsto their ganglia, they differentiateinto post-mitotic neurons that
grow axonstoinnervate theirtargets.

Studies on cranial sensory neurons of different ganglia of the chick have shown that these neurons
have an innate growth rate that is correlative to the distance of their target tissue. This innate
growth rate isalso observed when grown as isolated cells in vitro (Davies, 1989). Nodose neurons
that have the longest distance to cover to their target tissue grow the fastest, whereas vestibular
neurons with the shortest distance grow the slowest. Interestingly, the neurons’ dependence on
neurotrophicfactors forsurvival also mirroredthe time of arrival of theiraxons to the target tissue
area.
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Not only placode-derived neurons but the entire nervous system relies on amechanismcalled axon
guidance to ensure correct target innervation. Axonal growth and pathfinding are guided by the
growth cone, a structure at the distal end of the axon. The growth cone is made up of actin
filaments,adhesion moleculesand expresses axonguidance receptors onits surface. An interaction
between all these proteins ensures the mechanisms of axon guidance, while the growth cone is
extending. While axon guidance receptors provide either an attractive or a repulsive response to
or away fromintermediate guideposts, fine extensions within the growth cone called filopodia are
able to initiate movement of the growth cone. This includes a so-called “growth-cone collapse” in
response to repulsive guidance cues and subsequent re-extension and growth-cone turning
(Lowery and Vactor, 2009). Adhesion molecules are released and re-attached to the surface to
provide flexibility and stability. With microtubules extending forward during this process, the axon
navigates through the environment and eventually innervates its respective target. While these
mechanisms sound relatively straight forward, they come with challenges. Guidance proteins(both
ligands and receptors) can act as both, attractive and repulsive mediators, depending on neuronal
subtypes, ligands binding to several receptors or co-receptors involved (Dudanova and Klein, 2013).
One of the studies of my doctoral thesis sheds light on these regulatory mechanisms (see Chapter
2).

1.2 NEUROTROPHIC FACTORS

Since the model-receptors of my work are tropomyosin receptor kinase (Trk) A and B, | am giving
anintroductioninto neurotrophinsand theirreceptors.The discoveryof neurotrophicfactors dates
back to early experimentsfrom Hamburger, where theyobserved thatthe removal of alimb bud in
a chick embryoled tofewersensory and motoneuronsinthe spinal cord, whereas an increase was
observed upon transplantation of an extra limb bud (Hamburger, 1934; Hamburger, 1939). Levi-
Montalcini confirmed these results and proposed a target-derived signal that ensures neuronal
survival (Levi-Montalcini and Levi, 1942). After the observation that implanted tumor cells in the
hind limb region increasedinnervating sensory gangliain size without affecting motoneurons, Levi-
Montalcini and Cohenisolated the factor now known as neurotrophicgrowth factor (NGF) (Cohen
etal., 1954). Further, when antibodies against NGF were administered into newborn rodents, there
was almosta complete loss of sympatheticganglia (Levi-Montalciniand Booker, 1960). Conversely,
neuronal survival of rat superior cervical ganglion improved upon exogenous supply of NGF after
surgical removal of their targets (Hendry and Campbell, 1976). Based on these experiments the
neurotrophicfactor hypothesiswas postulated, stating that neurons compete foralimited amount
of neurotrophins for survival and undergo apoptosis when they do not find enough (Barde, 1989;
Levi-Montalcini, 1987; Purves, 1980).

The discovery of NGF marked the starting point for the neurotrophic family, which includes NGF,
brain derived neurotrophicfactor (BDNF), neurotrophin (NT) NT3-5as well as NT6-7, that are only
found in fish (Barde, 1990). NGF has been shown crucial for the survival and maintenance of
sympathetic neurons, motoneurons and pain-responsive sensory neurons (Crowley et al., 1994).
BDNF, onthe other hand, promotes the survival of placode-derived vestibular, petrosal and nodose
neurons in vitro, as well as the survival of early sensory neurons of the dorsal root ganglia (DRG)
(Daviesetal., 1986; Lindsay et al., 1985a; Lindsay etal., 1985b).



1.3 NEUROTROPHIC RECEPTORS

There are two types of neurotrophic receptors, TrkA, B and C and low-affinity neurotrophin
receptor p75N™. Trks are high affinity receptors binding to specific neurotrophins. TrkA is the
receptor for NGF, TrkB for BDNF and NT4, whereas TrkCis the preferential receptorfor NT3 (Skaper,
2018). Neurotrophins bind their receptors via the extracellular N-terminal of Trks. Trks span the
plasma membrane once and have an intracellular carboxy terminal, containing a tyrosine kinase
domain with multiple tyrosine residues that are phosphorylated upon receptor activation. Upon
activation, receptors dimerize and auto-phosphorylate their tyrosine residues. Subsequently,
tyrosine residues recruit and function as docking sites for cytoplasmic adaptors and enzymes
(Skaper, 2018).

The second type is p75"™, which is part of the Tumor necrosis factor (TNF) receptor superfamily
and binds all neurotrophins equally. Its expression is upregulated after neuronal injury and its
signalling contributes to axonal degeneration and dysfunction due to injury or cellular stress.
However, it can also act as a co-receptor and potentiate NGF/TrkA signalling at suboptimal
concentrations and promote retrograde transport of neurotrophins (Skaper, 2018).

Neurotrophic factors and receptors are critical for neuronal survival in early development, which
has been shown by several knockout experiments. In mice lacking NGF or TrkA, sympathetic
neurons, pain- and temperature-sensitive sensory neurons are lost (Crowley et al., 1994;
Hendersonetal., 1994; Smeyne etal., 1994). On the otherhand, mice overexpressing NGF in their
skinshow anincrease of sympatheticand sensory neuronsinthe PNS (Albers etal., 1994). BDNF-/-
mice die perinatally and show severe reduction in some cranial and spinal sensory neuron
populations (Jones et al., 1994), whereas TrkB-/- mice show a loss of the DRG, trigeminal and
nodose neurons (Klein et al., 1993). Overexpression of BDNF in epithelial cells does not change
trigeminal or DRG neurons but increases neurons of the nodose ganglion (LeMaster et al., 1999).
Further, TrkC-/- mice reveal a decrease of myelinated axons with a loss of a DRG neuron-derived
subpopulation (Klein et al., 1994). Lastly, TrkA interference in the soma leads to apoptosis (Ye et
al., 2003).

1.4 NEUROTROPHIC SIGNALLING FOR SURVIVAL

Interestingly, NGF synthesisin the targettissue istimedto the arrival of innervating axons (Davies
etal., 1987), supporting the neurotrophic hypothesis. The neurotrophic factor hypothesis describes
a time of naturally occurring apoptosis due to a limited amount of expressed survival signalling
molecules during development of the nervous system, when neurons extend axons to innervate
their target tissue. Upon arrival naturally occurring cell death ensures the amount of surviving
neurons to match the target circuitry (Barde, 1989; Oppenheim, 1989; Purves, 1980). After this
phase of apoptosis, the surviving neurons experience a phase of growth and spreading of neuronal
processesand synaptogenesis.

Interestingly, after differentiation from their precursors when axons start to grow, several
populations of neurons are independent of neurotrophins for survival. For example, chicken
placode-derived cranial sensory neurons are independent of BDNF at earliest stages, whereas
neurons of the embryonic mouse trigeminal ganglion are independent of NGF for survival before
theyinnervate theirtargets (Buchman and Davies, 1993; Vogel and Davies, 1991). Chicken placode-
derived cranial neurons are a particularly nice model to studythis early neurotrophin inde pendence
since these ganglia are readily accessible for in vitro cultures. Neurons of the chick vestibular,
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petrosal and nodose ganglia are neurotrophin-independent for survival in vitro after differentiation
from progenitors and remain neurotrophin-independent throughout the axonal growth period.
These neurons become neurotrophin-dependent uponinnervation of their peripheral target field.
Importantly, neurons from different ganglia reach their target fields at different times and thus
develop their dependence on neurotrophic support for survival at different times as well (Davies,
1989). Neurons with distant targets, likethe nodose ganglion,innervatetheirtargets laterand thus
become neurotrophic-dependent at a later time point compared to neurons from ganglia with
closertargets, like the vestibular ganglion (Vogel and Davies, 1991).

The majority of placode-derived neurons depend on BDNF for survival upon innervation of their
target fields (Davies, 1989; Vogel and Davies, 1991). From the time point when axons reach the
vicinity of the targetfields, neurons start to express TrkB. As mentioned, vestibular neurons express
TrkB the earliest, late innervating nodose neurons express TrkB the latest (Robinson et al., 1996).
This observation indicates that expression of neurotrophic receptors and dependence on survival
is a tightly temporally regulated process. Interestingly, the expression of neurotrophicfactorsin the
targetfields,though onlyoccurring uponinnervation, does not seem dependenton the innervation.
NGF mRNA is expressed on time in chick embryo hindlimb buds even without the innervation of
any axons (Rohrer et al., 1988), showing that the target tissue does not depend on axonal
innervation to release neurotrophic factors. When signalling for survival, Trk activation leads to
phosphoinositide 3-kinase (PI3K) and Mitogen-Activated Protein Kinase (MAPK) activation
(Kuruvilla 2000, Watson 2001, Ye 2003) and a competitive survivalfeedbackloop grants the survival
of neurons upon targetinnervation.Neurons that express TrkA respond to NGF signalling by further
increasing their Trk expression (Ascano et al., 2009; Deppmann et al., 2008). This feedback-loop
leadsto the transcription of anti-apoptoticfactors and pro-survival genes.

1.5 NEUROTROPHIC SIGNALLING FOR GROWTH

Since neurotrophins can regulate neuronal survival and neurite growth, the distinction between
both regulating processes requires an experimental setting that blocks apoptosis. Mice lacking
proapoptotic protein Bax helped to resolve this issue. No developmental neuronal cell death was
observedin Bax” mice, showingthat Bax is a critical regulator of neuronal apoptosis (Whiteetal.,
1998). Therefore, these mice allow the study of neurotrophic influence on axonal outgrowth
independently of neuronal survival. Both, NGF and NT3 have been shown to be important for
sympathetic neurites to elongate and branch in vitro, showing defects upon antibody treatment
and tyrosine kinase inhibitor (Orike et al., 2001). BAX”; NT3/ mice showed decreased axon
extension before target innervation and BAX”; NGF/” mice showed normal proximal axonal
extension for some sympathetic subpopulations and defective arborization of all (Glebova and
Ginty, 2004; Kuruvilla et al., 2004; Patel et al., 2003). Further, these mice revealed decreased
numbers of sensory neurons positive for TrkA in the epidermis of their hindlimbs, indicating that
NGF/TrkA signalling is required for axonal growth and terminal arborization (Patel et al., 2000).
These experiments-in addition to the observationthat sensory neurons turn towards the source of
NGF in vitro- indicate that neurotrophins regulate neurite outgrowth and innervation.

Upon innervation, sympathetic neurons arborize and become reliant on target-derived NGF for
survival (Glebova and Ginty, 2004; Kuruvillaetal., 2004; Patel et al., 2000).

NeurotrophicTrk receptors dimerize upon ligand binding and phosphorylate tyrosine residues. As
a result, adaptor proteins, including Src homology and collagen homology (Shc) and Fibroblast
growth factor receptor substrate 2 (FRS2), bind these residues, therefore linking activated Trk
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receptors to these important signalling pathways: Ras-extracellular signal-regulated kinase (ERK),
PI3K/Akt and Protein kinase C (PKC) (Harrington and Ginty, 2013; Reichardt, 2006). The Ras-ERK
pathway promotes neuronal differentiation and neurite outgrowth. PI3K/Akt promotes neuronal
survival and growth and PKCisinvolvedin regulating synaptic plasticity (Reichardt, 2006).

1.6 RECEPTOR TRAFFICKING

Since neurons have such polar morphology, neurotrophic signalling faces the challenge of
transferring the signal from the activated receptoratthe tip of the neurite to the soma, coveringa
significant distance.

The firstevidence pointinginto the direction of Trk being transported in ne urons stems from 1974,
where Hendry et al. show that radiolabeled neurotrophins injected into the iris of mice ended in
the soma of neurons located in the superior cervical ganglion (Hendry et al., 1974). Since then,
many lines of evidence have supported the theory of Trk signalling by a retrogradely transported
signallingorganelle. Since this first observation, activated pTrk has been observedto be transported
retrogradely in rat sciatic nerves in vivo (Bhattacharyya et al., 1997; Ehlers et al., 1995). Using
Campenot chambers, retrograde axonal trafficking was shown in vitro. Campenot chambers are
microfluidic chambers that allow the differential treatment of neuronal axons and cell bodies
(Campenot, 1977). With the use of these chambers, pTrk was shown to accumulate in the soma
upon stimulation with NGF at axon terminals. As a negative control, NGF coupled to beads that
prevented endocytosis was not able to induce a response when administered to the nerve
terminals, proposing that NGF internalization lead to the trafficking of the activated receptorto the
soma (Riccioetal., 1997). Using biochemistry, Tsui-Pierchala succeeded to show that NGF and TrkA
are retrogradely co-transported in sympatheticneurons and that the increasein pTrkA at the soma
observed after NGF stimulation stemmed from retrogradely trafficked TrkA originatingin the axon
terminals (Tsui-Pierchala and Ginty, 1999). Further, disrupted Trk kinase activity or disrupted
microtubule integrity disturbs retrograde transport of TrkBin sensory neuronsand disrupted Cydic
AMP-responsive element-binding protein (CREB) phosphorylation in vitro. Here, TrkB was found in
the somawithitsligandina ligand-receptor complexby co-precipitation (Watsonetal., 1999). The
transport is facilitated by minus-end directed motor protein dynein thatis shown to interact with
Trks by immunoprecipitation (Yano et al.,2001). By now, retrograde transport of Trks together with
theirligands has been confirmed by live cellimagingindicating that pTrk regulates the transport of
its signallingendosome by direct signal interaction (Jullien etal., 2003; Nomuraet al., 2011).

1.7 THE NATURE OF THE SIGNALLING ENDOSOME

The characterization of the vesicular organelles that transport Trk to the soma and allow its
signalling has been shown to be trickier. Grimes et al. were the first to address this question and
showed the internalization of TrkA into smalland largerintracellular organelles in response to NGF.
Fractionation experiments showed that TrkA is associated with NGF, tyrosine phosphorylated and
associated with its downstream binding partner Phospholipase C (PLC)-y1 (Grimes et al., 1996;
Grimesetal., 1997).

In electron microscopy (EM) studies, Trk and neurotrophins have been shown in vesicular
organelles (Bhattacharyya et al., 2002; Sandow et al., 2000). However, the static nature of EM as
well as the difficulty to properly stain for markers have made the identification of these organelles
challenging. The organelles involved have been described as heterogenous vesicles and multi-
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vesicular bodies (MVBs) (Bhattacharyyaetal.,2002; Sandow et al., 2000). Howe et al. were the first
to isolate possible signalling endosomes. These endosomes were clathrin-coated vesides
containing the activated receptor and several downstream signalling molecules able to
phosphorylate Elk (Howe et al., 2001). These biochemically isolated NGF/TrkA containing vesides
were shown to be positive for Rab5, a GTPase that marks early endosomes (Delcroix etal., 2003).
However, while Deinhardt etal. also showed that TrkB localizes to Rab5-positive endosomes, only
Rab7-positive late endosomes were reported to traffic TrkB to the soma. The authors further show
that, while Rab5was foundto be essentialforthetrafficking of Trk to the soma, Rab5 was stationary
itself. Rab7-positive endosomes, however, were also shown to be essential for Trk transport and
were observed to move to the somain the same organelle as Trk (Deinhardt et al., 2006). These
results indicate either a dynamic maturation of early stationary Rab5-endosomes to late Rab7-
endosomes undergoing retrograde traffic, or a coexistence inparallel (Scott-Solomonand Kuruvilla,
2018). A very early study using lodine-125 labelled NGF in sympathetic neurons predominantly
places NGF in MVBs inthe soma (Claude etal., 1982). Also, gold labeled NGF and phosphorylated
TrkA has been associated with axonal MVBs in vivo (Bhattacharyya 2002, Sandow 2000). More
recently, Ye et al. used a flag-TrkA mouse line and revealed that 70% of intracellular TrkA in the
axonare locatedin MVBs positive forRab7 (Ye et al., 2018). In hippocampal and cortical neurons,
Rab7-positive autophagosomes are reported to carry TrkB retrogradely to the soma with a
microtubule-associated protein light chain 3 (LC3), adaptor protein complex 2 (AP2) and p1506'"e
of dynactin complex (Kononenko et al., 2017). However, autophagosomes are mostly generatedin
distal axons and transported in retrograde direction, maturing on the way to the cell body (Maday
et al., 2012), they are generated from the endoplasmic reticulum (ER) in the axon and not the
plasmamembrane. Thisleaves the questionof how TrkB would ge tinto the autophagosome (Scott-
Solomon and Kuruvilla, 2018). The hypothesis that Trks are transported in MVBs that are distinct
from lysosome-fusing degradative MVBs, as often described for epidermal growth factor receptor
(EGFR) degradation, has been postulated by Weible and Hendry in 2004, terming these MVBs
“retrosomes” (Weible and Hendry, 2004). What they fail to discuss is how these MVBs, described
as organelles engulfing signalling competent endosomes, build up and how these signalling
competentendosomes are again released upon arrival atthe soma. Ye et al. propose a maturation
of single membrane vesicles that is signalling competent at the soma, though a mechanism how
these vesicles evolve remained unanswered (Ye et al., 2018).

1.8 RECEPTOR SIGNALLING DEPENDS ON ITS LOCATION

Even though the exact nature of the signalling endosome remains to be determined, the
importance of this question has already been established as downstream signalling depends greatly
on the receptor’slocation.

As discussed above, bead-coupled NGF that was not able to be internalized applied to the nerve
terminals could not induce downstream signalling cascades. However, when applied to the soma,
bead-coupled NGF was able to elicit a response, indicating two different signalling pathways for
NGF, dependingon whereitisapplied (Riccioetal., 1997). Indeed, treatment of sympathetic axons
leads to axonal growth, whereas the application of NGF to the soma did not initiate axonal growth
but only induced survival-signalling (Campenot, 1982). Further, CREB signalling was shown to be
different depending on neurotrophinapplicationto the somaoraxonterminals (Riccioetal., 1997;
Watson et al., 1999). In PC12 cells, TrkA regulates survival when signalling from the plasma
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membrane but regulates differentiation when endocytosed. This is facilitated via differences in
PI3/Akt peak activity as well as signal duration (Zhanget al., 2000).

The difference in downstream signalling based on the subcellularlocationis a crucial factor for the
signal diversification needed by neurons to respond to a limited number of guidance cues while
generating trillions of synaptic connections. One of the reasons why subcellular location is so
importantforcorrect signallingis the proximity to downstream interacting proteins.

This has been studied in another guidance receptor called PlexinD1, the receptor for semaphorin
3E. As neurotrophic receptors, PlexinD1 is internalized upon stimulation and sorted by a sorting
sequence (an SEA-domain) on its C-terminal into recycling endosomes. This sorting relies on an
interaction of the SEA domain with a PDZ domain-containing protein called GIPCland is essential
for PlexinD1’s downstream signalling cascade. Located on recyclingendosomesPlexinD1is in close
proximity to its downstream interactor R-Ras, facilitating theinactivation of R-Ras by PlexinD1. This
leads to the subsequent deactivation of the PI3K/Akt pathway. Deletion of the SEA domain or
knock-out of GIPC1 resultsin mis-sorting of PlexinD1into late endosomes. These endosomes have
very limited numbers of R-Ras attached to their limiting membrane, which therefore prevents
interaction of PlexinD1. Consequently, downstream signallingis disrupted, leadingto anincreased
activity of the PI3K/Akt pathway and therefore inhibition of the repulsive responseto semaphorin
3E (Burk et al., 2017c). This example highlights the importance of proper receptor/endosomal
location for interaction with target proteins and offers the opportunity for differential signalling
fromdifferent cellular compartments.

The effect of proper signalling due to intracellular transport has shifted focus on how possible
defects in the trafficking machinery could lead to neurodegenerative disorders (Burk and
Pasterkamp, 2019; Kruttgen et al., 2003; Prioretal., 2017). One of these disordersis Charcot-Marie-
Tooth.
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ABSTRACT

Charcot-Marie-Tooth disease (CMT), also known as motor and sensory neuropathy, describes a
clinically and genetically heterogenous group of disorders affecting the peripheral nervous system.
CMT typically arisesin early adulthood and is manifested by progressive loss of motorand sensory
functions; however, the mechanismsleadingto the pathogenesisare not fully understood. In this
review, we discuss disrupted intracellular transport as acommon denominator in the pathogenesis
of different CMT subtypes. Intracellular transport via the endosomal system is essential for the
delivery of lipids, proteins and organelles bidirectionally to synapses and the soma. As neurons of
the peripheral nervous system are amongst the longest neurons in the human body, they are
particularly susceptible to damage of the intracellulartransport system, leadingtoa lossin axonal
integrity and neuronal death.

Interestingly, defectsinintracellulartransport, bothin neurons and Schwann cells, have been found
to provoke disease. This review explains the mechanisms of trafficking and subsequently
summarizes and discusses the latest findings on how defects in traffickinglead to CMT. A deeper
understanding of intracellular trafficking defects in CMT will expand our understanding of CMT
pathogenesis and will provide novel approaches fortherapeutictreatments.
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INTRODUCTION

Charcot-Marie-Tooth disorder (CMT) is a group of hereditary peripheral neuropathies leadingto
loss of sensation and fine motor control in the extremities with a prevalence of over 1:2500. Over
100 genes are identified to cause CMT (Timmerman et al. 2014; Rudnik-Schéneborn et al. 2020).
CMT is diagnosed and categorized into several subtypes based on clinical presentation including a
loss of sensation and fine motor control in the extremities, nerve conduction velodity,
neuropathological findings, as well as mode of inheritance and genes involved (Bird 2020).
Classically, CMT1 is a demyelinating neuropathy, CMT2 is an axonal neuropathy, and dominant-
intermediate CMT (DI-CMT) is an intermediate type showing both demyelinating and axonal
pathologies. Since many more genes causing CMT were discovered showing overlaps of the
phenotypes, agene-based classification of inherited neuropathies has been proposed. Since so far
this classificationis not established, we stick to the classification by genes with the corresponding
alphanumericclassification accordingto OMIM (Magy etal. 2018).

The observation that so many different mutations lead to a very similar phenotype has stirred the
ideafora common pathomechanismand led to a search of a molecular pathway that covers many
of the proteins recorded in CMT. Another interesting aspect of CMT is the peripheral nerve
specificity, regardless of the ubiquitous expression of many of the proteins associated with CMT.
Peripheral neurons stand out due to theirlength and polarity. Both sensory and motor neurons of
the peripheral nervous system (PNS) can be up to overa meterinlength and symptoms often arise
earliest in the extremities. This, in combination with the post mitotic state of the neurons, makes
these cells particularlysusceptible to changesin the intracellular transport machinery.

The intracellulartransport machinery ranging from endocytosis to protein degradationis a tightly
regulated, yet extremely dynamic system that is crucial for energy metabolism, signaling and
protein homeostasis. Even though many studies look at trafficking aspectsin the different types of
CMT, we are lacking studies that look at multiple CMT types at once to benefit from directly
comparable results. Here we will give an overview of the different aspectsinvolved inintracellular
trafficking (the irony of tryingto divide such a dynamic system into clearly defined sections is not
lost on us). We briefly mention which CMT-mutations show defectsin the respective sections but
discuss several CMT disorders, their trafficking defects and similarities between them after
presenting the cell biological mechanisms. Our main approach is to link the different pathological
mechanisms seenin CMT to find common denominators. An overall summary of how genescausing
CMT affecttrafficking can be foundinfigure 1 (axonal) and figure 2 (Schwann cell).

ENDOCYTOSIS

Arguably, the first step for intracellular transport is endocytosis. The most common and well-
studied pathway for the uptake of nutrients, signalingreceptors but alsoionchannels, transporters
or pathogens, as well as vesiclesis clathrin mediated endocytosis. Upon initiation signal (for many
signaling receptors thisinvolves kinase activity and mono-ubiquitination of theintracellular domain
(Haglund et al. 2003)) Phosphatidylinositol (P1) 4,5-biphosphate (Pl,sP,) is generated at the plasma
membrane, which recruits AP2, an adaptor protein complex. AP2 then recruits clathrin triskella
that- with the involvement of several other proteins such as F-BAR domain-containing Fer/Cip4
homology domain-only proteins and Epsins-induce and stabilize membrane curvature and form a
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clathrin-coated pit, in which cargo gathers. Subsequently, Dynaminis recruited to the neck of the
pitand self-polymerizes toinduce membranescissionby GTP hydrolysis. The clathrin-coated veside
pinches off subsequently (reviewed in (McMahon and Boucrot 2011)). Upon removal of the clathrin
coat, the vesicle isready tofuse with early endosomesand beginsits journey alongthe intracellular
trafficking pathways.

Several genes known to cause CMT have been associated with dysfunctional endocytic processes,
namely MTMR2,13,5, SH3TC2, FGD4, DNM2 (relatingto the subtypes CMT4B, CMT4C,CMT4H and
DI-CMTB respectively), which will be discussed below. Defects in endocytosis have brought
consequenceson neuronalhealthforexamplelack of endocytosisof neurotrophic receptors would
eventually affect gene expression of pro survival genes (Scott-Solomon and Kuruvilla 2018).

From the early endosome, cargo continues its intracellular journey. The early endosome is
characterized by the binding of the Rab5 GTPase, a small Rab GTPase thatis cytosolicinitsinactive
GDP bound state. Upon activation by a Guanine nucleotide exchange factor (GEF) Rab5 is
membrane tethered and activates several effector proteins, such as early endosome antigen 1
(EEA1) (Gorvel etal. 1991; Bucci et al. 1992; Simonsen et al.1998) . The early endosome has a slightly
acidicmilieuwith apHof 6, whichis generated by the vacuolar H-ATPase (Johnsonetal. 1993). The
membrane contains a high contentof PI;P and its shapeis characterized by tubular extensions from
its sorting activity (Jovic et al. 2010). The early endosome is also often referred to as the sorting
platform. Fromthere, cargo is sorted into one of three possible pathways. The recycling pathway,
whichis considered the default pathway, the retrograde pathway back to the trans golgi network
(TGN) or to the soma, and lastly the degradative pathway (Schreij et al. 2016).

RECYCLING

Afterthe clathrin coat is shed, the early endosome acts as a sorting station where bulk recyclingis
the default pathway due to probability: The endosome extends tubular domains increasing the
amount of membrane in this section. Therefore, more receptors per volume will end up on that
tubular domain, which is pinched off and recycled back to the plasma membrane (Frederick R.
Maxfield and McGraw 2004). Due to the acidic lumen of the endosome, many ligands dissodiate
fromtheirreceptors. Consequently,only the receptoris shuttledback to the plasmamembrane for
another round of signaling. Ligands, however, remain in the endosome for maturation and
subsequent degradation. A prime exampleforthis pathway is Transferrin and its receptor (Hopkins
and Trowbridge 1983). Receptors can also be recycled specifically via the so-called retromer
complex together with the WASH complexand dynamin 2 (Derivery et al. 2009; Seaman et al. 2013).
For example, the B-adrenergic receptor is recycled via a guided retromer sorting nexin (SNx) 27
complex. Where SNx27recognizes arecycling sequence at the C-terminal of B-adrenergicreceptor
(Seaman 2012; Temkin et al. 2011; Lauffer etal. 2010). This recycling mechanism has also been
reported for otherreceptors, using different retromer/SNx combinations (Weeratunga et al. 2020).
It is to be expectedthat many more receptors have specific sorting sequences interacting with
different adaptors leading to a highly selective sorting mechanism. Rab4 and Rab11 decorate
recyclingendosomes undergoing fast and slow recycling, respectively (Jovicetal. 2010). Defectsin
recycling can either affect re-activation due to decreased surface levels of the receptor or affect
downstream signalling from endosomes causing for example growth defects (Pasterkamp and Burk
2020).

Defectsinrecyclinghave beenreported for mutationsin DNM2, MTMR2,13,5 SH3TC2 and NDRG1,
causing DI-CMT, CMT4B, C and 4D respectively.

17



ENDOSOMAL MATURATION

As mentioned above, the early endosome undergoes a maturation process, from so-called early
endosomesto lateendosomes. This maturation is manifested in a Rab switch, where Rab5 activates
effectors that are Rab7 GEFs, which, in turn, activate Rab7 (Rink et al. 2005). The luminal content
of the endosome furtheracidifies (pHbetween 4.5-6) and a shiftin Pl composition (PIsP to Pl sP,)
by 1-phosphatidylinositol 3-phosphate 5-kinase (PIKFYVE) is reported (Wallroth and Haucke 2018;
F. R. Maxfield and Yamashiro 1987). Maturation is further manifested by the formation of intra-
luminal vesicles(ILVs) by inward budding of the maturing endosomal membrane. These ILVs contain
cargos marked for degradation by ubiquitination. At this point, late endosomes are often referred
to as multi vesicular bodies (MVBs). Late endosomes/MVBs have also been reported to be involved
in retrograde trafficking. The following sections describe the three different pathways that all fall
underthe category of retrograde transport, namely, retrograde transport for signaling, retrograde
transportto the TGN, and retrograde transport for degradation.

RETROGRADE TRANSPORT FOR SIGNALING

While many receptors signalfrom the plasmamembrane, others relyon internalizationin signaling
endosomes to propagate their signaling cascade. Neurotrophins as well as neurocytokines are
retrogradely trafficked, mostly during development. Even though tropomyosin-related kinase A
(TrkA) and B (TrkB), the receptors for neurotrophins nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF), respectively, are mostly studied for their role in neurodevelopment,
TrkB has been shownto be import forthe maintenance of neuronsin the adult neocortex (B. Xu et
al. 2000). In addition, peripheral sympatheticneurons that were treated with an anti-NGF antibody
slowly degenerated, indicating that not only TrkB but also TrkA has a role in maintenance of the
nervous system (Ruit etal. 1990).

Neurotrophicreceptors that were endocytosed after monoubiquitination, have been shown to be
transportedin early or late endosomes in different model systems (Delcroix et al. 2003; Deinhardt
et al. 2006). Recently a study showed that TrkA is transported along the axon of sympathetic
neuronsin MVBs but signals from small vesicles at the soma (Ye et al. 2018). However, endosomal
maturationisa fluent process (e.g. as described during the Rab-switch), makingit hard to pinpoint
the exact maturation state of endosomes. Inaddition, staticstudies without any live -cell imaging,
only give very limited insight.

Disruption in retrograde traffic for signaling have been observed in mutations in RAB7 (CMT2B),
GARS1 (CMT2D), HSPB1 (CMT2F). Neurotrophicsignalling regulating neuronal survival depends on
retrograde trafficking (Scott-Solomon and Kuruvilla 2018).

RETROGRADE TRANSPORT TO THE TGN

When retrograde transport is mentioned in non-neuronal cells, it is referring to the transport of
cargo from endosomes to the TGN. In this context, the most studied cargo being the cation-
independent mannose 6 phosphate receptor (CIMPR) that delivers hydrolases to late
endosomes/lysosomes. The retromer complex, a key player in the endosomal sorting machinery,
regulates this process. Composed of a vacuolar protein sorting- associated protein (VPS) trimer
(VPS26,29,35), termed cargo recognition complex, and a SNx dimer (SNx1, 2 with SNx5 or 6), this
protein complex returns the receptor back to the TGN , where it can pick up a fresh round of
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hydrolases (Seaman 2012; 2004). SNxs are BAR-domaincontaining proteins, which drive membrane
bindingand curvature via their PI;P membrane bindingdomain. The VPStrimerrecruits CIMPR into
a tubulus, whichis stabilized by another protein complextermed WASH complex (Wiskott—Aldrich
syndrome protein and SCAR homolog complex). Thoroughly studied in yeast, the exact roles of the
VPStrimer and SNxs are still being debated in human cells (Simonetti etal. 2017; Kvainickasetal.
2017). When retrograde vesicles containing CIMPR reach the TGN, they need to dock and fuse for
further hydrolase uptake by the receptor. This docking and fusion is orchestrated by Golgi-
associated retrograde protein complex (GARP) and Rab29 (Bonifacinoand Hierro 2011; Wanget al.
2014). If this pathwayis disrupted no more hydrolases are delivered to lysosomes, leading to alack
in degradation, therefore to an accumulation of neurotoxic waste, alack of nutrients and triggered
apoptosis.

Disruptions of retrograde trafficand accumulationsinthe TGN were observed for mutationsin G/B1
causing, CMT1X.

RETROGRADE TRANSPORT FOR DEGRADATION

Asjustdiscussed, retrograde transport of CIMPRis very important for properlysosomal function, a
process essential for protein degradation. Internalization and subsequent degradation of signaling
receptorsis an importantstepin signal termination. Polyubiquitinated proteins at the cell surface
that are marked for degradation remain in the early endosome (aka no recycling) while this
endosome matures into a late endosome. The ubiquitinated cargo is recognized by hepatocyte
growth factor-regulated tyrosine kinase substrate (Hrs) of the endosomal sorting complexes
required for transport (ESCRT)-0 complex (Raiborg et al. 2002). Interacting with PI;P ESCRT-0
recruits ESCRT-I and II, ubiquitinated cargo is concentrated in clathrin coated microdomains
(Katzmann etal. 2001; Bache et al. 2003). ESCRT-III recruits membrane curving proteins to generate
ILVs (Adell et al. 2014). Once a late endosome contains such ILVs, it is classified as a MVB. The
definition of a MVB throughout the literature is quite vague when it comes to marker proteins-
MVBs are only definitely characterized structurally in electron microscopy images. Upon ILV
generation, the MVB fuses with lysosomes, degrading its content (Futter et al. 1996). The
degradative pathwayis notonly used by signaling receptors to terminate signaling but also for the
degradation of lipids. For example, Rab8 is involved in the regulation of cholesterol efflux via this
pathway, an important step for myelination (Linderetal. 2009; Zhou et al. 2019).

Interestingly, the ErbB pathway, a crucial pathway for Schwann cell myelination, relies heavily on
proper degradation and recycling. Neuregulinl signaling through ErbB leads to Schwann cell
myelination, both ErbB2and ErbB3 are expressedin Schwann cells (Michailov et al. 2004; Taveggia
et al. 2005). However, both receptors follow different pathwaysin this process- ErbB2 is recycled,
whereas ErbB3is degraded viathe ESCRT pathway. Ubiquitinated ErbB recognizes ESCRT-0, recruits
ESCRTI-llland is subsequently incorporated into the invaginations- which bud off ILVs within MVBs
(foragoodreview pleasesee (Leeetal.2017). This process attenuates signal transductionand ends
in receptor degradation. Abnormalities in this pathway again lead to increased neurotoxic waste
and apoptosis.

Abnormalitiesinlysosomal degradation have been reported for mutationsin PMP22, LITAF, RAB7,
DYNC1H1, LRSAM1, MTMR2,13,5, NDRG1 and FIG4 causing CMT1A, 1C, 2B, 20, 2P, 4B, 4D and 4J
respectively.
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AUTOPHAGY

Anotherdegradative pathway is the one of autophagy. A pathway mostly used forthe degradation
of aggregated and misfolded proteins but also whole organelles (like mitochondria, termed
mitophagy), induced by cellular stress. For this, a double membrane structure called phagophore
forms, expands and closes uponitself to generate an autophagosome engulfing protein aggregate.
The autophagosome then fuses with a lysosome leading to the degradation of its content and a
subsequentnutrientrelease into the cytosol (also referred to as macroautophagy). Rab1, 4 and 11
are involved in the membrane delivery for the formation of the phagophore, whereas autophagy
receptor p62 binds ubiquitinated cargo and Microtubule-associated protein 1A/1B-light chain 3
(LC3) on autophagosomes (Komatsu et al. 2007; Kiral et al. 2018). The class 3 phosphoinositide 3-
kinase (PI3K) complex, recruited by Rab5, produces PI;P for the nucleation of the phagophore,
whereas Rab33 is involved in the elongation. Autophagosomes fuse with late endosomesto so
called amphisomes that trafficretrogradely- possibly by the same Rab7/Rab-interacting lysosomal
protein (RILP)/dynactin complex that regulatesthe transport of late endosomes (Cheng et al. 2015;
Jordens et al. 2001). Rab7 and Rab24 then mediate the fusion with lysosomes (Kiral et al. 2018).
The autophagic flux depends on the autophagosomal transport, and fusion with lysosomes. In
healthy neurons, few autophagosomes are observedindicatingalow level of autophagy or a very
quick turnover (Boland etal. 2008; Mizushimaetal. 2004).

Autophagy related proteins have also been shown in Schwann cells, where autophagy plays an
importantrole forcell plasticity, myelin maturation and compaction. Excess cytoplasm is removed
by autophagy leadingto more compact myelin. Furthermore, Schwann cells rely on autophagy after
nerve injury forthe phagocytosis of myelin debris (Belgrad et al. 2020).

Alterations in autophagy were seen with mutations in PMP22, RAB7, HSPB1 and FIG4 causing
CMT1A, 2B, 2F and 4] respectively.

MITOCHONDRIA TRANSPORT

Neuronal cells have a relatively large energy consumption, which is why they rely heavily on a
functioning mitochondria system. Trafficking is an important process for mitochondrial
maintenance. Mitochondria need to be transported to regions of high energy demand. If
mitochondria transport is disturbed this would lead to a local energy crisis and to degradation of
the long neurons of the PNS. Transportisregulated by a Miro/Milton complex (Fransson et al.2006;
Stowers et al. 2002; Glater et al. 2006). Miro binds the outer mitochondrial membrane via its
carboxyterminal, whereas Milton is the adaptor protein of Miro and the motor proteins.
Accumulated damaged mitochondria are degraded by mitophagy as described above. Disruptions
in mitochondria transport and location have been described in many sub-types of CMT including
mutations in MEN2(CMT2A2), RAB7 (CMT2B), GARS1 (CMT2D), NEFL (CMT2E), HSPB1 (CMT2F) and
DYNC1H1 (CMT20). For a recent review on mitochondria transport in a disease context refer to
(Schiavonetal. 2021).

CYTOSKELETAL BASIS FOR TRANSPORT

The basicstructure or architecture of neuronsis provided by its cytoskeleton, which also serves as
the tracks for intracellular trafficking. The cytoskeleton is comprised of three building blocks,
microfilaments, intermediate filaments and microtubules. Microfilaments are made by actin and
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are mostly found in mobile/changing structures like the growth cone or newly formed synapses.
Intermediate filaments are made from 3 different neurofilaments (light, medium, and heavy
polypeptide) and peripherin in the PNS. The filaments share a structural organization of a central
a-helical rod that drives assembly of dimers, protofilaments and filaments of 10nm diameter
(Laser-Azogui et al. 2015). Neurofilaments are the most abundant cytoskeletal component in
myelinated axons. They have the intrinsic role to form and maintain the axonal architecture, its
diameter and the intracellular transport of cargo in dendrites. Posttranslational modifications
influence neurofilament assembly, hence the axonal size of large myelinated axons.

Lastly, microtubules are composedof a and B tubulin forming profilaments, where 13 profilaments
make 1 microtubule with adiameter of about 25nm (Prioretal. 2017). Microtubules, also referred
to as moleculartracks, are modified by acetylation and detyrosination, which influences trafficking.
Acetylation increases the binding of motor proteins thus enhancing transport and is highest in
stable and long-lived microtubules, like axons (Reed et al. 2006). Acetylation of a.-tubulinimproves
the binding capacities of kinesins to the microtubules thus enhancingtransport (Reed et al. 2006)
but has also shown to increase dynein recruitment to microtubules (Dompierre et al. 2007).
Whereas, detyrosination guides kinesin-1to the axon (Konishi and Setou 2009) and regulates
dyneinbased transport (Nirschl etal. 2016).

Kinesins are the motor proteinsinvolved in the plus-end directed (anterograde)transport. Dyneins
are involved in minus-end directed or retrograde transport. Dynein interacts with cargo via a
dynein/dynactin complex involving p150°“*, Deregulation in microtubule assembly and
disassembly has been shown to affect axonal growth (Markworth et al. 2019). Importantly,
neurotrophicsignalling can affect microtubule stability (Goold and Gordon-Weeks 2003).

Many types of CMT have shown to have cytoskeletal abnormalities (Brownlees et al. 2002),
including mutations in PMP22 (CMT1A), MEN2 (CMT2A2), RAB7 (CMT2B), GARS1 (CMT2D), NEFL
(CMT2E), HSPB1 (CMT2F), FIG4 (CMT4J), FGD4 (CMT4H), DNM2 (DI-CMT) and GJB1 (CMT1X).
Whetherthese are causative or secondary remains to be shown in many cases.

PHOSPHOLIPIDS

Finally yet importantly, while the phospholipid system is involved in every step of intracellular
trafficking, itis worthy of its own section. As already mentioned, the endosomal trafficking joumey
begins with the synthesis of Pl,sP, at the site of endocytosis and changes over the course of
endosomal maturation, making phospholipids not only a markerfor endosomal maturation but an
important regulator of the endosomal system (Wallroth and Haucke 2018). Early endosomes are
mostly comprised of PI;P, generatedby class Il phosphoinositide VPS34, which, inturn, is recruited
by Rab5. PI;P isthen recognized by the FYVE domain of ESCRT-0 subunit Hrs, whichis recruited to
the endosomes to promote ESCRT sortingand MVB formation. During endosomal maturation PI;P
is phosphorylated by PIKFYVE complex/PI5K to Pl sP,. Pl regulating enzymes can affect endosome
to lysosome trafficking and therefore inhibit the degradation of cell surface proteins (Bergeretal.
2011).

Interestingly,as acomponent of the plasma membrane, phospholipids have beenshown to play an
important role in Schwann cells too. More precisely, phospholipids on Schwann cells have shown
to be regulators of compact myelination. As PI3K generates Pl , sP; atthe plasma membrane, which
then activates the Akt pathway, a promyelinating signaling cascade in the PNS, that is tightly
regulated by phosphatase and tensin homolog (PTEN), downregulating Pl;45Ps (S. M. Lee et al.
2017). This again shows that phosphoinositides do not only function as membrane markers for
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different organelles, but also hold a signalingand regulating functioninthe PNS. This makes them
interesting candidates to investigate in axonal and demyelinating CMT as a deregulation would
affectthe whole intracellulartrafficking pathway spanning from endocytosis to degradation.
Specifically mutationsin MTMR2,13,5 and FIG4 causing CMT4B and CMT4J, respectively, have
shown to disruptthe phospholipid system.

CMT SUBTYPES SHOWING IMPAIRED INTRACELLULAR TRAFFICKING

While geneticmutations leadingto CMT also affect other cellular processes (e.g. genes coding for
human aminoacyl tRNA synthetases such as GARS1 (glycyl-tRNA synthetase (GlyRS)), which
catalyzes the first step of protein synthesis), eventually many processes meet at the platform of
intracellular trafficking. For example, CMT2D-associated mutants of GlyRS stimulate deacetylase
activity on a-tubulin (Mo et al. 2018). Further, even protein synthesis is linked to intracellular
trafficking: mRNAs made inthe nucleus associate with so-called RNA-binding proteins(RBPs). These
RBPs are transported as ribonucleoprotein particles (RNPs) to distal subcellular locations for local
translation. To perform local translation, RNPs associate with late endosomes/lysosomes, which
are transported along the axons. Finally, These RNP- associated late endosomes have been found
to dock at mitochondria sustaining mitochondrial health (Cioni etal. 2019). Intriguingly, this process
isdisruptedin CMT2B, caused by mutationsinthe late-endosomal Rab7-GTPase (Cionietal. 2019).
Therefore, rather than listing CMT-causing mutations based on their functions, we deciphered
where and how, to today’s knowledge, CMT mutations affectintracellular trafficking and how this
then could explain the observed phenotypes.

The length, polarity and post-mitotic state make peripheral sensory and motor neurons extremely
dependent on intracellular axonal transport for proper function and maintenance. It is therefore
understandable that even mutations in ubiquitously expressed proteins cause a cell type specific
phenotypeintheseneurons. Importantly, also subtypes that show both, axonal and demyelinating
phenotypes show many mutations involved in intracellular transport in neurons but also in
Schwann cells, hindering proper myelination.

Schwann cells have a highly polar structure and rely heavily on membrane transport for
myelination. This can be seen in the involvement of the intracellular transport machinery in the
pathology of demyelinating CMT1as described below. Althoughmany otherfactors are involved in
the pathology, the involvement of intracellular traffic in CMT is intriguing as it highlights the
importance of the intracellular transport machinery for many aspects of proper cellular function.
Further, it sheds light on the importance of considering intracellular dynamics when looking for
potential disease mechanisms. The fluidity yet tight regulation of this systemis its toughest aspect
to study. However, the following examples highlight the importance of considering this system as
highly dynamic when interpreting static results. The CMT subtypes discussed in this review and
theircorresponding trafficking phenotypes are summarizedintable 1.
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AXONAL CMT2
CMT2A1-KIF1BB

In CMT2, several defectsinintracellulartrafficking have been reported (Fig. 1).

CMT2A1 is caused by mutant KIF1B, a kinesin family member that plays arole in neuronal survival
and function due to itsrole in anterograde transport (C. Zhao etal. 2001). KIF1Bf directly binds to
insulin like growth factor (IGF) receptor (IGFR) 1B, areceptortyrosine kinasethat signals for axonal
outgrowthvia IGF-Isignaling and activation of the PI3K-Akt pathway (Laurino et al. 2005; Scolnick
et al. 2008). In one of the studied CMT2A1 mutations (Y1087C) binding of KIF1Bp to IGFR is
significantly reduced, leading to less IGF1R transport, reduced surface expression and reduced
axonal outgrowth in mouse hippocampal neurons (F. Xu etal. 2018). Further, KIF1BBis involvedin
the development of myelinated axons, both in the CNS and PNS (Lyons et al 2009 in Xu). Other
mutations have been reported in the conserved ATP binding site of the kinesin motor (Q98L),
leadingtoa perinuclearaccumulation of the proteinand defectsin cargo transport. This defectin
transport was visible by decreased |levels of synapticvesicle proteins including synaptotagmin and
synapticvesicle protein 2 (SV2) in western blots of proximal and distal nerve sections after sciatic
nerve ligation of heterozygous kif1B+/- mice incomparison to kif18+/+mice (Zhao 2001). This study
concluded a trafficking defect due to decreased protein levels on western blots of lysed nerve
sections comparing distal and proximal parts. Levels of synaptotagmin and SV2 were reduced in
both, distal and proximal section of the heterozygous mice compared to control. While the authors
concluded a KiflB- dependent trafficking defect, decreased levels could also occur from
downregulation of these proteins or altered degradation instead of altered trafficking. Therefore,
to specifically pinpoint trafficking defects, live-imaging using trafficking markers would help to
decipher this question. In addition, KIF1B is able to bind to other cargo. Therefore, it would be
interestingtosee if other intracellulartransport systems are also affected, including the transport
and signalling of epidermal growth factor receptor (EGFR), mitochondrial transport and autophagic
turnoveras presented forother CMT types (see below). Lastly, the effect on IGF1R trafficking and
signallingin other CMT types would be intriguing to unwrap, to see if it is a common denominator
or if commonalities can be foundin the effect on the downstreamsignalling cascade.

CMT2A2

The most common type of CMT2 is CMT2A2, caused by dominantly inherited point mutations in
Mitofusin 2 (MFN2) (Zichner et al. 2004). MFN2 is a dynamin family GTPase located on the outer
mitochondrial membrane protein and part of the Miro/Milton tethering complex, tethering
mitochondriato kinesin. MFN2is furtherinvolved in mitochondria morphology, fusion and motility,
endoplasmic reticulum tethering and synapse formation (Chen et al. 2003; De Brito and Scorrano
2008; Misko et al. 2010). CMT2A2 mutations cause a decrease between mitochondria and
endoplasmicreticulumtetheringanda reductionin neurite length of primary motor neurons. Live
cell imaging also revealed fewer mitochondria in the sciatic nerve axons with a higher proportion
of very slow-moving mitochondria compared to control (Bernard-Marissal et al. 2019). Thisisin line
with data from primary sensory neurons, where overexpressed mutant MFN2 led to a loss of
mitochondriain distal and an aggregation in the proximal axonal segments with fewer mobile
mitochondria (Baloh et al. 2007). The phenotype of slower mitochondrial movement was also
observedin spinal motor neurons derived from patientinduced pluripotent stemcells, but to lesser
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extent (Saportaetal. 2015). In a CMT2A2 mouse model, loss of mitochondria was observed in the
distal part of sciaticnerve axons as well as aloss of tubulin acetylation that worsened with age (Picd
et al. 2020). However, since these mice display a neuropathic phenotype before the decrease of
acetylationis detected, another pathomechanism hastobein play. Yet treatment with an histone
deacetylase 6 (HDACS6) inhibitorameliorated some of the motor and sensory phenotypesin these
mouse models (Picci et al. 2020). It would be very interesting to see if and how the treatment
affected mitochondrial transportand how itacted ona molecularlevel by applyingit in vitro. This,
in turn, would help to put this finding in context with previous studies focusing on the molecular
pathomechanisms (like they did for CMT2D causing GlyRS (Benoy et al. 2018)). Still, the questions
thatremainare:isthe deacetylation of tubulinis a cause of the decreased mitochondrial transport?
Would the deacetylation then, in turn, amplify the trafficking defect by decreased motor protein
association, or do the pathomechanisms work in parallel? If mitochondria can no longer be
transported tosites of high energy demand, like synapses or nodes of Ranvier, thiswould lead to a
local energy crisis and explain neuronal malfunctioninthe longestand most distal partsas seenin
CMT2A. Therefore, future studies on mitochondrial transport, or how to overcome disruptions in
kinesintetheringwould be aninteresting point of investigation.
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Figure 1: Schematic overview of the intracellular trafficking processes in a neuron of the PNS. Highlighting
all the steps where proteins involved in CMT can cause dysregulation. This figure was created using Servier
Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported
License; https://smart.servier.com.

CMT2B

Autosomal dominant CMT2B, marked by primarily axonal degeneration, is caused by mutations in
the late Rab7 GTPase. As of today 6 mutations are known to cause CMT2B, with all mutations being
located close to the GTP binding pocket altering the binding kinetics (McCray et al. 2010; Spinosa
et al. 2008; Saveri et al. 2020). Rab7 has been shown to transport ligand bound neurotrophic
receptors TrkA and TrkB retrogradely to the soma (Deinhardt et al. 2006). Even though the CMT2B-
causing Rab7 mutations are no loss of function mutations, alterations in retrograde traffic were
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observed in a drosophila model and in cultured mouse dorsal root ganglia overexpressing the
mutant Rab7 proteins (Janssens et al. 2014; Zhang et al. 2013). The binding of Rab7 and TrkA was
not changed by the mutations. However, signaling of TrkA and EGFR was altered in cells expressing
CMT2B mutant Rab7, possibly as a result of defective signaling from endosomes (Rink et al. 2005;
F. R. Maxfield and Yamashiro 1987; Marat and Haucke 2016; Bakker et al. 2017)- since signaling
from the plasma membrane was still intact (Basuray et al. 2010; BasuRay et al. 2013). In addition,
the different mutants showed decreased expression of RILP, a Rab7 effector important for
lysosomal transport by recruiting dynein-dynactin motors, as well asanincreased interaction with
peripherin, anintermediate filament of the PNS (Spinosa et al. 2008; Cogli et al. 2013). Further, one
of the mutants showed disturbed binding to the protein sorting complex retromer by co-
immunoprecipitation, suggesting apathomechanism thatinvolves mis-sorting of receptors on their
traffickingroute (Seaman et al. 2009). A study from 2018 also reported alterationsin autophagy in
CMT2B. All tested mutants displayed reduced localization on autophagic compartments and
reduced autophagic flux in Hela cells, similarly to a dominant negative mutant of Rab7. Further,
basal and induced autophagy were decreasedin skin fibroblasts froma CMT2B patient (Colecchia
et al. 2018; Romano et al. 2020). As mentioned, local translation by ribonucleoprotein partices
localizingto late-Rab7 endosomes and mitochondriais disruptedin CMT2B (Cioni etal.2019). The
diverse phenotypesof CMT2B- causing mutationsin Rab7is explainable by the involvement of Rab7
in many aspects of this highly dynamicsystem (e.g. transport, signaling of receptors, degradation,
local translation), which makes pinpointing the causal effect of mutant Rab7 extremely difficult. It
wouldthereforebe veryinterestingto study if within these mechanisms some common modalities
are present- e.g. do CMT2B-causing mutations have difficulties binding to dynein which would
disrupttrafficking, signaling, maturation and degradation.

CMT2D

Mutant glycyl-tRNAsynthetase (GlyRS) encoded by GARS1 causes autosomal dominantCMT2D and
distal hereditary motor neuronopathy (Antonellis et al. 2003). A mutant mouse model shows
reduced acetylated a-tubulin levels and disrupted mitochondrial transport (Benoy et al. 2018; Mo
et al. 2018). How the molecular mechanism of tRNA generation influences intracellular trafficking
is not yet understood. To date, GlyRS mutants have been found to show novel and increased
binding propertiesto cytoskeletal proteins and receptors (He et al. 2015). Mutant but not wild type
GlyRS co-immunoprecipitates with HDAC6. HDAC6 deacetylasestubulin leading to unstable tubulin.
Therefore, binding of mutant GlyRS to HDACG is believed to increase the deacetylase activity. A
HDACS6 specificinhibitor has been found to improve mitochondrial axonal transport and relieve
both, motorand sensory systems in mice (Benoy et al.2018; Mo et al. 2018). The similarityto MFN2
causing CMT2A2 is striking, yet needs to be confirmed by producing more comparable studies and
results. Both mutant MFN2 and GlyRS show reduced acetylated tubulin levels and decreased
mitochondrial transport (Benoy et al. 2018; Mo et al. 2018; Baloh et al. 2007; Picci et al. 2020).
Further, mouse models of each show an improvement of motor and sensory phenotypes upon
treatment with HDAC6 inhibitors. How mutations in MFN2 lead to decreased acetylated tubulin,
which in turn could lead to decreased binding of motor proteinsto it and therefore to decreased
transport of cargo/mitochondria, is still open. It is possible that MFN2 has a direct impact on the
acetylationlevels orthatitis a secondary effect to the disrupted mitochondrial transport. It would
therefore, be of interest if mitochondrial transport was improved upon HDAC6 inhibitor treatment
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in models of CMT2A2 (MFN2) or if deliberately disrupting mitochondrial transport leads to a
decreaseintubulin acetylation.

GlyRS also shows increased interactions with receptors. GlyRS binds neuropilin-1, a co-receptor of
the vascularendothelial growth factor receptor (VEGFR).This interaction is enhanced by the GIyRS-
CMT2D causing mutations. The increased binding of mutant GlyRS to neuropilin-1 disrupts its
interaction with VEGFR. While genetic depletion of neuropilin-1 worsens the CMT phenotype,
overexpression of VEGF improves motor problems (He et al. 2015), indicating thatthis pathway is
alsoinvolvedinthe pathogenesis. Interestingly, VEGF signaling has been shown to be regulated by
intracellular trafficking (Horowitz and Seerapu 2012). Whether the altered VEGF pathway
contributes to the pathology in parallel or in stream with the altered tubulin acetylation remains
unknown. To pinpoint the effects of VEGFR signaling in CMT2D, trafficking and downstream
signaling could be followed. For example, does VEGFR change its downstream targets since
neuropilin-1has been foundto act as a “gating” protein switching downstream signaling of PlexinD1
to VEGFR2 (Chauvetetal. 2007)?

Lastly, mutant GlyRS but not wild type GlyRS binds to TrkA. There is a correlation between binding
intensity and disease severity. Even though the molecular effect on Trk bindingis not clear, an
increased Trk activation by increased ERK1/2 phosphorylation is indicated (Sleigh et al. 2017).
Whether the disrupted transport of NGF (Mo et al. 2018) is a consequence of altered tubulin
acetylation and transport defects in general or due to GlyRS’ increased binding to NGF-receptor
TrkA remains to be answered. The causal relationship of growth factor trafficking and tubulin
acetylation needs to be determined. It is known that neurotrophic factor signaling affect
microtubule dynamics (Goold and Gordon-Weeks 2003). Other options are changes in downstream
signalingdue toincreased TrkA/ GlyRS binding.

CMT2E

Mutationsin NEFLare quite intriguing as they cause mostlyaxonal CMT2E but can also be classified
as CMT1F because severely reduced nerve conduction velocity is areported phenotyp e. However,
the decreased conductionvelocity that usually stemsfrom demyelinationis proposedto be caused
by a decrease in axonal diameters in CMT2E, making it ultimately axonal (Lancaster et al. 2018).
The mutations associated with CMT2E/1F are most commonly missense mutations in the head
domainor inthe central rod domain of neurofilamentlight polypeptide (NEFL) (Mersiyanova et al.
2000; De Jongheetal. 2001; Lerat et al. 2019). Mutations disturb axonal transport of NEFL that is
generatedinthe soma and transported alongthe axon, shown by lack of NEFL in the distal part of
axons and accumulationin the proximal part and soma (Brownlees etal. 2002). However, live cell
imaging of fluorescentlytagged mutant NEFLin primary rat neurons did not show any alteration of
NEFL movement comparedto WT indicating that NEFL trafficgreatly depends onthe model being
used (Stone et al. 2019). In contrast, transport of mitochondria is disrupted- seen in an
accumulation of mitochondria in the cell body region and loss in the distal axon of sympathetic
neurons (Brownlees et al. 2002; Pérez-Ollé etal. 2005). In patientderived iPSCs differentiated into
spinal motor neurons, mitochondria movement was reportedto be slower and shorter distanced
(Saportaetal.2015). Aggregates of mutated NEFLwere observedin transfected rat cortical neurons
and mouse models, as seen for other neuropathies. However, patient nerve biopsies and patient
derived motor neurons only showed disorganized NEFL polymer accumulation not aggregation
(Brownlees etal.2002; JianZhao et al. 2017; Fabrizietal. 2007, Adebolaetal.2015; Saporta et al.
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2015). Overall, above studies should be carefully interpreted since data arose from different model
systems- as phenotype depends greatly on the accompanying neurofilament proteins available for
co-assembly (Stoneetal. 2019).

CMT2F

Similar effects as described for CMT2D (mutant GlyRS) on o-tubulin acetylation and axonal
transport have also been reported for CMT2F, which is caused by a mutationin heatshock protein
family B (small) member 1 (HSPB1). CMT2- causing HSPB1 has been found to cause intracellular
aggregates of components including neurofilament medium polypeptide (NEFM) and p150
dynactin (Ackerley et al. 2006). In sensory and motor neurons, expression of mutant HSPB1lead to
disturbed retrograde mitochondrialtransport, whereas axonal transport of neurotrophicfactor p75
was only minimally affected, indicating a cargo specificdefect (D’Ydewalleetal. 2011; Kalmaret al.
2017; J. Y. Kim et al. 2016). This mitochondrial transport defect was partially rescued by an HDAC6
inhibitor. Almeida-Souza et al. have shown that mutant HSPB1 reveals an enhanced binding
efficiency to a-tubulin leading to stabilization of microtubules without changing the acetylation
pattern of tubulin (Almeida-Souzaetal.2011). This seems counterintuitive to the beneficial effect
of HDAC6 inhibitors and shows that more studies are needed to figure out the molecular pathway
of HSPB1 and HDACG6 inhibitorsin the cytoskeleton. Interestingly, the commonalities of phenotypes
between CMT2D (GARS1), CMT2E (NEFL) and CMT2F (HSPB1) all share acommon defect: disruption
in a-tubulin acetylation. A comparison on tubulin dynamics and structure could reveal additional
shared phenotypes and increase the understanding of how these common phenotypes occur
despite different genes affected. Furthermore, starvation induced autophagicflux was reduced in
patient derived motor neurons. The exact molecular pathway of how HSPB1 is involved in
autophagy remains to be answered but it has been shown that HSPB1 binds to the autophagy
inducing receptor SQSTML1 and that this binding is increased by some mutants of HSPB1. Those
mutants failed toinduce autophagicpores upon starvation (Haidaretal. 2019).

CMT20

CMT20 is an autosomal dominant type of CMT, caused by a His306Arg mutation of dynein
cytoplasmic 1 heavy chain 1 (DYNC1H1). The His306Arg mutation resides in the highly conserved
residue of the homodimerization domain of DYNC1H1 (Weedon etal. 2011). As dyneinisthe main
motor protein responsible for minus-end/retrograde transport, a pathomechanism involving
defectiveaxonaltransportis expected. Indeed, tagged dyneinfrom the Loa mice line, which carries
a mutationinthe bindingdomain of DYNC1H1, show decreased run length of retrograde transport
of lysosomes (Ori-McKenney et al. 2010; Hafezparast et al. 2003) as well as decreased transport of
trophic factors in a sciatic nerve ligation assay (Perlson et al. 2009). In mouse models with a 9bp
deletion mutation in the stem domain of DYNC1H1 (responsible for cargo binding and
homodimerization), retrograde axonal transport of NGF was reduced, which caused increased
apoptosis upon NGF stimulation at the peripheral axon (Jing Zhao et al. 2016). Whether the
downstreamsignaling cascade of TrkA, the receptorfor NGF, was altered as reported for mutated
Rab7 and GlyRS has not been investigated yet. Further, mitochondrialtransportis reduced in these
mice as also reported for mutated MFN2, GIyRS and NEFL. The model shows that DYNC1H1 has a
crucial role in the transport of both neurotrophicfactors and mitochondria a defect shared among
several CMT subtypes.
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CMT2P

Recessive and dominant axonal CMT2P are caused by mutationsin LRSAMI (leucinerich and sterile
alpha motif containing) encoding a universally expressed RING-type E3 ubiquitin ligase (Guemsey
et al. 2010). Thus far, its only known target is TSG101, a member of ESCRT |, involved in the
degradation pathway of EGFR (Palaimaetal. 2021). Though only known since the last decade, first
results already show the involvement of LRSAML1 in the intracellular trafficking pathway and more
results regarding its exact involvement in the molecular processes of EGFR degradation and
possible othertrafficking phenotypes are to be expected in the future.

In summary, the most prominent shared defects in axonal CMT include abnormalities in
mitochondrial transport, transport of neurotrophic factors, tubulin acetylation and altered
autophagy. These mechanisms, inturn, could affect downstream signaling from endosomesas well
as microtubule dynamics via trophic signaling (Goold and Gordon-Weeks 2003), One downside of
interpretationis that experiments conductedvary between model systems used. Further, the level
of detail in how the transport mechanisms are studied also shows variability. Therefore,
comparative studies focusing on the effect of the different CMT mutated proteins would be ideal
to identify common pathologies. Further, checking for phenotypes reported in one subtype (like
altered IGFR transported as reported for CMT2A1) in other subtypes will complete the picture of
possible shared mechanisms. The same holds true for CMT subtypes not mentioned in this review
because notenough datato altered trafficking mechanism werereported as of yet.

CMT SUBTYPES WITH DEMYELINATING AND AXONAL PHENOTYPES

Importantly, not only predominantly axonal types of CMT show intracellular transport defects. In
fact, several of the demyelinating subtypes have shown abnormal trafficking including CMT1, the
most common type of CMT, as well as CMT1X, CMT4 and DI-CMT (Fig. 1 and Fig. 2). Thisindicates
that trafficking is also a crucial step in Schwann cells. Of note is that the majority of trafficking
defectsin CMT subtypes with more demyelinating phenotypesis seeninthe endocyticand recyding
pathway indicating these two steps critical in Schwann cell myelination. DI-CMT, CMT4B, 4C, 4D
and 4H all show endocytic alterations, recycling defects or both. On the other hand, CMT4B and
CMT4J affect phosphoinositide compositions altering endocytic processes, recycling, maturation
and degradation pathways. This shows that the Pl regulation is essential for the complete dynamic
process of intracellulartrafficking and cannot be pinpointed to asingle subsection.

DI-CMTB

Mutationsin dynamin 2 cause dominantintermediate CMT (DI-CMTB) displaying both axonal and
demyelinating phenotypes, sometimes also classified as axonal CMT2M (Ziichner et al. 2005).
Dynamin 2 is a ubiquitously expressed fission protein, responsible for the fission of intracellular
vesicles after endocytosis and for the fission from endosomes. The mutations causing Di-CMTB are
located in the Pleckstrin homology domain of dynamin 2, which binds to Pl,sP, required for
membrane localization. One of the DI-CMTB causing mutants (K558E) blocks dynamin-dependent
endocytosis in a dominant negative fashion, whereas another (551A3) showed defects in
microtubule stability, indicating two different pathogenic mechanisms (Tanabe and Takei 2009). Of
note, dynamin 2 also plays a role in receptortraffickingasit is involved in targeting receptorsinto
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the recycling pathway from early endosomes (Jovic et al. 2010). Therefore, defects in dynamin 2
could affectreceptorsignaling by blocking receptor endocytosis as well as re -activation if receptor
re-insertion to the plasma membrane is disrupted. Although live cell imaging experiments are
sparse for DI-CMTB, the disturbances in three of the main fundaments for intracellular transport-
endocytosis, recycling and microtubules, could lead to trafficking defects and would be ideal
candidates to receive further investigation. Interestingly, dynamin 2 is essential for Schwann cell
myelination of the peripheral nerves. Aninduced dynamin 2 deletion in adult Schwann cells leads
to a demyelinating neuropathy (Gerber et al. 2019). However, it is unclear if this defect is caused
by disrupted endocytosis as seen by a Transferrin uptake assay, or caused by altered levels of ErbB2
receptors on the plasma membrane (Sidiropoulos et al. 2012). The involvement of dynamin 2 in
Schwann cell myelin maintenance provides a basis for the intermediate pathogenesis seen in DI-
CMTB.

CMT4B

CMT4 is a rather rare subtype of the disease mostly inherited in an autosomal recessive pattemn
characterized by myelin deformities and arelatively early onset.

CMT4B is caused by autosomal recessive mutations in three of the myotubularin-related protein
(MTMR) family of phosphoinositide 3-phosphatases with a mostly demyelinating phenotype with
focal hypermyelination. CMT4B1 is caused by loss-of-function mutations in the catalytically active
MTMR2, whereas CMT4B2 and CMT4B3 are caused by mutationsin catalytically inactive MTMR13
and MTMRS5, respectively (Berger et al. 2002; Robinson and Dixon 2005; Bolino et al. 2000). MTMR2
dephosphorylates PI;P (mainly present on early endosomes) to PI, and Pl;sP, (mainly present on
late endosomes) to PIsP. MTMR5 and MTMR13 directly interact with active MTMR2 and increase
its catalytic activity as well as recruit MTMR2 to membrane compartments (S. A. Kim et al. 2003;
Robinson and Dixon 2005). Due to faulty phosphatase activity, PIsP and Pl;sP, are predicted to
accumulate on endosomesin CMT4B.

As discussed above, phosphoinositides are an important regulator of many steps along the
intracellulartraffickingpathway, as well as of myelination. Therefore, itis of no surprise that several
studies have found effects of CMT4B mutations in many different aspects of the intracellular
pathways. Even though expression of MTMR in Schwann cells is very low (Berger et al. 2002),
mutationsin Schwann cellsis sufficient to induce CMT4B-like pathology (Bolis et al. 2005).

A study in cortical neurons has located MTMR2 to synapses by interaction with PSD95. Here,
MTMR2 seemstofunction as a negative regulator of e ndocytosis, as the uptake of AMPAR subunit
GluR2 increases upon loss of functional protein (H. W. Lee et al. 2010). As MTMR2 has been shown
to interact with SAP97/Dlg1 a part of the PSD family in Schwann cells, it is plausible for MTMR to
play a regulatory role of endocytosis in Schwann cells (Bolino et al. 2004). Whether this process
contributes to the pathology remainsto be answered.

Further, loss of MTMR2 promotes the sorting of internalized AMPA receptors to lysosomes,
indicating thatactive MTMR2 plays a role in preventing AMPA degradation, possibly by initiating a
recycling pathway (H. W. Lee et al. 2010). However, inepithelial cells, knockdown or overexpression
of MTMR2 leads to a blockage of EGFR degradation in vitro in two different studies, implicating
MTMR directly in the degradative pathway (Cao et al. 2008; Berger et al. 2011). Further, MTMR2
shows binding to P13K adaptor hVPS34/hVPS15 complex thatalsointeracts with Rab7, indicatinga
possible linkin pathology of CMT4B and CMT2B. Although the direct effect of CMT4B mutations on
the degradative pathway are not shown, the general involvement of MTMR in the degradative
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pathway offers many possible pathomechanisms. Normally, MTMR2 recruits RMES8 via PI;P, which,
inturn, regulates EGFR trafficfrom endosomes to lysosomes-a pathway that could be disrupted in
CMT4B (Xhabijaetal.2011). Overall, CMT4B shows that misregulation of phospholipid composition
can lead to disruptions in endocytosis, recycling and degradation. Since CMT4B shows
predominantly demyelinating phenotypes, it will now be interesting to see how CMT4B mutations
affect ErbB endocytosis, recyclingand degradationin Schwanncells, considering that this is a major
signaling pathway for myelination, as well as its downstream promyelinating PI3K/Akt signaling
cascade. Interestingly, Akt levels were altered in sciatic nerve sections from MTMR2,13 knockout
mice (Berger et al. 2011). The direct effect on phosphoinositide composition could alter the
promyelinating signaling cascade and link the mutation to the demyelinating phenotype. (Fora
good review on ErB signaling and traffickingin CMT we referthe readerto (S. M. Lee etal. 2017))
Lastly, MTMR2 has been shown tointeract with NEFL, indicatinga common pathway couldunderlie
the pathology causing CMT4B and CMT2E explaining the similar phenotypes observed (Previtali et
al. 2003).

CMTA4C

CMT4C, also an autosomal recessive disorder with an early onset, is characterized by
hypomyelination. This hypomyelination is caused by both, nonsense and missense mutations in the
SH3TC2 gene leadingtoaloss of function (Senderek etal. 2003). Over 20 different mutations have
beenreportedto date. SH3TC2 is expressed in Schwann cells but not neurons of the PNS (Vijay et
al. 2016). Although its exact molecular mechanism has not been identified, SH3TC2 has been
implicated in the ErbB-neuregulinl signaling axis, a crucial pathway for PNS myelination.
Neuregulinl binds ErB3, which activates ErbB2. This receptor complex is internalized for
downstream promyelin-signaling (Di Guglielmo et al. 1994; Zastrow and Sorkin 2007; Birchmeier
and Bennett 2016). It has been proposed that SH3TC2 plays a role in endocytosis, as ErbB2
internalizationisreduced in SH3TC2 knockout Schwann cells. Moreover, overexpression of SH3TC2
increased internalization of ErbB2, co-immunoprecipitated with ErbB2 and is co-internalized with
it upon stimulation (Gouttenoireetal. 2013). To date, the molecularrole of SH3TC2 in endocytosis
remains undetermined. CMT4C mutations of SH3TC2 impair the localization of SH3TC2 to the
plasmamembrane (Lupo etal. 2009) and impair ErbB2 uptake in Schwann cells (Gouttenoire et al.
2013). These findingsindicatearole for SH3TC2in receptor uptake and that endocytic dysfunctions
in CMT mutants contribute to the pathology. However, many more roles of SH3TC2 at different
stages of the endolysosomal pathway have arisen that may contribute to the pathology seen in
CMTA4C.

Besides localizing to the plasma membrane, SH3TC2 is found on recycling endosomes (the
perinuclearrecycling compartmentin Schwanncells) that bind to active Rab11 (Stendel et al. 2010;
Roberts et al. 2010; Arnaud et al. 2009). Interestingly, CMT4C mutants of SH3TC2 showed no
interaction with Rab11 and no localization to recycling endosomes. In Hela cells, mutant SH3TC2
has been shown to promote the recycling of the transferrin receptor (TfR) back to the plasma
membrane, whereas transient expression of WT SH3TC2 decreased TfR recycling (Roberts et al.
2010). Thissuggeststhat SH3TC2 eitheracts as a competitorto TfR recycling or negatively regulates
the recycling of TfR directly and that thisis disrupted by the CMT4C mutations. Lastly, the SH3TC2
mutants show decreased myelin protein synthesis in Schwann cells and dominant negative Rab11l
has been shown to lead to myelin defects in vitro, whereas constitutively active Rab11 increased
myelination (Stendel et al. 2010). This indicates a direct role of Rab11 in the myelination process

30



andtherefore alikely role forits effector SH3TC2. Vijay et al have identified Integrin a6 as a SH3TC2
associated protein in retinal pigment epithelial cells. Integrina6 is a laminin receptor known to
recycle viaRabllendosomesinvolvedin maintainingstructural integrity of the myelin sheath (Vijay
etal. 2016). Itwould be interestingto see if the recycling of ErBand Integrinoa6is also disrupted by
the CMT4C mutations, as ErB2 depends onrapid recycling for propersignaling. Further, it remains
to be dissected, whetherthe effects described for SH3TC2 affecting endocytosis and recycling are
shared effects of the same pathway or separate pathways.

CMT4D

CMT4D is a demyelinating,autosomal recessive type of the disorder caused by a mutationin N-myc
downstream regulated 1(NDRG1) (Kalaydjieva et al. 2000).The most common truncation mutation
(R148X) leads to a loss of function showing similar phenotypes as complete deletion of the protein
(Kingetal. 2011). Its high and exclusive expressionin Schwann cellsinthe PNS suggesta Schwann
cell specific role, although the precise role remains to be determined (Okuda et al. 2004). In
prostate cancer cell lines, NDRG1 was identified as a Rab4 effector protein. NDRG1 was shown to
be involvedin the fast recycling of TfR, as recycling was slowed down when NDRG1 was knocked
down. Further, NDRG1binds P1,P butis recruited to endosomes independently of its effector Rab4
(Kachhap et al. 2007). Yet overexpression of mutant NDRG1 with Rab4 in Hela cells resulted in
enlarged Rab4 endosomes compared to WTNDRG1 (L. X. Li etal. 2017). Incancer cell lines, NDRG1
is involved in recycling of e-cadherin (Kachhap et al. 2007). This leads to speculate that other
recycling pathways specific to Schwann cell myelination and Schwann cell/axonal communication
might be disrupted by loss of NDRG1 function. Recycling of both, ErbB and the low density
lipoprotein (LDL) receptorare significantly reduced in CMT4D (Pietidinenetal. 2013). Investigating
thisabnormality in LDLreceptorrecyclingshowed that NDRG1 has a role as a negative regulator of
receptor degradation. The observation of decreased LDL receptor recycling led to the hypothesis
that NDRG1 normally prevents ubiquitination of LDL receptor, leading to its recycling back to the
plasma membrane. When NDRG1 is dysfunctional, LDL receptor is marked for degradation,
therefore the receptor is not recycled back to the plasma membrane. This leads to a shortage of
receptors available forendocytosis and thus a shortage of LDL (Pietidinen etal. 2013). In addition,
this experimental set up also showed a second effect of NDRG1 depletion: abnormal endosomal
maturation. LDL receptors were found to be trapped in MVBs. These MVBs showed an increased
number of ILVs (despite a downregulation of ESCRT proteins), yet were still positive for early
endosomal marker EEA1, indicating disturbed endosomal maturation. This phenotype in
combination with the observed slowed degradation of LDL receptor indicates a delayed fusion of
MVBs with lysosomes. Prenylated Rab Acceptor 1 protein (PRA1) was identified as a NDRG1
interactor (Kinget al. 2011) and overexpression of PRA1 was able to partially rescue LDL receptor
phenotype of NDRG1 depletion (Pietidinen et al. 2013). PRA1 regulates several Rab GTPases
including Rab4, Rab5, Rab7 and Rab9 (Bucci etal. 1999). Since Rabs are key playersinintracellular
trafficking, itis likely that dysregulation of PRA1 contributes to the pathomechanism of delayed
lysosomal fusion. However, how PRA1functionis altered by the loss of functionin NDRG1 remains
to beinvestigated.

Interestingly, NDRG1showed interaction with ApoAland A2, both are proposedto be involved in
Schwann cell lipid trafficking (Hunter et al. 2005). Whether a parallel recycling effect based on
NDRG1s interaction with Rab4 is involved, how NDRG1 functions as a ubiquitininhibitorand what
mechanisms are altered by PRA1 activity in CMT4D are all questions thatremain to be answered.
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CMT4H

Anotherautosomal recessive, earlyonset disorderis CMT4H caused by mutationsinthe FGD4gene
encoding FYVE, RhoGEF and PH domain containing protein 4 (FGD4) (Delague etal. 2007). Over 20
mutations have been reported so far, many of which result in a truncated and loss of function
mutation or missense mutationsin the Pl-recognition domains (two PHdomains recognize Pl; 4P,
PlssP, and Pl 4P,, FYVE domain binds Pl;P) (Argente-Escrig et al. 2019). FGD4 is a GEF for the Rho
GTPase Cdc42 and Racl (Obaishi et al. 1998; Umikawa et al. 1999). As deletion of Cdc42 in adult
Schwann cells of mice shows a similar phenotype to adult deletion of FGD4 and levels of active
Cdc42 are reduced in sciatic nerves of adult FGD4 knockouts as well as in cultured Schwann cells
(Horn et al. 2012), the Cdc42 pathway is probably disrupted in CMT4H. Even though CMT4H is an
early onset disorder and FGD4 expression in Schwann cells is required for proper myelin
developmentitisalsoimportant for myelin maintenanceas aninduced knockoutin adult Schwann
cells leads to myelin defects. Interestingly and tying FGD4 to the endocytic section of this review:
depletion of endogenous FGD4 inhibits the internalization of TfR in rat Schwann cells (Horn et al.
2012). Unfortunately, the molecular mechanism of FGD4’s involvement in endocytosis is still
unknown. However, Cdc42 has a proposed role in endocytosis, by enabling clathrin mediated
endocytosis via actin polymerization (Bu et al. 2010; Yang et al. 2001). This observation opens up
the possibility that otherinternalization processesi.e. ErbB are disrupted leading to the pathology.

When overexpressed in rat motoneurons or rat RT4 schwannoma cells, wild type FGD4 co-localized
with f-actin in the growth cone and tips of neurites and increased the number of filopodia-like
microspikes. Overexpression of truncated FGD4, still revealed colocalization with f-actin, but
showed areduced number of microspikes with altered curly morphology (Delague et al. 2007). This
observationindicatesthat FGD4 plays arole in the structural organization of microfilaments during
cellular growth, which is possibly disrupted by the loss of function mutations in CMT4H. Further,
Cdc42 has been implicated in the reorganization of the cytoskeleton (Daub et al. 2001; Nakanishi
and Takai 2008; A. Li etal. 2021). However, noabnormalities in the organization of microfilaments
or microtubules were observed in patient fibroblasts (Delague et al. 2007). It is possible that
changes unnoticed in fibroblasts are detrimental for neurons or Schwann cells, considering their
long and polarized structure.

CMT4)

CMTA4] is caused by a partial loss-of-function mutation on fat induced gene4 (FIG4), a ubiquitously
expressed phosphoinositide 5 phosphatase, dephosphorylating Pl;sP, to PIsP. CMT4) is a
neuropathy with myelin defects and axonal loss in the periphery caused by a compound
heterozygotic combination of a missense allele with a null allele. A loss of FIG4 function,
counterintuitively, decreases the levels of Pl3 sP, (Chow et al. 2007), as FIG4 also activates PIKFYVE,
a PI5K on endosomes (Rudge et al. 2004). The CMT mutant of FIG4 is not stabilized, leading to
protein instability and reduced levels of FIG4 (Lenk et al. 2011). In FIG4 deficient cells, lysosomes
and endosomes are enlarged, showingthat a tight Pl regulation isimportant for proper endosome
maturation and following fusion with lysosomes. Interestingly, this phenotype can be rescued in
drosophila by overexpression of an enzymatically inactive FIG4, indicating that its loss of function
goes beyond its phosphatase activity (Bharadwaj et al. 2016). FIG4 also interacts with MTMR2 in
neurons and Schwann cells, indicating a shared pathomechanism in CMT4B and CMT4J. As they
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both have an effecton Pl sP,, in Schwann cells the loss of FIG4 function in MTMR2 null mice rescues
the myelin outfolding phenotype. As the loss of MTMR2 leads to more Pl sP,, the reduction of FIG4
and therefore the decreasein PIKFYVE reduces levels of Pl; 5P, (Vaccari et al. 2011). The overlap of
these two CMT subtypes working on a shared pathway are a great opportunity to figure out the
downstream changes of altered Pl; sP,levels leading to the pathologyand should be investigated in
more detail. In vivo, conditional inactivation of FIG4 lead to axonal degeneration and Schwann cell
demyelination, possibly by a defective transport of cholesterol (Vaccari et al. 2015). Further, altered
levels of autophagic markers were observed in neurons and astrocytes of mice models of CMT4J.
These altered levelsindicate adecrease in autophagicflux, proposedto be due to defective fusion
with lysosomes (Vaccari etal. 2015; Ferguson et al. 2009).

CMT1X

CMT1X is caused by mutationsin the GJB1 gene located on the X chromosome encoding Gap
junction protein beta 1 (GJB1) also known as Connexin32 (Bergoffen et al. 1993). Over 400
mutations have been reported to cause CMT1X, with many of them being loss of function
mutations, where WT GJB1 normally forms gap junctions in the peripheral nerve ensuring
intercellular communication (Kleopas A. Kleopa et al.2012). Abnormal trafficking has beenreported
for CMT1X in two ways. First, mutant GJB1 is not properly trafficked anterogradely to the plasma
membrane. Instead, mutant GJBlaccumulates in the endoplasmic reticulum or Golgi leading to a
lack of intercellular gap junctions (Abrams et al. 2003; Deschénes et al. 1997; K. A. Kleopa et al.
2006; Yum et al. 2002). However, some mutant forms of GIB1 form functional gap junctions
indicating asecond, parallel pathogenic mechanisms (Castro etal. 1999). Valvitouet al. have shown
that lack of GJB1 can cause defectsin axonal retrograde transport and neurofilament abnormalities
before onset of demyelination in mice. Neurofilaments were more densely packed and
dephosphorylated in the absence of GJB1, probably leading to deficient axonal transport as
indicated by the accumulation of dynein and other markers usually transported along the axon
(Vavlitou et al. 2010). Although direct evidence for trafficking defects is missing this indicates a
pathomechanism beyond the lack of gap junctions that requires further investigation as to how
GJB1 affects neurofilaments and thus trafficking, especially if the trafficking of receptor tyrosine
kinases is altered by the neurofilament abnormalities observed. A potentially common pathway
could be the altered MEK-ERK signaling observedin GJB1deficient Schwann cells leading to altered
expression profiles of MEK-ERK regulated proteins (Groh et al. 2010).

With all studies targeting the experimental questions using specificapproaches (e.g.looking at one
receptoror one specificdownstream proteinrelated to the affected GEFs), it would be interesting
to set up comparative studies between the CMT subtypestargeting potential shared proteins. This
would helptoreveal if there are common denominators affected.
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DEMYELINATING CMT
CMTI1A

Also prominently demyelinating subtypes of CMT have shown several transport deficits (Fig. 2).
CMT1A is the most common cause of CMT, an autosomal dominant type caused by a duplication of
the gene encoding peripheral myelin protein 22 (PMP22), leading to overexpression and
aggregation. Even though not the focus of many studies, intracellulartransportis heavily involved
inthe processing of PMP22 in several aspects. For example, aprominent pathwayinthe
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Figure 2: Schematic overview of the intracellular trafficking processes in a myelinating Schwann cell.
Highlightingall the steps where proteins involvedin CMT can causedysregulation.

This figure was created usingServier Medical Art templates, which are licensed under a Creative Commons
Attribution 3.0 Unported License; https://smart.servier.com.
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degradation of misfolded proteins and aggregates is autophagy. With the observation of an
increase in misfolded PMP22 and its aggregates, itis reasonable to speculate that autophagy plays
an importantrole in protein clearance of CMT1A. Patient derived fibroblasts show increased levels
of autophagicmarkers (S. Lee et al. 2018). Indeed, autophagy activation by rapamycin was shown
to improve myelination in demyelinating CMT mouse DRG cultures (Rangaraju et al. 2010) and in
mice (Nicks et al. 2014). Further, a recent study by Marinko et al. shows that the expression of
PMP22 is negatively correlated to the trafficking of newly synthetized PMP22 to the plasma
membrane. When too much PMP22 isexpressed, the proteasomes of the ER’s membrane protein
guality control become saturated as most of PMP22 is very unstable and needs to be degraded.
Upon saturation of the proteasomes, misfolded PMP22is accumulating and aggregating, leading to
a decrease of functional PMP22 being trafficked to the plasma membrane, ultimately leading to
demyelination (Marinko et al. 2020; D’Urso et al. 1998). Increasing autophagy can lessen the
burden of proteasomes and thusincrease PMP22 transport to the plasma membrane, showing how
trafficking defectsin Schwann cellsas secondary mechanisms can lead to demyelination (Fortunet
al. 2007; Rangaraju etal. 2010). Further, in patient nervesincreased levels of ErbB2/3 were found
in Schwann cells, this could potentially mean a defective degradation pathway (Massa et al. 2006).
Whether the possible defect in degradation is a secondary effect due to a saturated autophagic
system or a parallel defect remains to be investigated. Interestingly, early studies report axonal
transport defectsin mice withmutated PMP22 showing slowed axonal transport of neurofilaments,
decreased microtubule stability and abnormal neurofilament phosphorylation opening up the
possibility of secondary trafficking defects in demyelinatedneurons (S. M. de Waegh etal. 1992; S.
De Waegh and Brady 1990).

CMT1C

In autosomal dominant CMT1C point mutations in LITAF, also known as SIMPLE, are identified to
cause the disease (Streetetal. 2003). LITAF encodes a 161 amino acid protein (Lipopolysaccharide-
induced tumor necrosis factor-alpha factor) with one transmembrane domain that is inserted to
the membrane post-translationally, all mutations occur in this domain. Therefore, mutated LITAF
nolongerlocalizes to endosomes butis cytosolic (S. M. Lee et al. 2011). LITAF interacts with STAM1,
Hrs and TSG101, ESCRT proteins of the degradative pathway (S. M. Lee et al. 2012). The cytosolic
mutant competes with endosomally located LITAF for Hrs, leading to deficient Hrs recruitment to
endosomes and a lack of ESCRT recruitment. This lack of recruitment has been shown to decrease
EGFR degradation leadingto prolonged ERK1/2 signaling. Late endosomes/lysosomes are enlarged
in patients’ fibroblasts, similarly to the phenotype reported for mutant FIG4 in CMT4) showing a
defectin the degradative pathway (Edgar et al. 2020). By activating cation channel TRPML1, a
homeostasis regulator of lysosomes in mammalian cells, the authors were able to rescue the
vacuolar phenotype of both LITAF or FIG4 knockout cells demonstratinga common pathway. It will
be essential tounravel how the enlarged endolysosomesin both CMT types lead to the pathology.
A possibility offers deficient ErbB3 degradation that has been shown in CMT mutants also leading
to prolonged ERK1/2signalingand demyelination (S. M. Lee etal. 2012).

Anoverall summary of how genes causing CMT affect traffickingin Schwann cells is shown in figure
2.
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TREATMENTS

Currently thereis no cure for CMT, nor isthere a treatment that addresses the specific phenotypes
of CMT. Patients can only battle the disorder with physical and occupational therapies, as well as
with pain-relief medication or surgeries to cope with the symptoms. Pinpointing the spedcific
disruption in intracellular transport can help to identify new therapeutic targets, for current
therapeuticprospectsin CMT, we referto two excellent recent reviews (Beijeretal. 2019; Morena
etal.2019). However, sinceaxonaltransportis disrupted in many subtypesof CMT, we briefly want
to discuss the potential of HDAC6inhibitors as atreatment for CMT.

HDACS6 inhibitor treatment alleviates many of the trafficking phenotypes in several models of
different CMT types. HDAC6 deacetylates tubulin, makingit unstable. By inhibiting HDAC6, tubulin
remains more stable, which improves the basis forintracellular transport. Othertargetsof HDAC6's
deacteylation function include heat shock protein 90, cortactin and Mirol, linking it to the
elimination process of misfolded proteins and mitochondrialtransport. HDAC6is also proposed to
play arole in response to eliminate misfolded proteins independent of its deacetylation function.
It shows a high binding affinity for ubiquitinated proteins and can interact with dynein motor
proteins directly. Especially in different CMT2 types HDACG6 inhibitors have been shown to be
beneficial (forareview pleasesee (Rossaertand VanDen Bosch 2020). For example, treatment with
HDACS6 inhibitor partially rescued phenotypes displayed by mice with mutant HSPB1, models for
CMT2F (D’Ydewalleetal. 2011). But alsoin mice modelling CMT2D (caused by mutated GlyRS) the
treatment with HDACG6 inhibitor has been shown to restore function (Benoy et al. 2018; Mo et al.
2018). Dueto itsdirectinteraction with Mirol HDAC6 inhibitor was also tested as a treatment for
CMT2A in a mouse model, where it even rescued motor dysfunction when given after symptom
onset, givingitgreattherapeutic potential (Picci etal. 2020). Its role in misfolded proteinclearance
has shown a promising treatment strategy for CMT1A, wherean HDAC6inhibitor leads to improved
nerve integrity as well asimproved motor behaviourin C22 mice (Ha etal. 2020). Overall, HDAC6's
inhibitors are shown to be promising therapeutic targets for several CMT subtypes that are
currently being developed (Shen and Kozikowski 2020). The beneficial effect of HDAC6 inhibitors
ondifferent CMT subtypesalso shifts HDAC6E's involvement in the pathogenesis into focus of future
research, alsoin the subtypes notyet explored. Todevelop new therapeuticstrategies and model
systems we refer to an excellent review by the Timmerman lab, highlighting recent advances in
modelling CMT (Junejaetal. 2019).

CONCLUDING REMARKS

Overall, itisfascinatingto see that mutationsinvery diverse proteins can all lead to similar defects
in intracellular transport. Whether the mutations cause a direct defect in traffic by affecting the
stability of the cytoskeleton, or whether the trafficking defects are secondary due to disrupted
signaling (which ultimately also affects the stability of the cytoskeleton) remains to be elucidated
for many CMT subtypes. Here we triedto give enough detailed insights into the different trafficking
defects observed to encourage more studies that investigate similar defects in multiple CMT
disorders for better comparability in the search for a common denominator and to look at the
system of intracellulartransportas a highly fluid and dynamicsystem. The sheer number of results
indicating trafficking defectsin all the different CMT subtypesisa solid basis to suspectabnormal
trafficking as the underlying pathomechanism.However, many studies that claim trafficking defects
onlylook at staticdata and lack comparability with each other. More experiments generally looking
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at cytoskeletal integrity, mitochondrial transport, retrograde transport of receptors, recycling and
degradation for each subtype are needed for a holistic approach to CMT pathology as well as,
checking phenotypes reported for one subtype in the others. This also applies for CMT subtypes
not mentioned inthisreviewthathave, as of yet, no or less reported trafficking phenotypes.
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Tablel: An overviewof the CMT mutationsinvolvedinintracellulartrafficking discussed in this
review, including their relevant phenotypes.

Gene -
Type symbol Gene name Trafficking phenotype References
autophagy/saturation of (Marinkoetal.
Phagy . 2020; Fortunetal.
proteasome, disrupted PMP22 .
. 2007; Rangarajuet
Peripheral transport, elevated ErbBlevels,
. . . al. 2010; Massa et
CMT1A | PMP22 myelin protein | reductioninslow axonal al. 2006 S. M. de
22 transport, altered cytoskeletal ) e
. Waegh et al. 1992;
organizationand NF
hosohorvlati S. De Waegh and
phosphorylation Brady 1990)
mislocalization fromearly
Lipopolysacch | endosomesto cytosol,reduced | (S. M. Leeetal.
CMTIC | LITAF arideinduced | ESCRT recruitment, decreased 2011; 2012; Edgar
TNF factor EGFR degradation, enlarged et al. 2020)
endosomes/lysosomes
(Vavlitouetal.
dysfunctional anterograde 2010; Abramset al.
CMTX GBI Gap junction trafficking of GJB1, defectsin 2003; Deschéneset

proteinbetal | retrograde axonaltransportand | al.1997; K. A.
neurofilament phosphorylation | Kleopaetal. 2006;
Yum etal. 2002)

defectsinIGFR1 transport,

Kinesinfamily | perinuclearaccumulationand (F.Xu etal. 2018;

CMT2A1 | KIF1B member 1B defectsinanterograde cargo C. Zhao etal. 2001)

transport

disturbed mitochondrial (Bernard-Marissal

transport, mitochondria et al. 2019; Baloh
CMT2A2 | MFN2 Mitofusin 2 aggregationin proximal et al. 2007; Saporta

segment, loss of tubulin et al. 2015; Picci et

acetylation al. 2020)
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Gene

Type symbol Gene hame Trafficking phenotype References
(Janssensetal.
2014; Zhang etal.
altered retrograde traffic, 2013; BasuRay et
Rab7A, altered TrkA/EGFRsignaling, al. 2013; Basuray
CMT2B RAB7A MemberRAS dec.rease.d BILP Ievgls, increased | et al. 2010;
oncogene peripherininteraction, Seamanetal.
family disturbedretromerbinding, 2009; Coglietal.
reduced autophagicflux 2013; Spinosaetal.
2008; Colecchiaet
al. 2018)
reduced acetylated tubulin
levels, disrupted mitochondria | (He et al. 2015;
Glycyl-tRNA transport, novel bindingto Benoyetal. 2018;
CMT2D | GARS1 synthetase 1 HDAC6 and TrkA, disrupted NGF | Mo etal. 2018; J.Y.
transport, increased interaction | Kimet al. 2016;
with neuropilin-1-> disrupted Sleigh etal. 2017)
interaction with VEGFR
disrupted anterograde trafficof | (Brownleesetal.
CMT2E/ NEEL Neurofilament | NF-L 2002; Pérez-Ollé et
CMT1F light (aggregation/accumulation) and | al. 2005; Saporta et
mitochondria al. 2015)
(Ackerleyetal.
intracellularaggregates NF-M, 2006; D'Ydewalle
Heat shock . et al. 2011; Kalmar
i . disturbedretrograde
CMT2F HSPBI protein family mitochondrial transport, ejc al.2017; J.Y.
B (small) . . . Kim et al. 2016;
increased binding to a.-tubulin, .
member1l . Almeida-Souza et
reduced autophagicflux al. 2011; Haidar et
al. 2019)
(Hafezparastetal.
. decreasedretrograde transport | 2003; Ori-
CMT20 | DYNCIHI Dytnelln ic1 of lysosomes and trophic McKenney et al.
Eé:vr:/ac;rgl:l' factors, reduced mitochondrial | 2010; Ee rlsonetal.
transport 2009; JingZhao et
al. 2016)
Leucine-rich
repeat-and Alteredinteraction withESCRT | (Guernseyetal.
CMT2P/ . . .
CMT2G LRSAM1 sterile alpha protein TSG101 and altered 2010; Palaimaetal.
motif- EGFR degradation 2021)
containing 1
DI- blocks dynamin-dependent (Tanabe and Takei
DNM2 Dynamin 2 endocytosis, defectsin 2009; Sidiropoulos
CMTB . L
microtubule stability et al. 2012)
Myotubularin | GIuR2 uptake increases upon (H. W. Lee etal.
CMT4B1 | MTMR2 related loss of functional protein, also 2010; Bolinoetal.
protein 2 lack of recycling 2004; Bergeretal.
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Gene .
Type symbol Gene name Trafficking phenotype References
Myotubularin initiation/missortinginto 2011; Cao etal.
cMTaB2 | MTMR13 | related Iysosomgs, altered EGFR 2008)
protein 13 degradation
Myotubularin
CMT4B3 | MTMR5 related
protein5
SH3 domain decreased ErbB2 (Gouttenoire etal.
and internalization, decreased 2013; Robertsetal.
MT4 H3TC2 ! ’
¢ C | SH3TC teratricopepti | interactionwith Rab11, 2010; Arnaudetal.
derepeats2 increasedrecycling of TF 2009)
disturbed Rab4endosomes, : )
N-myc disturbed TFR, e-cadherin, ErbB f(Lac):\PI\_zla e'feili-a|2017,
CMT4D | NDRG1 downstream and LDL recycling, abnormal p e
. 2007; Pietiainenet
regulated 1 endosomal maturation, delayed al. 2013)
fusion of MVBs with lysosomes )
zz\éEF;HRhOGEF defective TFinternalization, (Hornet al.2012;
CMT4H | FGD4 ) alterationsin microfilament Delague etal.
domain
. structure 2007)
containing4
Figd decreasedlevels of PI3,5P20n (Bharadwaj etal.
hosphoinositi endosomes, enlarged 2016; Fergusonet
CMT4) FIG4 P endosomesand lysosomes, ! .
de 5- . al. 2009; Vaccari et
decreased autophagicflux,
phosphatase . al. 2015)
defective cholesteroltransport
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2 SENSORY AXON GROWTH REQUIRES
SPATIOTEMPORAL INTEGRATION OF CASR AND
TRKB SIGNALING

In the second chapter | am looking at receptor interaction for signal diversification during
development.

By facilitating a combination of primary cell culture, biochemistry, imaging techniques and chemical
inhibition in ovo, we show that calcium sensing receptor (CaSR), a G-Protein coupled receptor
(GPCR), facilitates growth in early BDNF/TrkB independent nodose neurons of the chicken. These
early-stage neurons are stillindependent of BDNF for survival and do not express TrkB yet. In this
period, CaSR induces growth by activatingan Akt pathway that signalsindependently of Glycogen
synthase kinase 3(GSK3)/MAPK and is routed into late Rab7-positive endosomes upon activation.

We further show that CaSR enhances TrkB-mediated neurite growth at later developmental stages.
When nodose neurons mature, express TrkBand become BDNF-dependent for survival, CaSRis no
longerable toinduce neurite growth onitsown. However, CaSR does increase TrkB-induced growth
by changingits downstream signalling cascade to ashared signalling node. Activation of CaSR alone
in later neurons shifts its downstream target from PI3Kinase/Akt to GSK3a on tyrosine (Tyr)279.
However, this activation does not induce growth. On the other hand, BDNF induced activation of
TrkB phosphorylates GSK3a on Tyr279, but also GSK3B on Tyr216 and serine (Ser)9. Of note,
phosphorylation on tyrosine residues activates GSK3, while phosphorylation on serine deactivates
GSK3. We observed that BDNF signallingincreased overall growth compared to CaSR, but neurons
were still much shorter than expected. When we induced co-activation of both receptorsin these
older neurons, we observed a really interesting mechanism of signal integration. We found that
CaSR and TrkB acting together caused activation of GSK3 by phosphorylation of GSK3a on Tyr279
and a deactivating response by phosphorylation of GSKB on Ser9. This “switch-on-switch-off”
response regulates normal axonal outgrowth by affecting microtubule assembly and disassembly
via the GSK3 downstream target Tau (Venkatramaniand Panda, 2019). Our data are showingthat
these two different receptors can influence each other’s signaling cascade in a non-additive fashion
by functioning on the same signaling node resulting in asynergisticgrowth effect.
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Neural circuit development involves the coordinated growth and guidance of axons. During this process, axons encounter many different
cues, but how these cues are integrated and translated into growth is poorly understood. In this study, we report that receptor signaling
does not follow a linear path but changes dependent on developmental stage and coreceptors involved. Using developing chicken
embryos of both sexes, our data show that calcium-sensing receptor (CaSR), a G-protein-coupled receptor important for regulating
calcium homeostasis, regulates neurite growth in two distinct ways. First, when signaling in isolation, CaSR promotes growth through the
PI3-kinase-Akt pathway. At later developmental stages, CaSR enhances tropomyosin receptor kinase B (TrkB)/BDNF-mediated neurite
growth. This enhancement is facilitated through a switch in the signaling cascade downstream of CaSR (i.e., from the PI3-kinase-Akt
pathway to activation of GSK3« Tyr279). TrkB and CaSR colocalize within late endosomes, cotraffic and coactivate GSK3, which serves as
a shared signaling node for both receptors. Our study provides evidence that two unrelated receptors can integrate their individual
signaling cascades toward a nonadditive effect and thus control neurite growth during development.

Key words: CaSR; cosignaling; GSK3; neurite growth; signal integration; TrkB

(s )

This work highlights the effect of receptor coactivation and signal integration in a developmental setting. During embryonic
development, neurites grow toward their targets guided by cues in the extracellular environment. These cues are sensed by
receptors at the surface that trigger intracellular signaling events modulating the cytoskeleton. Emerging evidence suggests that
the effects of guidance cues are diversified, therefore expanding the number of responses. Here, we show that two unrelated
receptors can change the downstream signaling cascade and regulate neuronal growth through a shared signaling node. In
addition to unraveling a novel signaling pathway in neurite growth, this research stresses the importance of receptor coactivation
and signal integration during development of the nervous system. /
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factors accelerating or inhibiting axonal extension (Filbin, 2006).
Remarkably, our nervous system contains trillions of connec-
tions but only about a hundred of growth/guidance cues. There-
fore, one important question is how this relatively small number
of cues coordinates the wiring of a disproportionally large num-
ber of connections. Evidence is emerging that the axon growth/
guidance cues are diversified and spatiotemporally controlled,
expanding the number of guidance decisions they can mediate.
The signals involved for fine-tuning neuronal growth are di-
versified (e.g., through several ligands binding to one receptor)
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(Chao, 2003; Zhou et al., 2008; Dudanova and Klein, 2013) or
ligands binding directly to their receptors or through a corecep-
tor (Chauvet et al., 2007; Bellon et al., 2010; Song et al., 2015; Mire
et al., 2018), eventually leading to differential changes of the cy-
toskeleton (Bashaw and Klein, 2010).

Additionally, spatial and temporal expression of receptors and
coreceptors modulates responses depending on developmental
states (Dickson and Gilestro, 2006; Mire et al., 2012, 2018). Fur-
thermore, several studies have reported that signaling cascades
interact to generate complex cellular behaviors (Bourne and Ni-
coll, 1993; Cornell and Kimelman, 1994; Prehoda and Lim, 2002;
McClean et al., 2007). These interactions of downstream signal-
ing cascades are classified into two categories: additive and non-
additive. Additive signaling is integrated as a sum of positive
and/or negative signals. Nonadditive effects are quantitatively or
qualitatively different from the sum of signals (Dudanova and
Klein, 2013). These nonadditive effects can include synergistic,
hierarchical, and permissive subclasses of interactions (see Mo-
rales and Kania, 2017). However, despite recent progress, our
understanding of how signal integration induces growth and
guidance remains incomplete.

To address these questions, we used the calcium-sensing re-
ceptor (CaSR), a G-protein-coupled receptor, monitoring extra-
cellular free ionized calcium in organs involved in calcium
homeostasis. Recently, unexpected functions of CaSR in the ner-
vous system were found (Vizard et al., 2008; Ruat and Traiffort,
2013; Jones and Smith, 2016).

Vizard et al. (2008) reported that CaSR enhances neuro-
trophic-mediated growth of neurons from the mouse superior
cervical ganglion (SCG). The authors used neurons of the SCG,
which require NGF/TrkA signaling for growth and survival.
When CaSR was activated additionally to TrkA, neurite length
increased compared with TrkA activation alone.

To answer how CaSR increases neurotrophin-facilitated
growth, we used the chicken nodose ganglia as a model system.
During early chick development, nodose neurons do not require
neurotrophins for growth and survival (Davies, 1989) but rather
become dependent on BDNF-TrkB signaling upon target inner-
vation (Vogel and Davies, 1991; Robinson et al., 1996). Early
nodose neurons respond to BDNF after ~72 h in culture, which
was suggested to be the time when neurons innervate their targets
in vivo (Vogel and Davies, 1991; Robinson et al., 1996). We used
this developmental switch to study CaSR signaling in the absence
and presence of BDNF-TrkB signaling.

Our data show that, when CaSR signals in isolation, it routes
into Rab7-positive endosomes and regulates axonal growth
through activation of Akt. Later in development with expression
and coactivation of TrkB, CaSR colocalizes with TrkB in Rab7-
positive endosomes, cotraffics and coimmunoprecipitates with
TrkB, and enhances BDNF-mediated growth through shared ac-
tivation on GSK3.

In summary, this study reports several novel observations.
First, CaSR regulates BDNF-independent neurite growth. Sec-
ond, downstream targets shift, depending on developmental
stages. Further, we show how two unrelated receptors inte-
grate their signaling in a nonadditive manner on a shared
signaling-node, namely, GSK3a tyrosine (Tyr) 279 and
GSK3p serine (Ser) 9. Last, both receptors act on the activity
state of GSK3. This activity state, in turn, affects the phosphor-
ylation state of Tau, which modulates microtubule assembly
and disassembly.
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Materials and Methods

All research involving animals was approved by, and done in accordance
with, the Institutional Animal Care and Ethics Committees of Gottingen
University and with German animal welfare laws, and in accordance with
the Animals Scientific Procedures Act of 1986 (UK). To generate mouse
embryonic fibroblasts (MEFs), embryos were isolated from gestating
C57BL/6N females at embryonic day E13.5 after fertilization by male
C57BL/6N, minced, and taken into culture in DMEM.

Calculation of calcium concentration. DMEM (catalog #31966-021, In-
vitrogen) was used to culture chicken nodose neurons, which has a stan-
dard calcium concentration of 1.8 mm (details on calcium concentrations
for DMEM can be found on the manufacturer’s website). To increase
calcium levels by 0.5 mm (1.8-2.3 mm), the amount of 1 M CaCl needed
for the respective volume was calculated and added to the media. To
decrease calcium levels by 1.1 mm (1.8—0.7 mm), the amount of 0.5 M
EGTA needed for the respective volume used was calculated and added to
the media.

Culture of chicken nodose neurons. Nodose ganglia were removed from
10-12 chicken embryos of both sexes per dissection (for immunostain-
ings and Western blots) and transferred to ice-cold HBSS buffer and kept
on ice during dissection. Nodose ganglia were then transferred into
0.25% trypsin solution and incubated for 10 min at 37°C. During the
incubation, 1 ml “plating medium” (DMEM-containing glucose, pyru-
vate, glutamine, penicillin/streptomycin, and 10% FBS) was filled into
each well of 24-well plates containing poly-L-ornithine and laminin-
coated coverslips. After incubation, enzyme solution was removed and 5
ml plating medium added and incubated for 5 min at 37°C for neutral-
ization. Plating medium was removed, and nodose ganglia were washed
twice with plating medium; 2 ml plating medium was added to the dis-
sected ganglia, and the tissue was dissociated with a 1 ml pipette; 400 ul of
cell suspension was added to each well. Neurons were then kept at 37°C,
5% CO, and 100% humidity in calcium concentrations specified for each
experiment below.

Survival assay. Nodose neurons were dissected as described above at
different developmental time points and kept in “plating medium” in 35
mm tissue culture dishes (Greiner Cellstar, catalog #M9312-100EA)
coated with poly-L-ornithine and laminin at a density of ~2000 neurons
per dish. After an initial count, which was performed 2 h after plating for
neurons to settle on the bottom of the culture dish, half of the dishes were
treated with 10 ng/ml BDNF and half of the dishes served as controls. The
number of neurons within a predefined 12 X 12 mm area in the middle
of the culture dish were counted again 24 h after plating. The number of
neurons surviving at these times was expressed as a percentage of the
initial number of neurons. Three to five independent cultures were ana-
lyzed for all conditions, and the data shown were compiled from separate
experiments.

Measuring neurite length. Nodose neurons were dissected as described
above and plated on acidified glass coverslips coated with poly-L-
ornithine and laminin at a density of ~5000 neurons per well and placed
in 24-well tissue culture dishes (Greiner Cellstar, catalog #M9312-
100EA). Neurons were grown at 5% CO, and 37°C for 24 h in “plating
medium” adjusted to the respective calcium concentrations 0.7, 1.1, 1.3,
or 2.3 mM calcium, 0.7 mm + 10 um CaSR agonist (R568 hydrochloride),
or2.3mm + 10 um CaSR antagonist (Calhex 231 hydrochloride), respec-
tively (for Stage 20 nodose neurons). Stage 30 nodose neurons were
cultured in 10 ng/ml BDNF (R&D Systems) and the following condi-
tions: 0.7 mm, 0.7 mm + CaSR agonist (R568 hydrochloride), 2.3 mm or
2.3 mMm + CaSR antagonist (Calhex 231 hydrochloride). Inhibitors for
growth pathways were used as follows: 50 um PI3-kinase inhibitor
LY294002 (Sigma-Aldrich, catalog #1.9908), 10 um GSK3 inhibitor BIO
(Sigma-Aldrich, catalog #B1686), and 10 um MEK1/2 inhibitor PD98059
(Sigma-Aldrich catalog #P215). Caspase inhibitor was used at 25 um
(caspase inhibitor ITI/Boc-D-FMK, Merck Millipore, catalog #218745).

After 24 h, neurons were fixed in 4% PFA, washed 3X in PBS, and
stained with tubulin antibody as described in Immunocytochemistry or
directly stained with CalceinAM (Thermo Fisher Scientific, catalog
#C3100MP).

55



5844 - ). Neurosci., July 24,2019 - 39(30):5842-5860

Neurite length was measured using the Fiji PlugIn Simple Neurite
Tracer (RRID:SCR_016566). In early, bipolar neurons, the entire length
of neurons was measured, whereas in late development we took the sum
of lengths from all neurites of a neuron to stay consistent with our mea-
suring method.

The number of branch points was measured using the Fiji PlugIn Cell
Counter (RRID:SCR_002285), which was used to manually mark each
branch point on a neuron.

For in ovo measurements, eggs were opened at Stage 18, and a 10 ul
droplet of agonist/antagonist solution (100 ug/ul) or DMSO was added
to the region of the nodose and the embryos were incubated for 24 h.

Whole-mount neurofilament staining was performed as follows: Em-
bryos were fixed in 4% PFA for 2 h. Subsequently, embryos were washed
3 times (30 min each) in PBS containing 1% Triton-X and then blocked
for 2 h in PBS containing 1% Triton-X, 10% FCS. Then, embryos were
blocked overnight in PBS containing 1% Triton-X, 10% FCS, and 0.1%
H,0,. The next day, embryos were washed 3 times in blocking solution
(PBS containing 1% Triton-X, 10% FCS) and then incubated for 2 d in
antineurofilament antibody (1:50, catalog #N4142, Sigma-Aldrich,
RRID:AB_477272). Following this, embryos were washed 3 times for 30
min each in blocking solution and then incubated for 2 d in secondary
antibody (1:250 catalog #ab6721, Abcam, RRID:AB_955447). After in-
cubation, embryos were washed 3 times in PBS containing 1% Triton-X
and then incubated in DAB substrate containing H,O, (5 ul H,O, per 1
ml of DAB) until neurons were clearly visible. DAB solution was re-
moved; embryos were washed in PBS and imaged using a light micro-
scope. The length of nodose neurons was measured from the hindbrain
to the tip of the longest neurite (using the Fiji PlugIn Simple Neurite
Tracer, RRID:SCR_016566) and normalized to the circumference of the
midbrain.

Transfection with Lipofectamine 2000 reagent (for neurite length mea-
surements, TIRF microscopy, and construct expression in NI1E-115 cells).
RFP-tagged TrkB was obtained from Moses Chao; CaSR-WT and
CaSR-DN R185Q were obtained from Michel Levine. For expression in
chicken neurons, pCAG-GFP vector (Addgene, 11150) was cut with
Smal and Notl, which removed GFP from the pCAG-GFP vector, which
was replaced by CaSR-eGFP (restricted from a CaSR-eGFP-N1 vector) or
the R185Q-GFP via ligation. Hereby, CaSR was expressed under a
B-actin promoter.

For nodose neurons, neurons were dissected at Stage 20 and kept in
“plating medium” for 2 h to settle before being transfected on the day of
dissection. Because neurons become dependent on BDNF when kept in
culture after Stage 24, we allowed neurons to grow for 30 h in plating
medium at 37°C 5% CO, for the constructs to be expressed. Because of
the short expression time, we enhanced the GFP signal after fixation
using an anti-GFP antibody (ChromoTek, catalog #3h9-100, RRID:
AB_10773374; details in Immunocytochemistry).

MEFs and N1E-115 cells were transfected at 70% density, and expres-
sion was allowed for 2-3 d.

Lipofectamine transfection was performed according to the manufac-
turer’s instructions. For Solution A, 1 ul of Lipofectamine 2000 (Thermo
Fisher Scientific) was added to 100 ul DMEM (Invitrogen) (to be ad-
justed to the final volume per well, depending on the experiment) and
incubated for 5 min at room temperature. For Solution B, 1 ug of the
desired plasmid was added to 100 ul of DMEM (to be adjusted to final
volume per well). Then both solutions were mixed and incubated for 20
min at room temperature. In the meantime, “plating medium” from
each well was replaced by prewarmed DMEM and stored at 37°C. After
the incubation time, the transfection mixture was added to each well and
incubated for 75 min at 37°C. Finally, the transfection mixture was re-
moved, and the stored “plating medium” was added back to the cultures.

TIRF microscopy. Transfected MEFs were trypsinized and replated on a
MatTek 35 mm glass-bottom poly-D-lysine-coated tissue culture dish.
On the day of imaging, MEFs were kept in “starving medium” (DMEM
without penicillin/streptomycin and FBS), which was adjusted to 0.7 mm
calcium for 20 min. Then, “starving media” was refreshed serving as a
control, and MEFs were placed on an AxioObserver Z1 TIRF microscope
(Carl Zeiss) with an Evolve CCD camera (Photometrics) using the 100X
objective and imaged (5 min time-lapse recordings with pictures taken in

56

Markworth et al. ® Signal Integration of CaSR and TrkB

10 s intervals). Subsequently, after imaging control conditions, MEFs
were stimulated with 10 um of CaSR agonist R568 hydrochloride (Tocris
Bioscience), 10 ng/ml BDNF (R&D Systems), or a combination of both,
and imaged during 5 min time-lapse recordings with pictures taken in
10 s intervals. From time-lapse recordings, we analyzed colocalization
and generated kymographs. Colocalization was evaluated using the Fiji
colocalization plugin measuring the Pearson correlation coefficient (Fiji,
RRID:SCR_002285). Kymographs were generated using the Fiji PlugIn
KymographBuilder (RRID for KymographBuilder PlugIn not available,
for Fiji software: RRID:SCR_002285). Comovement was evaluated by
quantifying the percentage of moving tracks, where moving was defined
as a deflection >20 degrees from vertical for at least 30 s.

Colocalization of CaSR and TrkB with endosomes (for immunocyto-
chemistry). Nodose neurons were dissected as described above and plated
on acidified glass coverslips coated with poly-L-ornithine and laminin at
a density of ~5000 neurons per well and placed in 24-well tissue culture
dishes (Greiner Cellstar, catalog #M9312—-100EA). Neurons were grown
at 5% CO, and 37°C for 24 h in “plating medium” (1.8 mu calcium) and,
for Stage 30 nodose neurons, in the presence of 10 ng/ml BDNF (R&D
Systems). After 24 h, neurons were starved for 20 min using “starving
medium” adjusted to 0.7 mM calcium. Subsequently, neurons were stim-
ulated for 20 min with 10 um of CaSR agonist R568 hydrochloride or 10
ng/ml BDNF. Nonstimulated neurons in “starving medium” served as a
control. Following this, neurons were fixed in 4% PFA, washed 3 times in
PBS, and stained with antibodies as described in Immunocytochemistry.

Immunocytochemistry. Nodose neurons were dissected as described
above and fixed on DIV2 with 4% PFA. Cells were blocked in 0.1% Triton
and 2% FBS for at least 60 min on a shaker at room temperature. Cells
were then incubated in primary antibody (1/1000) overnight in blocking
solution at 4°C. Antibodies used include the following: anti-GFP (rat)
3h9-100 ChromoTek (RRID:AB_10773374), EEA1 (rabbit), catalog
#PA5-17228 Thermo Fisher Scientific (RRID:AB_11004515); Rab5
(mouse) catalog #108001 Synaptic Systems (RRID:AB_2619777); Rabl11
(rabbit) catalog #ab3612 Abcam (RRID:AB_10861613); Rab7 (rabbit)
catalog #D95F2 Cell Signaling Technology (RRID:AB_1904103); Lamp1
(rabbit) catalog #9091 Cell Signaling Technology (RRID:AB_2687579);
TrkB (chicken) catalog #G1561 Promega (RRID:AB_430846), CaSR
(goat) catalog #F19 Santa Cruz Biotechnology (RRID:AB_2290992), and
BII-tubulin (mouse) catalog #ab78078 Abcam (RRID:AB_2256751).
Secondary antibodies were AlexaFluor-488 goat anti-mouse catalog #A-
11001 Thermo Fisher Scientific (RRID:AB_2534069); AlexaFluor-488
goat anti-rabbit catalog #A-11008, Thermo Fisher Scientific (RRID:
AB_143165); AlexaFluor-546 goat anti-mouse catalog #A-11003, Invit-
rogen (RRID:AB_141370); AlexaFluor-546 goat anti-rabbit catalog #A-
11035 Thermo Fisher Scientific (RRID:AB_2534093); AlexaFluor-488
goat anti-chicken catalog #A-11039 Invitrogen (RRID:AB_142924);
AlexaFluor-488 donkey anti-goat catalog #A-11055 Thermo Fischer Sci-
entific (RRID:AB_2534102); and AlexaFluor-546 donkey anti-rabbit cat-
alog #A10040 Thermo Fischer Scientific (RRID:AB_2534016).

After three washes of ~5 min with PBS, secondary antibodies were
applied for 120 min at room temperature. Cells were washed three times
for 10 min with PBS followed by a quick rinse in ddH,0O, and then the
coverslips were immediately mounted using Mowiol 4—88. Images were
acquired with the LSM710 confocal microscope (Carl Zeiss) using the 63X
or 100X objective, including Z stacks. Gain was set so that there was no
saturation in the images. On average, 3 optical slices were taken per
image ata 1 wm interval between slices. Average optical thickness was
0.5 um

Colocalization was analyzed in single optical slices with the Fiji colo-
calization plugin measuring the Pearson correlation coefficient (Fiji,
RRID:SCR_002285).

Transfection with calcium phosphate (for coimmunoprecipitation).
HEK293 cells were transfected using a calcium phosphate protocol to
receive high levels of transfection for biochemistry experiments. Trans-
fection buffer containing 274 mm NaCl, 10 mm KCI, 1.4 mm Na,HPO,,
15 mM glucose, and 42 mm HEPES was added dropwise to a solution of
DNA (10 g/ 10 cm dish) and 250 mm CaCl,. The resulting mix was kept
in the dark for 20 min and then added onto HEK cells and left on for 1-2
d to allow expression.
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Immunoprecipitation. HEK and N1E-115 cells (plated in 10 cm culture
dishes in DMEM containing 10% FBS and 1% penicillin/streptomycin)
were transfected with TrkB-RFP and CaSR-GFP constructs as described
above. Two days after transfection, cells were washed with ice-cold PBS
and subsequently lysed using 1 ml of “lysis buffer” containing 10 mm
Tris/HCl, pH 7.5, 150 mm NaCl, 0.5 mm EDTA, and 0.5% NP-40. Pro-
tease inhibitors (Sigma-Aldrich, catalog #P8340) were added just before
application. RFP-Trap, GFP-Trap (ChromoTek), or control beads
(coated with rabbit IgG, Sigma-Aldrich, catalog #A8914) were washed 3
times with “wash buffer” (“lysis buffer” without NP-40) before use; 60 ul
was taken from the lysate for the input control and mixed with 60 ul of
2X sample buffer. The whole leftover lysate was added to the beads for
3 h, followed by removal of the lysate from the beads and recovering 60 ul
for unbound controls, mixed with 60 ul of 2X sample buffer. Beads were
then washed 3 times with “wash buffer.” Following washing, 100 ul of
sample buffer was added to the beads. All samples were boiled for 10 min
and then loaded on a 10% SDS-PAGE gel.

Western blots. Nodose ganglia were dissected as described above and
plated in high density in 96-well plates (Greiner Cellstar, catalog
#MO0687-100EA, ~2 ganglia per 1 well) coated with poly-L-ornithine and
laminin. After allowing neurons to grow for 24 h in “plating medium”
(containing 10 ng/ml BDNF for neurons after Stage 22), neurons were
starved in “starving medium” adjusted to 0.7 mwm calcium for 20 min.
Following starvation, medium was removed (except for control) and
replaced by respective stimulants, which were either 10 um CaSR agonist
in 0.7 mMm “starving medium” (R568 hydrochloride, catalog #3815, Toc-
ris Bioscience), 10 uM antagonist in 2.3 mum “starving medium” (Calhex
231 hydrochloride, catalog #4387, Tocris Bioscience), 10 ng/ml BDNF in
0.7 mM “starving medium” (catalog #PHC7074, Invitrogen) or 10 ng/ml
BDNF and 10 uMm CaSR agonist in 0.7 mm “starving medium” for 5, 15,
and 30 min. Subsequently, neurons were lysed using “lysis buffer.” Sam-
ples were prepared for SDS-PAGE by adding 2 X sample buffer and boil-
ing for 10 min followed by loading on a 10%, 12%, or 15% SDS-PAGE
gel, depending on the target protein size. Gels were transferred and de-
veloped using following antibodies: TrkB (rabbit), catalog #AB9872, Mil-
lipore (RRID:AB_2236301); B-actin, catalog #251003, Synaptic Systems
(RRID:AB_11042458); p-AKT Ser473, catalog #TA328006, Acris, BIII-
tubulin, catalog #ab78078, Abcam (RRID:AB_2256751); p-Y279/216-
GSK3, catalog #ab68476, Abcam (RRID:AB_10013745); p-S9-GSK3,
catalog #5558, Cell Signaling Technology (RRID:AB_10013750); anti-
RFP 5f8-100, ChromoTek (RRID:AB_2336064), anti-GFP 3h9-100,
ChromoTek (RRID:AB_10773374); p-Tau ab109390, Abcam (RRID:
AB_10860822); and B-catenin, catalog #4270, Cell Signaling Technology
(RRID:AB_1903918). Secondary antibodies were IRDye 800RD donkey
anti-mouse, catalog #925-32210, LI-COR Biosciences (RRID:
AB_2687825) and IRDye 800RD donkey anti-rabbit, catalog #925-
32211, LI-COR Biosciences (RRID:AB_2651127). Image acquisition was
performed using Odyssey Imaging Systems, Odyssey CLx (RRID:
SCR_014579), quantification was done using CAPT (RRID:
SCR_016305).

Experimental design and statistical analysis. All experiments on chicken
nodose neurons were performed using chicken embryos of both sexes
either at Stage 22 or Stage 30. For individual experiments, 10—12 em-
bryos were dissected from 3-5 independent experiments as indicated
below. Statistical analysis was performed by GraphPad Prism 6.0 soft-
ware (RRID:SCR_002798); level of significance was set at p < 0.05. For
multiple-comparisons, one-way ANOVAs were performed followed by
post hoc Sidak’s, Tukey’s, or Dunnett’s, as appropriate and indicated
below and in the figure legends. Since GraphPad Prism 6.0 software does
not provide exact p values under a range of p < 0.0001, we refer to
standard p value ranges as indicated in the figure legends. Exact p values
(when provided) are indicated in Results. Degrees of freedom for each
experiment are indicated in the text and in the figure legends.

We performed three individual experiments for dose-response and
four independent experiments for CaSR agonist and antagonist re-
sponses at Stage 22 (see Fig. 1D). At Stage 30, we performed five inde-
pendent experiments for CaSR agonist and antagonist responses (see Fig.
3D). The number of neurons imaged for these experiments ranged be-
tween 25 and 60 neurons per condition and experiment. Neurite length
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was measured using the Fiji Plugln Simple Neurite Tracer (RRID:
SCR_016566). Significance was determined by one-way ANOVA with
post hoc Tukey.

Branch points were counted on images from growth experiments in
either 0.7 or 2.3 mm calcium or the CaSR agonist and antagonist (see Figs.
1E, 3F ). For branch point analysis, we compared two groups by Student’s
t test and outliers were removed using Tukey’s fences.

In vitro transfection was analyzed from three individual experiments.
The number of neurons imaged for these experiments ranged between 15
and 30 per condition (see Fig. 1G). Neurite length was measured using
the Fiji PlugIn Simple Neurite Tracer (RRID:SCR_016566). Significance
was determined by one-way ANOVA with post hoc Tukey.

In vivo measurements were analyzed from three individual experi-
ments with three or four embryos being used per condition and experi-
ment. Since neurites were on different optical planes, three or four
pictures were taken of each embryo. Three or four of the longest neurites
were measured per plane and condition and used for analyses (see Fig.
1I). Neurite length was measured using the Fiji PlugIn Simple Neurite
Tracer (RRID:SCR_016566). Significance was determined by one-way
ANOVA with post hoc Tukey.

For experiments in the presence of PI3-kinase, GSK3, and Mek/Erk
inhibitors, we performed four individual experiments (see Figs. 2B, 4B).
The number of neurons imaged for these experiments ranged between 25
and 60 neurons per condition and experiment. Significance was deter-
mined by one-way ANOVA with post hoc Dunnett compared with con-
trol (2.3 mm calcium).

Western blots and coimmunoprecipitation experiments were ana-
lyzed from 4-6 individual experiments (see Figs. 2C-E, 4C-F, 7A-C,
9A-G, 10A-F). Significance was determined by one-way ANOVA with
post hoc Tukey (see Figs. 2E, 4E) or Dunnett compared with normalized
control (0.7 mum calcium also normalized to each loading control).

Colocalization experiments in neurons were analyzed from three in-
dividual experiments (see Figs. 2 F, G, 5A-D, 6A—F) by using 15-30 im-
ages (containing two or three optical sections) per condition and
experiment. An ROI was identified in a single optical section (excluding
nucleus) and measured with the Fiji Plugln for Pearson’s correlation
coefficient (Fiji, RRID:SCR_002285). Significance was determined by
one-way ANOVA with post hoc Tukey.

Neuronal survival over development was analyzed from three individ-
ual experiments per age group. Neurons were counted as described in
Materials and Methods. Significance was determined by one-way
ANOVA with post hoc Sidak compared with the no factor control of each
age group (see Fig. 3C).

Kymographs were analyzed using the Fiji KymographBuilder Plugln,
using three independent experiments and 10—15 time-lapse recordings
per condition. Three or four kymographs (containing between 6 and 10
tracks) per recording were generated using the Fiji PlugIn Kymograph-
Builder (RRID for KymographBuilder Plugln not available, for Fiji soft-
ware: RRID:SCR_002285). Comovement was evaluated by quantifying
the percentage of moving tracks, where moving was defined as a deflec-
tion >20 degrees from vertical for at least 30 s. Significance was deter-
mined by one-way ANOVA with post hoc Tukey (see Fig. 8A-D).

Results

CaSR regulates growth in early, BDNF-TrkB-independent
chicken nodose neurons

To address how the CaSR is able to enhance BDNF-mediated
growth, we investigated how CaSR signals in isolation. First, we
verified that chicken nodose neurons express CaSR but do not
express TrkB receptors at early stages of development. It is re-
ported that TrkB levels are very low at Stage 20 to Stage 22 of the
Hamburger-Hamilton stages (Hamburger and Hamilton, 1992)
and increase by twofold at Stage 23 and sixfold at Stage 24 (Rob-
inson et al., 1996). Using Stage 22 chicken nodose neurons, we
found no detectable levels of TrkB in Western blots (Fig. 1A).
Since our CaSR antibody did not work in Western blots, we con-
firmed expression by performing immunocytochemistry and
found the CaSR being expressed in Stage 22 nodose neurons (Fig.
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CaSRregulates growth in BDNF-independent nodose neurons. 4, B, Expression of CaSR and TrkB in Stage 22 nodose neurons using Western blot and immunocytochemistry. (—E, Effects

of high extracellular calcium, the CaSR agonist R568 hydrochloride, and the CaSR antagonist Calhex231 on neurite growth and branching in Stage 22 nodose neurons. F, G, In vitro effects of CaSR
overexpression. H, I, Effects to the CaSR agonist R568 hydrochloride and the CaSR antagonist Calhex231 hydrochloride on neurite growth in vivo. Red arrows point to the end of the longest neurite
of the nodose ganglion. Red dashed line indicates exemplary measurement of length. An overview of the area is given and ganglia marked in color as follows: pink represents nodose; blue represents petrosal;
greenrepresents vestibular; yellow represents trigeminal. Light blue shading represents the area of drug application. Quantification normalized to circumference of midbrain. Scale bar, 100 ..m. Significance was
determined by one-way ANOVA with post hoc Tukey.n = 25— 60images per condition from three or fourindependent experiments (D, G). DFn = 3,DFd = 641(D), DFn = 2, DFd = 209 (G).n = 3 or4embryos
per condition from three independent experiments. DFn = 2, DFd = 150 (/). Branch points were analyzed using Student’s t test to compare 0.7 mm with 2.3 mm DF = 62 (E). n = 15—20images per condition
from three independent experiments. Error bar indicates SEM. *p << 0.05, **p << 0.01, ***p << 0.001. Non-significant differences are indicated as n.s.

1B). Further, assessing neuronal survival during these early stages
revealed that neurons do not require BDNF (see Fig. 3C).

Next, we raised the question whether CaSR can regulate ax-
onal growth in BDNF-independent nodose neurons. Previous
work reports enhanced growth of mouse SCG neurons using
increased levels of extracellular calcium as well as a specific phar-
macological CaSR agonist while showing reduced growth in the
presence of a specific pharmacological antagonist (Vizard et al.,

2008). At Stage 22, where TrkB is not expressed yet, increasing
58

levels of extracellular calcium enhanced neurite growth (Fig.
1C,D). We also found an increase in neurite length in the pres-
ence of 0.7 mM calcium together with the pharmacological CaSR
agonist R568 hydrochloride (for calcium concentration, F; ,q,)
= 15.26; for agonist and antagonist experiments, F; ¢4, = 150.3,
1.1 mum [Ca**], vs 1.3 [Ca*"],,p = 0.007; 1.1 mm [Ca*"] vs 2.3
[Ca**],, p = 0.0138; for significance, GraphPad Prism 6.0 soft-
ware does not provide exact p values under a range of p < 0.0001,
post hoc Tukey; Figure 1C,D). Further, we also found reduced
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neurite length in the presence of high extracellular calcium (2.3
mM) and the pharmacological CaSR antagonist Calhex231 hy-
drochloride (Fig. 1C,D). Therefore, activating CaSR enhances
neurite growth during early development when neurons are still
independent of neurotrophic support.

To test whether CaSR activation induces branching, we quan-
tified branch points per neuron. In all conditions, Stage 22 no-
dose neurons showed a bipolar morphology with an occasional
branch point. We found no differences in branch points between
neurons cultured in 0.7 mMm calcium or in 2.3 mM calcium (p =
0.599, unpaired t test; Fig. 1E). To further investigate whether this
is a specific response to CaSR, we transfected neurons with a
CaSR-WT (referring to full-length CaSR) and a CaSR-dominant
negative (DN) construct and compared neurite length to a GFP-
transfected control. When transfecting in vitro, we found that
overexpressing CaSR-WT enhanced neurite length compared
with GFP control. The R185Q mutation of CaSR has been shown
to attenuate the response to high extracellular calcium since the
mutation resides within the extracellular domain where it mod-
ulates the affinity to extracellular calcium as well as to other ago-
nists (Bai et al., 1996). When overexpressing the CaSR-R185Q
construct in nodose neurons, we found a significant decrease in
neurite length compared with control and the CaSR-WT con-
struct (F, 599y = 23.671, GFP vs WT, p = 0.0242, GFP vs DN and
WT vs DN, p < 0.0001, post hoc Tukey; Fig. 1 F,G).

Next, we investigated axon growth effects in vivo. Because of
the location of the nodose ganglia, in ovo electroporation proved
to be technically challenging. Applying current for electropora-
tion caused heart failure and embryonic death. Therefore, we
used a different approach and applied the CaSR agonist R568
hydrochloride and the CaSR antagonist Calhex231 hydrochlo-
ride in the area of the nodose at Stage 18 and fixed the embryos at
Stage 20. The area of application as well as the location of cranial
neurons are shown in Figure 1H. Following whole-mount neu-
rofilament staining, we measured the length of nodose neurons
from the hindbrain to the longest neurite (method of measure-
ment is indicated as a dashed line, arrow points to the longest
neurite) and normalized the length to the circumference of the
midbrain. Using this approach, we found no further increase in
length using the CaSR agonist, but a significant decrease in neu-
rite length with the CaSR antagonist (F, ;59) = 21.208, CTR vs
antagonist and agonist vs antagonist, p << 0.0001, post hoc Tukey;
Fig. 1 H,I).

At Stage 22, CaSR activates p-Akt and localizes to Rab7- and
Lampl-positive endosomes

Following the observation that CaSR regulates BDNF-independent
neurite growth, we examined the downstream signaling pathway.
Commonly described pathways in regulating axonal growth are
the PI3-kinase-Akt-GSK3 pathway or the Mek-Erk pathway
(Chao, 2003; Yoshimura et al., 2005; Zhou et al., 2008). There-
fore, we dissected early Stage 22 chick nodose neurons, placed
them in culture medium containing low (0.7 mm) and high (2.3
mM) levels of extracellular calcium in the presence of specific
PI3-kinase, GSK3, and Mek inhibitors, and measured their re-
sponse on neurite growth. We found that early chick nodose
neurons, when cultured in 2.3 mMm calcium, respond solely to the
PI3-kinase inhibitor LY294002 with decreased growth but do not
respond to the GSK3 and Mek inhibitors BIO and PD98059,
respectively (Fig. 2 A, B). Further, the CaSR was reported to signal
through Mek-Erk in different cell types (Holstein et al., 2004;
Brennan et al., 2013; Vizard et al., 2015; Mizumachi et al., 2017),
a response we did not observe in Stage 22 chicken nodose neu-
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rons. (F3,145) = 14.262,2.3 mM [Ca*" ], vs 2.3 mm [Ca’ ], + LY
p < 0.0001, post hoc Dunnett in 2.3 mm [Ca** ] ; Fig. 2A, B).

To confirm and to place this response specifically downstream
of the CaSR, we stimulated these neurons with the allosteric CaSR
agonist (in 0.7 mM calcium) and antagonist (in 2.3 mMm calcium)
and performed Western blots against p-Akt, p-GSK3«a Tyr279,
and p-GSK3 Tyr216 and p-GSK3p Ser9. We found that indeed
p-Akt was increased after activating CaSR but strongly decreased
in the presence of the CaSR antagonist (F, ,,, = 34.708, 0.7 mm
[Ca?*],vs 15’ 0.7 mM [Ca®"], + agonistand 5', 15, and 30’ 2.3
mMm [Ca®*], + antagonist vs 15’ 0.7 mm [Ca>"], + agonist, p <
0.0001, post hoc Tukey; Fig. 2C—E). Surprisingly, but in line with
the observation that the GSK3 inhibitor BIO had no effect on
neurite growth, we did not find phosphorylation on GSK3«
Tyr279, p-GSK3 Tyr216, or GSK3 Ser9. This result was unex-
pected since the PI3-kinase-Akt pathway has been reported to be
upstream of GSK38 Ser9 (Yoshimura et al., 2005; Zhou et al.,
2008; Bellon et al., 2010; Burk et al., 2017a), suggesting an uncou-
pled mechanism (Fig. 2C).

Because trafficking and signaling of receptors are tightly
linked (Wu etal., 2001; Barford etal., 2017; Burk et al., 2017a), we
next investigated the trafficking route of CaSR. Literature reports
that CaSR is endocytosed and trafficked through Rab11-recycling
endosomes, as well as being degraded through late endosomes
(Holstein et al., 2004; Reyes-Ibarra et al., 2007; Zhuang et al.,
2012; Ray, 2015). We performed colocalization experiments of
CaSR with different endosomal compartments using antibodies
against CaSR as well as EEA1, Rab11, Rab7, and Lampl to repre-
sent early, recycling, and late endosomes as well as lysosomes.
When stimulated with the CaSR agonist in medium containing
0.7 mM calcium, we found high colocalization of activated CaSR
with Rab7- and Lampl-positive late endosomes/lysosomes
(F(3,588) = 89.412, except EEAI vs Rabl1, p = 0.9996, all other
conditions compared in post hoc Tukey, p < 0.0001; Fig. 2F, G).
In all, our data show that CaSR regulates neurotrophin-
independent growth by activating Akt.

Late, BDNF-dependent neurite growth is enhanced by

CaSR activation

Next, we studied the effect of CaSR activation in Stage 30 nodose
neurons, which are dependent on BDNF for growth and survival
(Robinson et al.,, 1996). In Stage 30 nodose neuron cultures,
CaSR and TrkB are expressed in neurons but not in non-
neuronal cells (Fig. 3A).

Further, we found that CaSR and TrkB show colocalizing
puncta in nodose neurons (Fig. 3B). As previously reported (Vo-
gel and Davies, 1991; Robinson et al., 1996), Stage 30 nodose
neurons depend on BDNF for survival from Stage 24 onwards
(F(798) = 26.336, Stage 25 no factor vs BDNF and Stage 30 no
factor vs BDNF significance under a range of p < 0.0001, post hoc
Sidak; Fig. 3C). Since we found that CaSR regulates BDNF-
independent growth, we raised the question whether CaSR acti-
vation could still regulate neurite growth in the absence of BDNF.
To investigate this, neurons were plated in the presence of caspase
inhibitors to block apoptosis (Gavalda et al., 2009) and plated in
either 0.7 mM or 2.3 mM calcium. Interestingly, at these later
stages when neurons depend on BDNF for survival, CaSR activa-
tion alone failed to induce neurite growth (Fig. 3D,E). We then
examined the effect of BDNF in the presence of low levels of
extracellular calcium (0.7 mm) where the CaSR should be mini-
mally active (Vizard et al., 2008). Here, BDNF-induced neurite
growth significantly increased compared with neurons cultured
in the presence of caspase inhibitors (Fig. 3 D, E). However, plat-
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Figure 2.

At Stage 22, (aSR signals through Akt and routes into late endosomes. A, B, Effects of inhibitors for GSK3 (BI0), P13-kinase (LY), and Mek (PD) on neurite length in the presence of 0.7

or 2.3 mm extracellular calcium. €, D, Western blots for p-Akt and p-GSK3 after stimulation with the CaSR agonist and antagonist. £, Quantitation of p-Akt normalized to tubulin and control condition
(0.7 mm calcium normalized to each loading control). F, G, Colocalization of CaSR with endosomal markers. Arrows point to colocalizing puncta. N = 4—6 independent experiments for Western
blots. Scale bars: A, 100 wm; F, 10 m. Significance was determined by one-way ANOVA with post hoc Dunnett compared with control (0.7 mm calcium + agonist) (B) or Tukey (E, G). n = 25— 60
images per condition from fourindependent experiments (B, G). DFn = 3, DFd = 142 (B), DFn = 3, DFd = 588 (G). n = three independent experiments. DFn = 4, DFd = 11 (E). Error barindicates

SEM. ***p < 0.001.

ing neurons in the presence of BDNF together with 2.3 mM cal-
cium or in 0.7 mM and in the CaSR agonist, further increased
neurite length significantly compared with BDNF alone (Fig.
3D, E). In contrast, plating neurons in 2.3 mM calcium containing
BDNF and the CaSR antagonist Calhex 231 reduced neurite
length below the level of BDNF in 0.7 mMm extracellular calcium
(F(s.10071) = 230.187, for 0.7 mm [Ca®"], + BDNF vs 2.3 mm
[Ca**], + antagonist, p = 0.0009, all other conditions compared
in post hoc Tukey are under a range of p < 0.0001; Fig. 3D, E). In

60

addition to neurite length, we analyzed branching of these neu-
rons. We found that Stage 30 nodose neurons, when cultured in
2.3 mM calcium and 10 ng/ml BDNF, had more branch points
compared with 0.7 mM calcium control cultures containing 10
ng/ml BDNF. Also, when neurons were cultured in 2.3 mMm cal-
cium, 10 ng/ml BDNF and CaSR antagonist, branch points were
significantly reduced compared with neurons cultured in 0.7 mm,
calcium with 10 ng/ml BDNF and the CaSR agonist (0.7 mMm
[Ca**],vs2.3 mMm [Ca®"] and 0.7 mm [Ca**], + agonist vs 2.3
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Figure 3.

(aSR regulates growth in BDNF-dependent nodose neurons. 4, Expression of CaSR and TrkB in Stage 30 nodose neurons but not in non-neuronal cells using immunocytochemistry.

Arrows point to non-neuronal cells. B, CaSR and TrkB colocalizing in Stage 30 nodose neurons using immunocytochemistry. Arrows point to colocalizing puncta. €, Neuronal survival over
development in the presence and absence of BDNF. D, Effects of high extracellular calcium, the CaSR agonist R568 hydrochloride, the CaSR antagonist Calhex231, and BDNF on neurite growth in Stage 30
nodose neurons. Cl, Caspase inhibitors. £, Quantitation of neuronal length as shown in D. F, Quantitation of branch pointsin 0.7 mu calcium, 2.3 mm calcium (together with BDNF), or with the CaSR agonist (in 0.7
m calcium) and the CaSRantagonist (in 2.3 mm calcium, bothin the presence of BDNF). Scale bars: 4, G, 100 um; B, 10 em. Significance was determined by one-way ANOVA with post hoc Sidak. DFn = 7,DFd =
98 () or Tukey (E). n = 25- 60 images per condition from five independent experiments. DFn = 5, DFd = 1271. Branch points were analyzed using Student’s ¢ test to compare 0.7 mm with 2.3 mm and
2.3 mm + CaSR antagonist with 0.7 mm + CaSR agonist DF = 75 (F). Error bar indicates SEM. ***p << 0.001. Non-significant differences are indicated as n.s.

mwm [Ca’"], + antagonist p < 0.0001, unpaired ¢ test; Fig. 3F).
These results indicate that during a time point where neurons
innervate their targets in vivo (Davies and Lindsay, 1985; Davies
etal., 1986; Davies, 1989; Vogel and Davies, 1991; Robinson et al.,
1996), CaSR enhances BDNF-mediated neurite length and
branching from Stage 30 but fails to regulate growth when stim-
ulated in isolation. This result is in line with previous reports by

Vizard et al. (2008) where the authors show that the CaSR en-
hances NGF-mediated neurite growth.

At Stage 30, CaSR activates p-tyrosine GSK3 and localizes to
Rab7 and Lamp1-positive endosomes

Surprisingly, at Stage 30, we found the downstream signaling
cascade of CaSR changed after the onset of BDNF dependence.
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At Stage 30, CaSR signals through GSK3. 4, B, Effects and quantitation of inhibitors for GSK3, P13-kinase, and Mek (BIO, LY, and PD, respectively) on neurite length in the presence of 2.3

m extracellular calcium. €, D, Western blots for p-Akt and p-GSK3 after stimulation with the CaSR agonist or antagonist. £, Quantitation of p-GSK3 normalized to tubulin and control condition (0.7
mm calcium normalized to each loading control). F, Western blot for p-GSK3 Tyr279 (c) and Tyr216 (B) after stimulation with 2.3 mu calcium. N = 4 — 6 independent experiments for Western blots.
Scale bar: 4, 100 wm. Significance was determined by one-way ANOVA with post hoc Tukey (E) or Dunnett (B) compared with control (2.3 mm -+ BDNF). n = 25— 60images per condition from four
independent experiments. DFn = 3, DFd = 131(B), DFn = 5, DFd = 21 (E). Error bar indicates SEM. *p << 0.05, **p << 0.01, ***p < 0.001.

When plating neurons in the presence of 2.3 mm calcium con-
taining 10 ng/ml BDNF as well as in the presence of PI3-kinase,
GSK3, or Mek inhibitors, we found a different response com-
pared with Stage 22 BDNF-independent neurons. Unlike at Stage
22, the PI3-kinase inhibitor LY294002 as well as Mek inhibition
using PD98059 showed an increase on neurite growth, whereas
blocking GSK3 signaling inhibited neurite growth significantly
(F3,131) = 76.104,2.3mm [Ca®" ], + BDNFvs 2.3 mm [Ca® "], +
BDNF + LY, p = 0.0129, all other conditions compared with
control under arange of p < 0.0001, post hoc Dunnett; Fig. 4 A, B).

We confirmed this result using biochemistry. For this experi-
ment, we grew neurons for 24 h in plating medium containing 10
ng/ml of BDNF to ensure growth and survival. The next day,
neurons were starved in “starving medium” adjusted to 0.7 mm
without BDNF for 20 min. Subsequently, neurons were stimu-
lated in starving medium containing the allosteric CaSR agonist
(in 0.7 mM calcium) or antagonist (in 2.3 mMm calcium), and
lysates were analyzed by Western blots. Stimulating Stage 30 no-
dose neurons with CaSR agonist did not lead to phosphorylation
of Akt (Fig. 4CI). In contrast, stimulation of CaSR by the CaSR
agonist as well as 2.3 mM calcium increased phosphorylation on
GSK3a Tyr279 (Fig. 4C2, E, F) but not on GSK3 Ser9 (Fig. 4C3).
This phosphorylation of Tyr279 could be reversed by adding the
CaSR antagonist in the presence of 2.3 mM calcium (F(s,,) =
4.677, 0.7 mM [Ca*"], vs 30’ 0.7 mm [Ca®"], + agonist, p =
0.0097, 30’ 0.7 mMm [Ca**], + agonist vs 15’ 2.3 mm [Ca**], +
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antagonist, p = 0.0231, 30’ 0.7 mm [Ca*" |, + agonist vs 30’ 2.3
mm [Ca®*], + antagonist, p = 0.0412, post hoc Tukey; Fig.
4D,E).

Because the signaling cascade completely changed in BDNF-
dependent nodose neurons, we assessed whether this was linked
to a change in the trafficking path of CaSR. We repeated colocal-
ization experiments using antibodies for the CaSR and EEAI,
Rabl1, Rab7, and Lampl to represent early, recycling, and late
endosomes, respectively. We found that at BDNF-dependent
stages, activated CaSR still localized to late, Rab7, and Lamp-1
positive endosomes (F; 4,9, = 168.384, except for Rab7 vs
Lampl, p = 0.9105; all other conditions are under a range of p <
0.0001, post hoc Tukey; Fig. 5C,D) whereas in nonstimulated con-
ditions, CaSR localized mainly to Lamp1-positive compartments
(F586) = 10.804, Lamp1 vs EEAL, p = 0.0010, Lamp1 vs Rab11,
p = 0.0004, Lampl vs Rab7, p < 0.0001, post hoc Tukey; Fig.
5A,B).

CaSR and TrkB colocalize in late Rab7-positive endosomes

Because the change in signaling was not facilitated by a change in
localization of CaSR to endosomes, we wanted to determine
whether the change in signaling of CaSR was dependent on TrkB.
Therefore, we first investigated the localization of TrkB in Stage
30 chicken nodose neurons. We performed immunostainings
and colocalization experiments using antibodies against TrkB
with antibodies against EEA1, Rab11, Rab7, or Lamp1. We found
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bar indicates SEM. ***p << 0.001.

that, when starved of BDNF and calcium, TrkB showed low lo-
calization to all endosomal compartments but highest colocaliza-
tion to recycling endosomes (F(; g9y = 15.788, Rab11 vs all other
conditions, p < 0.0001, post hoc Tukey; Fig. 6 A, B). However, in
the presence of BDNF in 0.7 mM calcium, TrkB routed from early
into late, Rab7-positive endosomes (F; 45 = 43.783, EEA1 vs
Lampl, p = 0.0104, EEA1 vs Rabl1, p = 0.0001, EEA1 vs Rab7,
p < 0.0001, Rab7 vs Rab11, p < 0.0001 and Rab7 vs Lamp1, p <
0.0001, post hoc Tukey; Fig. 6C,D). The routing of activated TrkB
into Rab7 endosomes has been reported by other groups (Kuru-
villa et al., 2004; Deinhardt et al., 2006; Burk et al., 2017b). Fur-
ther, Trk receptors start their downstream signaling from the
endosomal compartment to which they localize (Wu et al., 2001;
Kuruvilla et al., 2004; Saxena et al., 2005; Zhou et al., 2012; Bar-
ford et al., 2017). To evaluate whether CaSR and TrkB colocalize
in endosomal compartments, we performed colocalization ex-
periments between CaSR, TrkB, and the late endosomal markers
Rab7 or Lamp1l. We found that CaSR and TrkB show a high level

of colocalization with each other. Also, both receptors show high
colocalization with Rab7-positive endosomes. However, colocal-
ization between CaSR and Lamp1 as well as TrkB and Lamp1 was
reduced compared with Rab7 (Fs 155, = 30.241, TrkB/Rab7 vs
TrkB/Lampl and CaSR/Rab7 vs CaSR/Lampl, p < 0.0001, post
hoc Sidak; Fig. 6 E, F). These results indicate that at later develop-
mental stages, CaSR and TrkB traffic within the same Rab7-
positive endosomal compartments.

CaSR and TrkB coimmunoprecipitate and cotraffic
In an event where changes in signaling of CaSR were dependent
on TrkB, we hypothesized that both receptors have to be in close
proximity and physically interact. As mentioned, using immuno-
fluorescence in Stage 30 chicken nodose neurons, we found cola-
beled puncta for CaSR and TrkB (Figs. 3B, 6 E, F).

To determine whether both receptors interact physically, we
overexpressed CaSR-WT-GFP or CaSR-DN-GFP together with
either RFP or TrkB-RFP in HEK293 cells and performed RFP-
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Trap coimmunoprecipitation. Both CaSR-WT and CaSR-DN
coimmunoprecipitated with TrkB but not with control (i.e., IgG-
coated beads or when CaSR-GFP was coexpressed with REP only)
(Fig. 7A). The CaSR-DN construct R185Q has its mutation in the
extracellular domain where it modulates the affinity to extracel-
lular calcium as well as to other agonists, which could explain the
interaction of R185Q with TrkB.

In a GFP-Trap reverse coimmunoprecipitation, we overex-
pressed CaSR-GFP with TrkB-RFP and tested whether interac-
tions were ligand-dependent. We again found an interaction
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between CaSR and TrkB, and this interaction was ligand-
independent (Fig. 7B).

To verify the interaction in neuronal cells, we overexpressed
CaSR-WT and CaSR-DN constructs in N1E-115 cells and per-
formed RFP-Trap coimmunoprecipitation. Also, in these cells,
we found interaction of TrkB with both CaSR-WT and CaSR-DN
(Fig. 70).

To investigate whether both receptors cotraffic, we overex-
pressed a CaSR-GFP and a TrkB-RFP construct in MEFs and kept
them either in nonstimulated (0.7 mM) or stimulated conditions
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DN interact with TrkB in neuronal N1E-115 cells.

(0.7 mM calcium together with the CaSR agonist, BDNF, or both)
and first performed colocalization experiments. Using this ap-
proach, we found that CaSR and TrkB colocalize in all above
conditions to similar extent (ANOVA nonsignificant; Fig. 8D,
Pearson’s colocalization index ranging from 0.73 to 0.8),
further supporting our finding that colocalization was ligand-
independent.

We then asked whether both receptors cotraffic and whether
this cotrafficking was dependent on receptor activation. To test
this, we performed TIRF microscopy. Our experimental set up
included the following conditions: nonstimulated (0.7 mM cal-
cium), 0.7 mM calcium + CaSR agonist R568 hydrochloride, 0.7
mM calcium + BDNF, and 0.7 mMm calcium + BDNF + R568
hydrochloride.

Despite the colocalization and interaction in all conditions
(Fig. 8D), we found different behaviors for cotrafficking: in
control conditions (0.7 mMm calcium), the CaSR and TrkB had

) 250
WB: anti-GFP 35

WB: anti-RFP

250
130
R el R

(aSR coimmunoprecipitates with TrkB. A, CaSR and CaSR DN coimmunoprecipitate with TrkB in HEK293 cells. B, Interaction of CaSR and TrkB is ligand-independent. €, CaSR and CaSR

colocalizing tracks but minimal comovement (Fig. 8A,B).
When we stimulated one of the two receptors, by either apply-
ing BDNF or the CaSR agonist R568 hydrochloride, comove-
ment increased significantly compared with control and was
equal between both receptors (Fig. 8A,B). Coactivation of
both receptors by applying BDNF and CaSR agonist R568
hydrochloride further increased cotrafficking significantly
compared with activation of CaSR or TrkB alone (F; 35, =
24.1,0.7 mm [Ca*"],vs 0.7 mm [Ca’"], + BDNF, p = 0.0025,
0.7 mMm [Ca**], vs 0.7 mMm [Ca**], + agonist, p = 0.0011, 0.7
mum [Ca®*], vs 0.7 mm [Ca®"], + agonist + BDNF, p <
0.0001,0.7 mm [Ca**], + BDNF vs 0.7 mMm [Ca*" ], + agonist
+ BDNF, p < 0.0001,and 0.7 mMm [Ca>*], + agonist vs 0.7 mM
[Ca?™], + agonist + BDNF, p < 0.0001, post hoc Tukey; Fig.
8A,B). Next, we overexpressed the R185Q CaSR construct
together with TrkB and performed cotrafficking analysis. In-
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terestingly, using the CaSR DN construct, we did not find an
increase in cotrafficking in any of the conditions (ANOVA
nonsignificant; Fig. 8 A, C).

CaSR and TrkB regulate growth through coactivation
of GSK3
As mentioned earlier, receptor trafficking from endosomes and
their downstream signaling are tightly linked (Dobrowolski and
De Robertis, 2011; Palfy et al., 2012; Harrington and Ginty,
2013). Since we found that CaSR and TrkB localize to the same
endosomal compartments, coimmunoprecipitate and cotraffic,
we raised the question whether enhanced neurite growth is mod-
ulated because both receptors activate the same signaling node.
In Figures 4C, D, F and 9A, B, we found that CaSR activation
leads to a significant increase in phosphorylation on GSK3«
Tyr279 (F5,14) = 3.550,0.7 mm [Ca®" ], vs 30’ 0.7mm [Ca®" ], +
agonist, p = 0.036, post hoc Dunnett; Fig. 9A, B). Therefore, we
tested whether TrkB activation through BDNF can also cause
phosphorylation on GSK3a Tyr279 and GSK33 Tyr216. Interest-
ingly, stimulation of Stage 30 nodose neurons with BDNF in 0.7
mM calcium significantly increased phosphorylation on GSK3«
Tyr279 after 30 min as well as on GSK33 Tyr216 at 15 and 30 min
(F3,12) = 4.862, GSK3aTyr279: 0.7 mm [Ca’"], vs 30’ 0.7 mm
[Ca"], + BDNF, p = 0.008; F5,,,, = 7.984, GSK3B Tyr216: 0.7
mm [Ca®"],vs 15’ 0.7 mm [Ca*" |, + BDNF, p = 0.0226 and 0.7
mm [Ca®"], vs 30’ 0.7 mmM [Ca®"], + BDNF p = 0.0016, post hoc
Dunnett; Figure 9C,D). Further, BDNF also activated the previ-
ously reported GSK38 Ser9 pathway (Yoshimura et al., 2005),
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showing that BDNF is able to target GSK3 on three phosphory-
lation sites in nodose neurons (Fig. 9C).

Next, we hypothesized that coactivation of CaSR and TrkB
would potentially lead to an additive effect on GSK3a Tyr279 and
GSK3B Tyr216, given the fact that both receptors phosphorylate
these residues when stimulated individually. To test this, we
starved Stage 30 nodose neurons in 0.7 mM calcium and applied
either the CaSR agonist R568 hydrochloride or BDNF + R568
hydrochloride to cultured neurons.

When CaSR and TrkB were activated simultaneously, phos-
phorylation on GSK3« Tyr279 significantly increased at 5, 15,
and 30 min (F s = 3.623, 0.7 mm [Ca’*], vs 30’ 0.7 mm
[Ca**], + agonist, p = 0.049, 0.7 mm [Ca**], vs 15’ 0.7 mMm
[Ca®*], + BDNF + agonist, p = 0.0326, 0.7 mm [Ca*"], vs 30’
0.7 mm [Ca**], + BDNF + agonist, p = 0.0151, post hoc Dun-
nett; Fig. 9E, F). However, given our hypothesis that we would
potentially see an additive effect, we were surprised that there was
no increase in phosphorylation on GSK3a Tyr279 compared
with agonist stimulation only and that phosphorylation on
GSK3B Tyr216 disappeared (Fig. 9E, F). To show that BDNF was
added to the cultures and that it was functional, we stripped and
reprobed the membrane with an anti-GSK33 Ser9 antibody.
Control and agonist lanes confirmed the absence of BDNF while
in 5, 15, and 30 min an increase in p-GSK3 Ser9 appeared due to
BDNF stimulation (Fig. 9E). This result suggests that coactiva-
tion of CaSR and TrkB changes the downstream target of TrkB
from GSK3 Tyr279/216 and Ser9 to GSK3 Ser9 phosphorylation
only.
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Because phosphorylation on GSK3 Tyr residues has been
reported to increase the activity of GSK3 and phosphorylation
on GSK3 Ser9 to decrease the activity (Cross et al., 1995; Har-
tigan and Johnson, 1999; Lesort et al., 1999; Yoshimura et al.,
2005), these results indicate that GSK3 is kept in a cycling
state, which potentially affects downstream targets of GSK3.

To test whether other pathways are involved, we also tested
whether the 3-catenin pathway, which has been reported to in-
teract with GSK3 and regulate axon growth (Lu et al., 2004), got
activated when stimulated with the CaSR agonist and BDNF. In
this experiment, we observed no changes following CaSR or TrkB

activation, suggesting no involvement of the (3-catenin pathway
(Fig. 9G).

Activation of GSK3 through CaSR phosphorylates Tau

To link activation of GSK3 to neurite growth, we tested whether
CaSR activates Tau. To test this, we starved Stage 30 nodose neu-
rons in 0.7 mM calcium and applied the CaSR agonist for 5 and 15
min as well as the CaSR antagonist for 5, 15, and 30 min. Western
blots against p-Tau revealed a significant increase in Tau activa-
tion after 15 min of CaSR stimulation and a strong decrease in
phosphorylation in the presence of CaSR antagonist (F(s,¢) =
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3.015, 0.7 mM [Ca**], vs 15’ 0.7 mM [Ca*"], + agonist, p =
0.0291, post hoc Dunnett; Fig. 10A, B). To verify that this activa-
tion was downstream of GSK3, we also applied the GSK3 inhib-
itor BIO to neurons cultured in 0.7 mM calcium plus the CaSR
agonist. Indeed, we found a decrease in p-Tau after blocking
GSK3 (F(5,5) = 7.112,0.7 mm [Ca* "], vs 15" 0.7 mm [Ca® "], +
agonist, p = 0.0015, post hoc Dunnett; Fig. 10C,D). Since we
hypothesized that GSK3 is regulated in a cycling way between an
active and an inactive state through CaSR and TrkB, we specu-
lated that Tau should show fluctuations in its phosphorylation
state. We tested this by performing a time course on p-Tau where
we used a 0.7 mM control, 0.7 mM together with R568 hydrochlo-
ride or 0.7 mMm + R568 hydrochloride + BDNF for 5, 15, 30, and
60 minutes. Indeed, we found that, compared with 0.7 mm con-
trol, Tau was significantly phosphorylated, but we found a cy-
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cling behavior between the stimulated conditions (Fs s =
8.042, all conditions were compared with 0.7 mm [Ca**] for 15’
0.7 mMm [Ca*"], + agonist, p = 0.0026, 5' 0.7 mm [Ca®"], +
agonist + BDNF, p = 0.0004, 15" 0.7 mMm [Ca’"], + agonist +
BDNF, p = 0.0280, 30’ 0.7 mm [Ca**], + agonist + BDNF p =
0.0001, 60’ 0.7 mMm [Ca**], + agonist + BDNF p = 0.0072, post
hoc Dunnett; Fig. 10E,F). These results suggest that neurite
growth is regulated through the GSK3-Tau pathway following
activation of CaSR.

Discussion

Neurons use different signaling systems to diversify the read-out
to a limited number of guidance cues, increasing possible growth
and guidance responses. However, despite recent progress, our
understanding of how signal integration induces growth and
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guidance remains incomplete. In this study, we show that CaSR
regulates neural growth in two different ways: in isolation during
early chick development and as a coreceptor of TrkB at later
developmental stages. Coactivation of CaSR and TrkB leads to a
change in downstream signaling of CaSR. During target innerva-
tion, CaSR and TrkB both localize to Rab7-late endosomes,
coimmunoprecipitate, and phosphorylate GSK3 on specific res-
idues, which causes GSK3 to cycle in its activity state. This change

in activity subsequently results in cycling of the phosphorylation
state of Tau, potentially modulating microtubule assembly and
disassembly.

Neurotrophic independence of cranial neurons

The duration of neurotrophic independence for survival and the
expression of TrkB in early cranial neurons, which are en route to
their targets, correlate with target distance and with the arrival of
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axons in the vicinity of their targets (Vogel and Davies, 1991;
Robinson et al., 1996).

In Figure 3C, we demonstrate that neurons become depen-
dent on neurotrophic support for survival around Stage 24 (see
also Robinson et al., 1996) and that the survival rate in absence of
BDNF at Stage 30 (representing E6.5 to E7) is ~35%. Impor-
tantly, our results are in line with the observations of Vogel and
Davies (1991) where the authors cultured different cranial sen-
sory neurons in the absence of BDNF for up to 144 h and found a
survival rate of ~40%.

However, why ~30%-40% of neurons survive in the absence
of BDNF remains unexplained. For survival experiments, neu-
rons were cultured in low density, and we expected neurotro-
phins produced by neurons themselves to be diluted in the
culture medium and therefore noneffective. However, supple-
mentary data of Vizard et al. (2008) show that cultured SCG
neurons show ~20% survival in the absence of NGF and ~40%
survival in the presence of only 0.1 ng/ml NGF. Therefore, it is
possible that some neurons respond to very low amounts of neu-
rotrophic factors produced by neurons themselves.

Further, nodose neurons have been found to consist of several
types of neurons, which show differences in their conductance
velocity and their morphological appearance (Li and Schild,
2007; Lu et al,, 2013). Apart from prosurvival signaling mediated
by neurotrophins, an increase in spontaneous activity is com-
monly associated with a decreased rate of apoptosis (Golbs et al.,
2011; Murase et al., 2011; Blanquie et al., 2017). For example,
adult-generated neurons from the olfactory bulb have been
shown to require intrinsic electrical properties to survive before
and during their integration with their synaptic targets (Lin et al.,
2010).

Thus, one possible mechanism to explain higher survival rates
in nodose neurons could be that these (or a subset of these)
neurons show intrinsic electrical activity for a certain amount of
time to increase survival before and during target innervation.

Signaling of CaSR during development

Unfortunately, not much is known about [Ca**],, in the chicken
embryo. One paper reported that calcium levels in the chicken
blood serum (in milligrams Ca/100 mg) rise during development
(Narbaitz et al., 1973). In the rat, [Ca®"], levels of cerebrospinal
fluid declines from about 1.6mM in the fetus to 1.1mM in adults
(Jones and Keep, 1988), showing that these embryos are hyper-
calcemic during development. Further, it is known that in hu-
mans, the fetus is hypercalcemic in their blood calcium levels
compared to the mother (Kovacs and Kronenberg, 1997). There-
fore, our findings suggest that the [Ca*" ], to which nodose neu-
rons are exposed to during development, constitutively stimulate
neurite and axonal growth via CaSR.

To understand how signal integration of CaSR and TrkB func-
tions, we took advantage of the fact that nodose neurons do not
express TrkB until Hamburger-Hamilton Stage 23/24. We first
investigated signaling of CaSR in the absence of TrkB during early
development. In the absence of TrkB at Stage 22 (Davies et al.,
1986; Davies, 1989; Vogel and Davies, 1991; Robinson et al.,
1996), we show that activation of CaSR regulates neurite growth
in vitro and in vivo.

Because trafficking and signaling are tightly linked (Dobro-
wolski and De Robertis, 2011; Palfy et al., 2012; Harrington and
Ginty, 2013), we evaluated the signaling cascade of CaSR as well
as its localization to endosomes. Activation of CaSR leads to lo-
calization to late endosomes and phosphorylation of Akt but does
not activate GSK3 or MAPK signaling, which is interesting since
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CaSR was reported to activate the Mek-Erk pathway in various
cell types (Holstein et al., 2004; Reyes-Ibarra etal., 2007; Vizard et
al., 2015; Mizumachi et al., 2017). However, later in develop-
ment, we observed that blocking Mek with PD98059 caused neu-
rons to grow larger compared with 2.3 mM calcium, suggesting a
developmental as well as a cell-specific response.

At the time of target innervation, nodose neurons become
dependent on BDNF-TrkB signaling for growth and survival
(Davies and Lindsay, 1985; Lindsay et al., 1985; Vogel and Davies,
1991; Robinson et al., 1996). At Stage 30, CaSR is unable to reg-
ulate growth when activated in isolation but enhances TrkB/
BDNF-mediated neurite growth. As mentioned, Trk receptors
traffic in and signal from Rab7-positive endosomes (Kuruvilla et
al., 2004; Deinhardt et al., 2006; Burk et al., 2017b). For CaSR to
enhance TrkB-mediated growth, we hypothesized that both re-
ceptors need to be in close proximity to interact. The literature
reports that CaSR is endocytosed and traffics through Rab11-
recycling endosomes, as well as being degraded through late en-
dosomes (Holstein et al., 2004; Reyes-Ibarra et al., 2007; Zhuang
etal.,2012; Ray, 2015). Indeed, in Stage 30 nodose neurons, CaSR
colocalizes in late Rab7-positive endosomes and coimmunopre-
cipitates to and cotraffics with TrkB. Further, at Stage 30, CaSR
switches its downstream signaling from Akt to GSK3a Tyr279, a
finding we are the first to report (discussed below).

How neurons switch their downstream signaling cascades
from one protein to another is still debated. Because many pro-
teins localize to endosomal membranes and can be targeted by
multiple interconnected upstream players, mechanisms must ex-
ist to “insulate” the multitude of signals received by the cell. In the
example of GSK3, insulation of signaling pathways has been pro-
posed by regulation of the kinase that is used to prime a target for
GSK3-mediated phosphorylation as well as other factors, such as
the relative affinity of GSK3 for various target proteins (Dobro-
wolski and De Robertis, 2011). Our results suggest that the switch
in CaSR signaling is spatiotemporally controlled, increasing the
response range to different target cues over time. Still, which
players regulate response mechanisms upstream of GSK3 or Akt,
or how CaSR interacts with TrkB, direct or indirect, remains
unanswered and will be subject of future research.

Neurite growth regulation by GSK3 via signal integration of
CaSR and TrkB

Different growth and guidance cues use the Akt-GSK3f Ser9
pathway to regulate neurite growth (Yoshimura et al., 2005; Zhou
et al., 2008; Bellon et al., 2010). However, we report, for the first
time, that phosphorylation on GSK3a Tyr279 and GSK3p
Tyr216 is also involved in regulating neurite growth, which is
interesting for two reasons. First, until now, the physiological
significance of tyrosine phosphorylation on GSK3a remained
unclear, especially because this phosphorylation has been re-
ported to be constitutive (Hughes et al., 1993). This, however,
could be due to the cells generally being cultured in media con-
taining physiological levels of calcium, ranging from 1.4 to 1.8
mM. Therefore, in any experimental setup using normal cell
culture medium, CaSR would be fully active, thus explaining
constitutive phosphorylation on GSK3« Tyr279. Second, phos-
phorylation of GSK3 on its different residues changes the activity
rates of GSK3 and therefore of its downstream targets. Phosphor-
ylation of GSK3 on its tyrosine residues has been reported to
increase activity of GSK3: Insulin treatment of SH-SY5Y cells
caused increased GSK3f phosphorylation on Tyr216, increased
GSK3 activity, and increased Tau phosphorylation (discussed be-
low) (Hartigan and Johnson, 1999; Lesort et al., 1999). Therefore,
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BDNE-TrkB signaling phosphorylating GSK3a Tyr279 as well as
GSK3B Tyr216 increases the activity of GSK3. Contrarily, BDNF-
induced activation of PI3-kinase/Akt results in phosphorylation
of Ser9 of GSK3f, which inhibits GSK3 activity leading to the
dephosphorylation of substrates (Cross et al., 1995; Cohen et al.,
1997; Yoshimura et al., 2005). In our study, we found that the
Akt-GSK3f Ser9 pathway also occurs when neurons were stim-
ulated with BDNF, which reduces the activity of GSK3.

Therefore, our results report different “activity-increasing”
and “activity decreasing” signals, and we found that the signal
integration of TrkB and CaSR on GSK3 is not a sum of all incom-
ing signals but a synergistic effect (for summary, see Fig. 11B).

Data from another study suggest that the interaction of CaSR/
Trk is a more general mechanism regulating neurite growth. Viz-
ard etal. (2015) demonstrated that mouse SCG neurons cultured
in the presence of 0.7 mM calcium containing 10 ng/ml of NGF
(therefore, only activating TrkA) show low levels of p-Erk in
immunostainings. Similarly, SCG neurons cultured in 2.3 mm
calcium in the absence of NGF (therefore, only activating CaSR)
also showed low levels of p-Erk. However, SCG neurons cultured
in 2.3 mM calcium together with 10 ng/ml of NGF (therefore,
TrkA and CaSR being activated simultaneously), caused a signif-
icant increase in p-Erk staining, suggesting that CaSR/Trk inter-
action and signaling also occur in other neurons. However,
depending on neuronal subtype, downstream targets of these two
receptors change: In nodose neurons, the main downstream tar-
get is GSK3, whereas in SCG neurons the Mek/Erk pathway is
activated. Further, in organotypic slice cultures of mouse hip-
pocampal neurons, transfection of CaSR-DN decreases branch-
ing of pyramidal neurons (Vizard et al., 2008). Because other
studies show that the number, complexity, and length of primary
dendrites in hippocampal neurons are dependent on BDNF (Ji et
al., 2005; Burk et al., 2018), these findings suggest that branching
of hippocampal pyramidal neurons could be facilitated by an
interaction of CaSR and TrkB. Because CaSR/Trk interactions
seem to be a general mechanism, we also tried to show interac-
tions of CaSR and TrkB in mouse hippocampal neurons by over-
expressing GFP-CaSR and RFP-TrkB. However, due to low
transfection rates of CaSR and TrkB constructs, we did not find
interaction. Performing coimmunoprecipitation from endoge-
nous proteins was not possible because the CaSR-antibody does
not work in Western blots.

Tau activity regulating neurite growth

So far, our results suggest that CaSR and TrkB regulate growth
through activation and inactivation of GSK3, cycling it between
activity states. This would suggest that downstream substrates,
such as Tau, show cycling behavior in their phosphorylation
state, which can be used as a read-out for microtubule assembly
and disassembly, a key mechanism for neurite growth (Lindwall
and Cole, 1984; Drechsel et al., 1992).

To link GSK3 activity to microtubule assembly, we tested
whether Tau is activated downstream of CaSR when signaling in
isolation as well as a coreceptor to TrkB. We found that Tau is
phosphorylated downstream of CaSR and GSK3 activation and
inactive in the presence of the CaSR and GSK3 antagonist Calhex
231 and Bio, respectively. In line with our hypothesis, we found
that, when CaSR and TrkB are coactivated, Tau phosphorylation
shows a cycling behavior, suggesting that CaSR and TrkB regulate
GSK3 activity and inactivity. Thus, these results identify a novel
regulatory pathway mediating neurite growth.

In conclusion, a deeper understanding of signal diversifica-
tion in neurons will shed more light on neural circuit assembly
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and might help to develop tools for modulating neural regener-
ation. In addition, the effect of CaSR on neurite growth and target
innervation together with TrkB may help to explain neurological
and developmental deficits of patients with mutations of CaSR
(Cole et al., 1990).
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3 TUBULAR MICRODOMAINS OF RAB7-ENDOSOMES
RETRIEVE TRKA, A MECHANISM DISRUPTED IN
CHARCOT-MARIE-TOOTH 2B

In chapter 3, | look at the potential mechanism of receptor retrieval and its effects on receptor
signalling.

Asdescribedinthe introduction, neurotrophicsignalling ensures axonal growth and survival. Upon
activation neurotrophic receptors are endocytosed and transported retrogradely to the soma. En
route, they localize within ILVs of Rab7-positive late endosomes or MVBs, which segregate Trks
from the cytoplasm (Ye et al., 2018). Therefore, one long-debated question is, how neurotrophic
receptors are able to signal from ILVs, given the insulating properties of these vesicles shielding
neurotrophicreceptorsfromthe cytoplasm.

Our study reveals that in DRG neurons, Rab7-positive endosomes/MVBs extend tubular domains
after stimulation with NGF but not epidermal growth factor (EGF). Further, we found that these
tubuli are often pinched off, generating a small vesicle. Due to the small size of endosomes in
neurons, we opted to furtherstudy this mechanismin mouse embryonicfibroblasts (MEFs), where
we confirmed the observation that Rab7-endosomes/MVBs induce these tubuli upon NGF but not
upon EGF stimulation. Further, we found that Rab7-endosomes are morphologically diverse and
that TrkA and EGFR are recruited differentially upon stimulation. TrkA is recruited into larger,
vacuolar-like Rab7 structures upon NGF stimulation, whereas EGFR preferentially localizes to the
limiting membrane of such vacuoles. Further, we found TrkA localizing to/within the extending
tubuli- an observation we did not make for EGFR.

Investigating the potential mechanism of tubuliinduction and the proteins regulating this process,
we found EndophilinAl, A2 and A3, three BAR-domain-containing proteins to be involved. MEFs
generated from EndophilinAs triple knockout mice were unable toinduce tubuli and subsequently
affect the phosphorylationstatus of TrkA. Further, EndophilinAs show biochemical interaction with
TrkA but not EGFR and EndophilinA2 co-immunoprecipitates with Rab7 and WASH1. The WASH-
complexisknownforitsrole inreceptorsorting for recycling and stabilizes recycling tubuli by actin-
nucleation (Seamanetal., 2013).

Lastly, we found a disrupted mechanism of creating tubular domainswith the CMT2B-causing Rab7
mutants. These mutants influence the Rab7-GTPase by changing the kinetics of the GTP binding
pocket (Spinosa et al., 2008). The disruption of tubuli-generation implies that Rab7-GTPase finely
controls this process, asashiftinits functionality causesagreat disturbance of NGF-induced tubuli.
Two mutations (L129F and N161T) show an overtubulating phenotype, whereas two other
mutations (K157N and V162M) show a reduction in tubulation events. This disturbance in tubuli
was mirrored in the levels of pTrkA and neuronal growth: CMT2B mutants that did not tubulate
showed reduced levels of pTrkA indicating signalling defects, reduced binding to EndophilinA2 and
reduced neuronal growth. This study supports a novel retrieval mechanism from Rab7-
endosomes/MVBs, which allows TrkA to signal.
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3.1 ABSTRACT

Axonal survivaland growth require signalling from tropomyosin receptor kinases (Trks). To transmit
their signals, receptor-ligand complexes are endocytosed and retrogradely trafficked to the soma
where downstreamsignalling occurs. Vesicles transporting neurotrophicreceptors to the somaare
reported to be Rab7-positive late endosomes/multi vesicular bodies where receptors localize
within so-called intraluminal vesicles. Therefore, one challenging question is how downstream
signallingis possible given the insulating properties of intraluminal vesicles. In this study, we report
that Rab7-endosomes/multi vesicular bodies retrieve TrkA through tubular microdomains.
Interestingly, this phenotypeis absent forthe EGF-receptor. Further, we found that EndophilinAl,
EndophilinA2 and EndophilinA3 together with WASH1 are involved in the tubulation process. In
Charcot-Marie-Tooth 2B, a neuropathy of the peripheral nervous system, this tubulating
mechanism is disrupted. In addition, the ability to tubulate correlates with the phosphorylation
levels of TrkA as well as with neurite lengthin neuronal cultures from dorsal root ganglia. Overall,
we report a new retrieval mechanism of late Rab7-endosomes, which enables TrkA signalling and
sheds new lightonto how neurotrophicsignallingis disrupted in CMT2B.
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3.2 |INTRODUCTION

Neurotrophic signals transmitted through tropomyosin receptor kinases (Trks) are essential for
neuronal health. They are required for regulating neuronal survival, axonal growth, gene
expression, sub-type specification and synapse formation (Campenot, 1977; Deinhardt et al., 2006;
Harrington and Ginty, 2013; Sharma et al., 2010; Singh et al., 2008). In the last years, it has been
reported that neurotrophic receptors are endocytosed after ligand binding and targeted to
endosomes, from where downstream signalling is initiated while being transported to the soma
(Cosker et al., 2008; Ginty and Segal, 2002; Harrington and Ginty, 2013; Ito and Enomoto, 2016;
Schmiegetal., 2014).

However, the type of endosome that transports Trks retrogradely to the soma has been debated
for along time. One major model forretrograde traffickingis the signallingendosome. This model
postulates that nerve growth factor (NGF)/tropomyosin receptor kinase A (TrkA) or brain-derived
neurotrophic factor (BDNF)/tropomyosin receptor kinase B (TrkB) complexes are formed and
endocytosed upon stimulation at the distal axon. Following endocytosis, these complexes are
sorted into maturing, signalling competent endosomes, which are trafficked retrogradely to the
soma ina dynein-dynactin dependent manner (Howe and Mobley, 2005; Schmieget al., 2014; Wu
etal., 2007). Some studies suggest that neurotrophicsignalling occurs from early Rab5-endosomes.
From these early endosomes, Trks would signal from the limiting membrane, allowing the C-
terminal domain tointeract with proteinsin the cytoplasm (Cosker and Segal,2014; Harrington and
Ginty, 2013; Howe and Mobley, 2005).

Other studies have supported the role of late Rab7-endosomes /multi-vesicular bodies (MVBs) in
retrograde transport of Trks (Weible and Hendry, 2004). MVBs occur during endosomal maturation,
a process that requires an increase in intraluminal acidification, a change in the phosphoinositide
(PIP) composition of the endosomal membrane as well as a switch from Rab5 to Rab7-GTPase on
the endosomal membrane (Marat and Haucke, 2016; Maxfield and Yamashiro, 1987; Rink et al.,
2005). In addition, intraluminal vesicles (ILVs) containing cargo are formed via inclusion from the
limiting membrane on maturing endosomes (Cullen and Steinberg, 2018).

Supporting this hypothesis, several studies have reported Trks localizing to Rab7-positive
endosomes. In PO mouse hippocampal neurons, TrkB predominantly colocalizes to Rab7-positive
endosomes (Burk et al., 2017a). In cultured DRG and motor neurons, internalized tetanus toxin
colocalizes with TrkB- containing endosomes that are positive for Rab5 or Rab7 within axons.
However, only endosomes positive for Rab7 are transported retrogradely to the soma (Deinhardt
et al., 2006). When 125|-NGF was added to distal axons of sympathetic neurons, ultrastructural
analysis revealed that 125I1-NGF mainly localized to MVBs and lysosomes in cell bodies (Claude et
al., 1982). Superior cervical ganglia neurons from a FLAG-TrkA knock-in mouse line revealed that
the majority of retrogradely transported TrkA localized to MVBs. Of MVB-localized TrkA,
approximately 70% localized to ILVs and 30% to the outer membrane of MVBs (Ye et al., 2018).
Also, phosphorylated TrkA colocalizes with MVBs in axons in vivo (Bhattacharyya et al., 2002;
Sandow etal., 2000).

However, the localization of TrkA/TrkB within ILVs would mean that receptors are insulated from
the cytoplasm. Therefore, the key question is how Trks facilitate signalling from MVBs.

So far, some studies have shed light on how receptors could signal from MVBs. The Bronfman lab
conducted a study where they followed the p75NTR receptor, a co-receptor of Trks. This study
revealed that p75NTR localizes to MVBs and is released from cells in exosomes (Escudero et al.,
2014). This mechanism has also been reported for Eph receptors. EphB2 has been found to be
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released from exosomes that are taken up by glioblastoma cells and neurons and induce tyrosine-
phosphorylation of ephrinB1and growth cone collapse (Gongetal., 2016). In this scenario, p75NTR
and EphB2 containing exosomes coming from the extracellular space would need to fuse with the
plasma membrane either of the same or another cell and be re-endocytosed. On the other hand,
the Deppmann lab found that once arriving at the soma, NGF/TrkA signalling endosomes interact
with Coronin-1, which facilitates recycling of TrkA within recycling Rab11-endosomes (Suo et al.,
2014). Further, the Ginty lab proposes that MVBs generate single-membrane vesicles from where
Trks are able to start downstream signalling and avoid lysosomal degradation (Ye et al., 2018).
While exosomes are ILVs releasedinto the cytoplasm by fusion of MVBs with the plasma membrane
(Kalluriand LeBleu, 2020), the other studies suggest a back-fusion of Trks from ILVs intothe limiting
membrane of MVBs before they are sorted into other endosomal compartments. While an
LBPA/Alix-dependent back-fusion of viruses and toxins has been reported (for review see (Bissig
and Gruenberg, 2014; Gruenberg, 2020)), back-fusion of neurotrophic receptors has not been
shown yet. However, Tomas et al. report that epidermal growth factor receptors (EGFR) also
undergo back-fusion into the limiting membrane of MVBs (Tomas et al., 2015).

In our study, we investigated retrieval of TrkA from MVBs. We performed EM and live-cell imaging
using total internal reflection fluorescence (TIRF) microscopy and found that Rab7-endosomes
extend tubular domains after stimulation with NGF. TrkA localized into these tubular
microdomains, which were observed to be pinched off. Stimulated Emission Depletion (STED)
microscopy revealed that p-TrkA then localized adjacent to small Rab7-positive endosomes.
Interestingly, we did not observe a tubulation phenotype when we followed EGFR, which also
signals from Rab7-endosomes (Ceresa and Bahr, 2006; Schmidt et al., 2003; Taub et al., 2007). To
investigate the mechanisms inducing tubulation, we studied proteins capable of inducdng
membrane curvature and have been shown to sort cargo from early endosomes. We found that
EndophilinAl, EndophilinA2 and EndophilinA3 (hence EndophilinAs) interact with TrkA but not with
EGFR. Further, EndophilinAs interact with Rab7 and WASH1 and EndophilinAs knockout MEFs
revealed aninability to tubulate Rab7-endosomes and low levels of phosphorylated TrkA.

Since the activity of Rab7-GTPase seemed to play a role, we applied our findings onto Charcot-
Marie- Tooth Disease 2B (CMT2B), a neuropathy of the peripheral nervous system, caused by
mutations within the Rab7-GTPase. We found that in CMT2B, Rab7-endosomes show disruptions
in extending tubuli that correlate with altered phosphorylation as well as with neurite length of

cultured DRG neurons. Also, EndophilinA2 showed decreased bindingto most CMT2B-mutations.

3.3 RESULTS

RAB7-ENDOSOMES FORM TUBULAR MICRODOMAINS IN DRG NEURONS

In order to study mechanisms that allow signalling from late, Rab7-endosomes, we used TIRF-
microscopy. Whenimaging DRG neurons that were transfected with RFP-Rab7 and stimulated with
NGF, we noted that many Rab7-endosomes extended tubular domains while in transport (Fig. 1A-
D). These tubulialso appearedto be pinched off, forming asmaller endosomal structure (Fig. 1B,C).
When analysing tubulation events, we found a significant increase in tubulating Rab7-endosomes
when stimulated with NGF compared to control (Fig. 1A,D). In addition to overexpression, we
performed immunocytochemistry on DRG neurons and found vacuolar-structured Rab7-
endosomes as well as Rab7-endosomes that extended tubular domains (Fig. 1E,F). To link TrkA to
tubulating Rab7-endosomes from DRG neurons, we performed colocalization experiments of
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Figure 1. Rab7-endosomes extend tubular domains after stimulation with NGF in DRG neurons. (A) TIRF-
microscopy images of DRG neurites transfected with RFP-Rab7 with or without 100ng/mL NGF. Arrowheads
point to tubulation events; red arrowheads point to movement of endosome marked in NGF; scale bar=10
um. (B,C) Time-lapse zooms of TIRF-microscopy showing Rab7-endosomes forming tubular microdomains,
pinched off over time. Time in seconds; scalebar=2 um. (D) Quantification of tubulation events per neurite,
normalized to video length p=0.05 df=50.77. Significance was determined by unpaired t-test with Welsh’s
correction, n=30images per conditionin threeindependent experiments; meantSEM, *p=0.05. (E,F) Confocal
images of DRG soma stained for Rab7. Arrowheads point at vacuolar structures (E) and tubular domains (F);
scale bar=10 um. (G) Confocal images of DRG neurons stained against TrkA and Rab7 in
unstimulated/stimulated conditions;scalebar=20 um. Pearson’s correlation coefficient of TrkA and Rab7in
DRG soma. NF vs NGF: p=0.006. Significance was determined by unpaired t-test, n=15-20 images per
conditioninthree independent experiments; mean+SEM, **p<0.01. (H) EM images of MVBs in mouse DRGs
categorized as MVB-, tubulating- or horseshoe-shaped, scale bar=0.2 um. Quantification presented as
amounts of structures in percentage of total amount of counted structures.
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endogenous Rab7 and TrkA. As reported (Saxena et al.,, 2005), we found an increase in
colocalization of TrkA to Rab7-endosomes after stimulation with NGF, suggesting that tubulating
Rab7-endosomes contain TrkA (Fig. 1G).

To determine if tubulating structures are MVBs, we performed EM of non-stimulated and
stimulated DRGs. We distinguished MVBs into three different shapes, round, tubulating and
curved/horseshoe-shaped (Fig. 1H). Of all found MVBs, from both conditions, ~21% of non-
stimulated and ~42% of stimulated conditions were categorized as normal round-shaped MVBs.
This suggests that MVBs develop, as reported, during inclusion of cargo (Cullen and Steinberg,
2018). Further, ~2% of MVBs were categorized as tubulating in non-stimulated and ~7% in
stimulated conditions, which is in line with tubulating endosomes from our live-cell imaging
approach. Lastly, to distinguish tubulating MVBs from elongated, curved MVBs, we added another
category “horseshoe” as shown in Fig. 1H. Approximately 9% of MVBs classified as elongated,
curved MVBs in non-stimulated and ~17% in stimulated conditions.

However, neuronal endosomes are rather small; the average size of endosomes we found was
approximately 0.5 um. This size and the resolution- limit of TIRF and confocal microscopy makes it
hard to study such dynamicsin neurons. To overcome this technical limitation, we used mouse
embryonicfibroblasts(MEFs), in which we overexpressed GFP-Rab7. MEFs express TrkB mRNA, the
neurotrophic receptor for BDNF, both full length and the truncated T1 form. This mRNA is
translatedinto protein and functional TrkB receptors, shown by increased phosphorylation of TrkB
following BDNF stimulation (Burk, et al., 2017a).

First, we tested if, apart from TrkB, MEFs also express TrkA and EGFR using Western Blot and
immunocytochemistry (Fig. S1A,A’,B). To ensure these receptors are functional and the
downstream machinery is present, we tested for TrkA and EGFR phosphorylation upon stimulation
(Fig.S1C,D).

Inthe next step, we testedif Rab7-endosomes alsoextend tubular domainsfollowing neurotrophic
stimulation as observed in DRG neurons. Therefore, we expressed GFP-Rab7in MEFs and followed
their dynamics in non-stimulated and stimulated conditions. Fig. 2A shows a zoom of individual
Rab7-endosomes illustrating their dynamics. In non-stimulated conditions, Rab7-endosomes
remained round endosomal vesicles that were not very mobile. However, upon stimulation with
NGF, Rab7-endosomes extended tubular microdomains as described for early endosomal sorting
platforms (Jovic et al., 2010; Seaman, 2012a; Seaman et al., 2013) and for MVBs (Cooney et al,,
2002; Inoue et al., 2015; Woodman and Futter, 2008). Interestingly, these tubular domains were
not induced following EGF stimulation (Fig. 2A lowest panel).

NGF-INDUCED TUBULATING RAB7-ENDOSOMES ARE MORPHOLOGICALLY DIVERSE

Following transfection of GFP-Rab7-WT into MEFs, we noted that tubulating Rab7-endosomes
appearedindifferentsizesand shapes. We found round structures betweenthe sizes of 0.1-1 um
and vacuolar-shaped structuresinasize range of 1->2 um (Fig. 2B upper panel, C). To exclude that
these shapes are artefacts due to overexpression, we stained forendogenous Rab7 and found the
same distribution of endosomal sizes and shapes (Fig. 2B lower panel, C). Using STED-microscopy,
we found that Rab7-endosomes contain small, intra-endosomal vesicles, which are also positive for
Rab7 (Fig. 2D). In TIRF live-imaging, where we overexpressed GFP-Rab7 together with TrkA-RFP, we
also found GFP-positive small vesicles inside the vacuolar structures (Fig. 2E), which moved around
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of TIRF-microscopy showing overexpressed GFP-Rab7 and confocal images stained againstendogenous Rab7.
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TIRF images and 0.5 um for confocal images. (C) Quantification of proportion of Rab7 vacuoles by sizein
stimulated/unstimulated conditions. (D) STED image of a MEF stained against Rab7, arrow heads point to
ILVs, scalebar=2.5 um. (E) MVB as seen in live TIRF-microscopyin MEFs overexpressing GFP-Rab7 and TrkA-
RFP; arrows point atILVs, scalebar=2 um. (F) STED image of an MVB stained againstRab7 and TrkA, arrows
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show no colocalizing punctae; scale bar=5 um (J) Representative image and quantified proportion of MEFs
overexpressing GFP-Rab7 that do not colocalize with Alexa-Fluor 647 tagged Transferrin.Scalebar=5 um. (K)
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Representative images and quantified proportions of MEFs transfected with GFP-tagged Rab7 and RFP-
tagged CD63, with or without NGF; scalebar=5 um.

(Suppl. video 1). We also performed STED microscopy to decipher if the small intra-endosomal
vesicles contain TrkA. While we did see TrkA inside vacuolar Rab7-endosomes, compared to live-
imaging, PFA-fixed cells revealed abundant TrkA outside of Rab7-endosomes, which didnot appear
in overexpression (compare Fig. 2F to 2E, and Fig. 2G to S2A showing MEFs from the same
experimentsimagedlive (Fig. S2A) and afterwards fixedwith 4% PFA (Fig. 2G)). GFP-Rab7 and TrkA-
RFP revealed a 35% co-localization (Fig. 2G,H). Interestingly, we found only 5% of immunostained
p-TrkA co-localizing with Rab7-endosomes, suggesting that p-TrkA follows a distinct route (Fig.
2G,H). Since tubulating endosomes have been associated with the recycling pathway (Jovicet al.,
2010; Naslavsky and Caplan, 2018) we tested if TrkA localizes to recycling Rab11-endosomes in
NGF-stimulated conditions. Almost no TrkA localized to Rab11-endosomes (Fig. 21). Additionally,
we tested if Transferrin, another marker of the recycling pathway, localizes to our overexpressed
Rab7-positive endosomes and found hardly any colocalizing punctae. (Fig. 2J). Next, we tested if
vacuolarRab7-structures are positive forthe MVB-marker CD63 (Fernandez-Borjaetal., 1999) and
found that almost all Rab7-vacuolar structures are positive (Fig. 2K). Taken together, tubulating
Rab7 structures are late endosomes/MVBs and not part of the recycling pathway.

Next, we tested if TrkA and EGF-receptorslocalize to Rab7-endosomes in MEFs as shownin Fig. 1G
and described for neurons (Ceresa and Bahr, 2006; Ye et al., 2018). Therefore, we co-expressed
GFP-Rab7 (both WT and the constitutively active form Q67L) togetherwith TrkA-RFP or EGFR-RFP
and analysed their localization and dynamics using TIRF microscopy. Intriguingly, we observed
various localizations, depending on the shape of Rab7-endosomes as well as the receptor present.
On first observation, we noted that TrkA localized to the limiting membrane of small round
structures (Fig. 3A,C). In vacuolar structures, TrkA was found enclosed within the vacuole (Fig.
3A,B), and rarely localized to the limiting membrane of the vacuole (Fig. 3A,D).

To further decipher the localization of TrkA, we analysed the distribution of TrkA to Rab7-
endosomes upon stimulation. In unstimulated conditions, TrkA mainly localized to small round
structures and rarely to vacuolarstructures, which enclosed TrkA. Upon stimulation, however, the
localization of TrkA shifted from small Rab7-positive structures to the much larger ring-like
structures enclosing TrkA (approx. 85% of small structures in unstimulated conditions to ~57% in
NGF-stimulated conditions and approximately 10% of TrkA localizing to ring-like structures in
unstimulated conditions to ~40% in stimulated conditions, Fig. 3B,C,D). The amount of TrkA
localizingto the limiting membrane of Rab7-vacuolar structures was very low, approximately 1.3%
in non-stimulated and 1.8% in stimulated conditions (Fig. 3A,D). Using overexpression, the overall
percentage of vacuolarstructures did not change with TrkA shiftingits localization (Fig. 3E).
Interestingly, EGFR showed different localizations compared to TrkA. When EGFR was
overexpressed with Rab7, EGFR mainlylocalized to small round Rab7-positive structures (~70% in
both unstimulated and EGF-stimulated conditions, Fig. 3F,H). EGFR localized to much higher
amounts to the limiting membrane of vacuolar ring-like structures compared to TrkA (~18% in
control and 13% in EGF-stimulated conditions, Fig. 3F,I). The numbers of enclosed EGFR within
vacuoles, both in unstimulated and stimulated conditions were much lower compared to TrkA (~5%
inunstimulated conditions and 13% in EGF-stimulated conditions Fig. 3F,G).
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Figure 3. Trk receptors localize within ring-like Rab7-endosomes. (A) TIRF-microscopyimages of MEFs co-
transfected with GFP-Rab7 and TrkA-RFP. Line histograms show TrkA within or on the rim of Rab7-vacuoles
and on top of small Rab7-structures;scalebar=2 um. (B) Quantification of proportion of TrkA localized within
largevacuolar Rab7-structures. NF vs NGF: p<0.0001. (C) Proportion of TrkA localized to small structures. NF
vs NGF: p=0.0001. (D) Proportion of receptors localized on the limiting membrane of large vacuolar Rab7-
structures. NF vs NGF: p=0.6472. (E) Proportion of Rab7-vacuoles positive for TrkA by size in
stimulated/unstimulated conditions. (F) TIRF-microscopy images of MEFs with GFP-Rab7 and EGFR-RFP. Line
histograms show EGFR within or on the rim of Rab7 vacuoles and on the rimof small Rab7-structures;scale
bar=2 um. (G) Proportion of EGFR localized withinlargevacuolar Rab7-structures. NF vs EGF: p<0.0219. (H)
Proportion of EGFR localized to small structures. NF vs EGF: p=0.6830. (1) Proportion of receptors localized on
the limiting membrane of largevacuolar Rab7-structures. NF vs EGF: p=0.4152. Significance was determined
by unpaired t-test; n=7 videos per conditionin threeindependent experiments, n=10-15 images per condition
inthree independent experiments (F); meantSEM, *p<0.05, **p<0.01, ***p<0.001.
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To testif the localization of TrkA or EGFR to or within the different structures depends on the Rab7-
GTPase activity, we overexpressed its constitutively active form Q67L. In co-expression with TrkA,
we found large amounts of TrkA within large vacuoles in unstimulated conditions, which did not
furtherincrease following NGF stimulation (approx. 45% in control and NGF-stimulated conditions
Fig. S3A,C). Additionally, the number of TrkA localizing to small round structures in unstimulated
and stimulated conditions resembled Rab7-WT stimulation with NGF (Fig. S3A,D, ~52% in both
conditions for Q67L compared to 85% in control and 57% in WT (Fig. 3A,C)). Localization of TrkA to
the limitingmembrane of vacuolar structures remained low (Fig. S3A,E). This observation suggests
that active Rab7-GTPase facilitates localization of TrkA to large, vacuolar structures.

In contrast, overexpression of Q67L with EGFR showed low amount of EGFR enclosed within ring-
like structures in both unstimulated (~5%) and EGF-stimulated conditions (~10%) as observed in
Rab7-WT co-expression experiments (Fig. S3B,C). Also, for Rab7-Q67L, we found a significant
increase in localization to the limiting membrane of ring-like structures in unstimulated and
stimulated conditions compared to Trks (approx. 5% in control and 10% in EGF-stimulated
conditions, (Fig. S3B,E). Further, Q67L revealed no increase for EGFR within small structures in
control or EGF-stimulated conditions (Fig. S3B,D). Studies on several receptors including Trks have
shown that their activation changes the activity of GTPases localizing to the endosomal
compartment the receptor is transported in (Deininger et al., 2008; Wu et al., 2014; Burk et al,,
2017b). Our findings suggest that activation of Rab7-GTPase favours the localization of TrkA to
vacuolarstructures.

TRKA BUT NOT EGFR LOCALIZE WITHIN TUBULAR DOMAINS OF RAB7-ENDOSOMES

So far, we observed two new phenotypes- Rab7-endosomes tubulate upon stimulation with NGF
but not EGF. Also, following stimulation, the localization of TrkA shifts from small Rab7-positive
structuresto be enclosed within largervacuolar structures, positive for MVB-marker CD63.

To study this tubulation phenotype in more detail, we over-expressed Rab7-constructs together
with TrkA and EGFR in MEFs and observed their dynamics in non-stimulated and stimulated
conditions.

Co-expression of TrkA or EGFR with Rab7-WT revealed two findings: First, the number of
tubulations perframe increased significantly upon stimulation with NGF (Fig. 4A,B, Suppl. Videos 2
and 3) but not with EGF (Fig. 4C,B). Second, TrkA localized within the tubular domains of Rab7-
endosomes (Fig. 4E). We did not observe this localization for EGFR (Fig. 4E).

Co-expression withRab7-Q67Lrevealed induced tubulation already inunstimulated conditions (Fig.
4A,D). On the other hand, Rab7-endosomes containing EGFR showed a low number of tubulation
events, which did not increase following EGF stimulation - neither in Rab7-WT nor in Q67L (Fig.
4B,C,D). This observation suggests that the enclosed receptorand the GTPase activity are involved
in tubulation events of Rab7-endosomes. As a control for GTPase activity, we also overexpressed
the dominant-negative Rab7-T22N construct to see if, and how, this affects endosomal structures
and tubulation. As reported previously, T22N localizes mainly to the cytosol and not to endosomal
membranes (Bucci et al., 2000). Therefore, we analysed the number of tubulating TrkA structures,
whichwe includedin aseparate panel (Fig. 4A,D second panel).
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Figure 4. Rab7-endosomes induce tubulation after NGF-stimulation and these tubuli contain TrkA. (A)
TIRF-microscopy of MEFs with GFP-Rab7 (WT, Q67L or T22N) and TrkA-RFP, with 100ng/mL NGF, scalebar=5
um. (B) Quantification of tubulation events of Rab7-WT normalized to video length. TrkA NF vs NGF p=0.0025;
TrkA NF vs EGFR NF: p=0.0081; TrkA NGF vs EGFR EGF: p<0.0001 (C) TIRF-microscopy images of MEFs with
GFP-Rab7 (WT, Q67L or T22N) and EGFR-RFP, with 100ng/mL EGF, scale bar=5 um. (D) Quantification of
tubulation events of Rab7-Q67L normalized to video length or of TrkA when co-expressed with Rab7-T22N.
TrkA NGF vs EGFR EGF: p=0.0003.Significancewas determined by one-way ANOVA with post-hoc Sidak’s; n=7
videos per conditioninthree independent experiments. (E). Zoomed TIRF images of TrkA in Rab7-tubuli and
EGFR localized to Rab7 puncta, scale bar=2 um (F) Zoom time-lapse TIRF-microscopy images of MEFs
transfected with GFP-Rab7, with or without stimulants as indicated. Arrowheads indicate TrkA leaving the
endosome via a tubulus, time in seconds; scale bar=2 pm. (G,H) Degradation assay of TrkA in MEFs after
stimulation with NGF (G) or EGF (H), band intensities were quantified and normalized to GAPDH and
timepoint 0. EGF 0 minvs EGF 180 min p=0.0016. Significance was determined by one-way ANOVA with post-
hoc Dunnett’s. (I) STED image of MEF overexpressing GFP-Rab7 stained for pTrkA, stimulated with NGF, scale
bar=5 um, meantSEM, **p<0.01, ***p<0.001.
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During analysis of time-lapse videos, we observed tubuli being pinched off, generating small
structures positive for Rab7 and TrkA. The time-lapse in Fig. 4F shows such a pinch-off: At first, it
appearsas a confined accumulation of TrkA localized within the vacuolar structure of Rab7 (Fig. 4F
timepoint 0’). Subsequently, the accumulation of TrkA divides (Fig. 4F timepoint 4’and 12°). Next,
accumulated TrkA elongates (Fig. 4F timepoint 20°and 28) and localizes to a Rab7-positive tubulus
(Fig. 4F timepoint32’). Following elongation, this tubulusis pinched off (Fig. 4F timepoint 36" and
40°).

The observation that TrkA but not EGFR localizes to tubular microdomains that are pinched off, let
us speculate if this mechanism leads to decreased TrkA, but not EGFR, degradation. To test this, we
performed time-course stimulation with NGF and EGF and Western Blots. TrkA levels remained
relatively stable (Fig.4G). EGFR levels, however, degraded over time (Fig. 4H as reported in (Bakker
et al., 2017)). We then hypothesized that retrieval of TrkA allows TrkA to signal (as observed using
EM in (Ye et al., 2018)). To test this, we used STED microscopy, and found that the C-terminal
domain of p-TrkA localizes adjacent to small, round Rab7-endosomes, suggesting that the C-
terminal domain is exposedto the cytoplasm (Fig. 4l). Taken together, our results suggest TrkA
retrieval from Rab7-endosomes via tubular microdomains, allowing TrkA to signal.

ENDOPHILINAS INTERACT WITH TRKA, RAB7 AND WASH1

So far, our results indicate that late, Rab7-endosomes tubulate upon stimulation with NGF and
release TrkA. While retrieval of the cation-independent mannose-6-phosphate receptor (Cl-M6PR)
is facilitated by Rab7, Sorting Nexins (SNxs) and Vacuolar protein sorting-associated protein (VPS)
proteins (Guerra and Bucci, 2016); recycling events through tubular domains on endosomes have
beendescribed on early endosomes (Jovicetal., 2010; Seaman, 2012a; Seamanetal., 2013).

Interestingly, EndophilinAs are similar in structure to SNxs and are also capable to induce
membrane curvature. EndophilinAs were initially discovered by screening tissues for SH3 domain-
containing transcripts. Three EndophilinAs (EndophilinA1-3 or SH3GL1-3) were identified, all
exhibiting transcripts in the central nervous system (Giachino et al., 1997). EndophilinAs play a
crucial role inthe process of endocytosis (Milosevicet al., 2011). Additionally to their SH3 domains,
which allow them to recruit proteins with prolin-rich domains (PRD), e.g. Dynamin (Meineckeet al.,
2013), EndophilinAsalso carry BAR domains, by which they can functionas membrane benders (Bai
etal., 2010;Gallop etal., 2006) similartoSNxs 1, 2,5, and 6. Several recent studieshave shownthat
EndophilinAs play arole within the endosomal system. They transientlylocalize to autophagosomes
and triple EndophilinA17;A27-;A37 (TKO) mice showed less LC3 (a marker for autophagosomes)
in brain lysates (Murdoch et al.,, 2016). In line with this, EndophilinAs are involved in
autophagosome formation at synapses (Soukup et al., 2016). In our previous study, we reported
that EndophilinAsincrease tubulation on endosomesafter stimulation with BDNF and interact with
TrkB (Burk, etal., 2017a). Therefore, we raised the question if EndophilinAs are amodulator of the
retrieval of TrkA from Rab7-endosomes.

To link EndophilinAs to cargo retrieval, we tested if EndophilinAs interact with Rab7 by co-
immunoprecipitation. By overexpressingRab7-WT, Q67Land T22N we found that upon stimulation
with NGF, EndophilinA2 interacts with Rab7-WT and Q67L but only in limited amounts with T22N
(Fig. 5A). This interaction is not occurring in the absence of NGF (Fig. S4A). Additionally, we used
live-TIRF imaging to study the localization of EndophilinAs. We found EndophilinA2 localizing to
Rab7-endosomes, upon exogenous expression (Fig. 5B). To validate these findings, we used MEFs
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from TKO mice (Burk et al., 2017a). While genotyping has been published (Burk et al., 2017a), we
also validated these MEFs using antibodies against EndophilinAl, EndophilinA2 and EndophilinA3
in control and TKO-MEFs. Staining of EndophilinAsin TKO-MEFs was significantly reduced compared
to wild-type controls (Fig. S5A,B). Next, we evaluated if Rab7-endosomes in EndophilinA TKOs
extend tubular microdomains after stimulation with NGF. As reported in Fig. 4A,B, WT-MEFs
extended tubular domains upon stimulation with NGF. In TKO-MEFs, however, Rab7-endosomes
failed to extend tubular domains following NGF stimulation (Fig. 5C,D). Following this result, we
expected the phosphorylation of TrkA to be reduced in TKO-MEFs. Staining for p-TrkA in WT-MEFs
following NGF stimulation showed an increase in p-TrkA intensity compared to non-stimulated
control, whichwe did not findin MEFs from EndophilinA TKOs (Fig. 5E,F). Interestingly, TrkA does
not undergo degradation as we suspected giventhe lack of retrieval. When perfor ming time-course
experiments as described for Figure 4 G,H, we found that TrkA remained relatively stable until 60
minutes of stimulation and then significantly increased expression levels at 120 and 180 minutes
(Fig.5G). EGFR, on the otherhand, degraded faster comparedto WT-control (significant decrease
already at 60 minutes of EGF stimulation compared to 180 minutes in WT-control Fig. 5H). Lastly,
overall morphology of Rab7-endosomes in TKO-MEFs resembled morphology of Rab7-endosomes
in WT-MEFs. Using STED microscopy, we found round, vacuolar structures containing smaller
intraluminal vacuoles that are positiveforRab7 (Fig. 51).

Next, we tested if EndophilinAs interact with proteins of the endosomal sorting machinery. It has
been shown that EndophilinAs interact with Dynamin-2 (Ross et al., 2011) and that Dynamin-2is
recruited by the WASH-complex (Nicozianietal., 2000; Derivery et al. 2010; Ross et al., 2011) . Given
that we found Rab7-endosomes tubulatingin the presence of NGF but not EGF, We performed co-
immunoprecipitation experiments and found that EndophilinAs interact with TrkA but not with
EGFR (Fig. 6A,B). To ensure specificbinding, we added two controls: co-expression of TrkA with GFP
as well as incubating the lysate to 1gG beads (Fig. 6A and Fig. S4B). Next, we performed
immunostainings of WASH1 and Rab7 in MEFs and found that plot profiles showed overlaps in the
presence of NGF but not EGF (Fig. 6C,D). When performing immunocytochemistry in DRG neurons,
colocalization of WASH1 and Rab7 significantly increased inthe presence of NGF (Fig. 6E).

To addressinteraction biochemically, we overexpressed WASH1-RFP together with EndophilinAl-,
A2- and A3-GFP in HEK293 cells and tested their interaction by co-immunoprecipitation. All three
EndophilinAs co-immunoprecipitated with WASH1, with the strongest interaction for A2 and the
weakest for A3 (Fig. 6F).

In the next step, we asked if EndophilinAs interact with SNxs, given their structural similarity. We
tested all three EndophilinAs with SNx1, SNx2, SNx5 and SNx6 but found no interaction (Fig. S6A-
D).

Finally, we examined whether EndophilinAs interact with proteins of the retromer-complex.
Therefore, we overexpressed VPS26, VPS29 and VPS35 with EndophilinAs. These approaches did
not show interaction of EndophilinAs with VPS proteins (Fig. S7A-C). Taken together, our
microscopy and biochemical results suggest that EndophilinAs interact with TrkA and WASH1 but
not with SNxs orVPS26/29/35.
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Figure 5. EndophilinA2 associates with late, tubulating Rab7-endosome complexes. (A) GFP-conjugated
beads (or IgG control beads) were used to pull down GFP-Rab7 (WT, T22N, Q67L) showing interaction with
EndophilinA2-RFP in with NGF-treated Hek293 cells (Input on the left, IP on the right). (B) Time-lapse TIRF-
microscopy images of MEFs with EndophilinA2-RFP and GFP-Rab7. Time in seconds, scale bar=0.5 um. (C)
TIRF-microscopy images of WT or EndophilinATKO-MEFs ¢ with GFP-Rab7 and TrkA-RFP, with or without 100
ng/mL NGF, scalebar=5 um. (D) Tubulation events of Rab7 in WT- and TKO-MEFs normalized to video length.
WT NF vs NGF p=0.0022; WT NF vs TKO NF p=0033; WT NF vs TKO NGF p=0.0256; WT NGF vs TKO NF p<0,0001;
WT NGF vs TKO NGF p<0.0001. (E) Confocal images of WT- and TKO-MEFs stained for pTrkA in
unstimulated/stimulated conditions, scale bar=10 um. (F) Signal intensity of pTrkA in different conditions.
Statistical significance was determined by one-way ANOVA with post-hoc Sidak’s WTNF vs WT NGF p=0.0498,
WT NF vs TKO NF p<0.0001, WT NGF vs TKO NGF p<0.0001. (G,H) Degradationassayof TrkA in EndophilinA
TKO-MEFs after stimulation with NGF (G) or EGF (H), band intensities were quantified and normalized to
GAPDH and timepoint 0 min. NGF 120 min p=0.0492, NGF 180 min p=0.0191, EGF 60 min p=0.005, EGF 120
min p=0.001, EGF 180 min p=0.0001. Significance was determined by one-way ANOVA with post-hoc
Dunnett’s. (l) STED image of EndophilinA TKO-MEF stained against Rab7, scale bar=2.5 um, meantSEM,
*p<0.05, **p<0.01, ***p<0.001.
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Figure 6. WASHL1 is involved in late receptor tubulations. (A) GFP-conjugated beads were used to pull down
GFP, EndophilinAl, A2, or A3-GFP in with TrkA-RFP co-transfected Hek293 cells (Inputon the left, IP on the
right) in the presence/absence 100 ng/mL NGF. (B) Anti-RFP-conjugated beads (or IgG control beads) were
used to pull down EGFR-RFP in with EndophilinAl, A2, or A3-GFP co-transfected Hek293 cells in the
presence/absence of 100 ng/mL EGF. (C) Immunostaining of MEFs showing WASH1 on the rim of late Rab7
vacuoles when stimulated with NGF; scale bar=20 um. (D) Immunostaining of MEFs showing WASH1 not
localizing to late Rab7 vacuoles when stimulated with EGF; scale bar=20 um. (E) Colocalization of stained
WASH1 and Rab7 increases in DRGs upon stimulation with NGF. Quantified with Pearson’s Correlation
Coefficient. Statistical significance was determined using unpaired t-test p=0.0046, n=10-15 images were
taken per condition, the experiment was performed three times, scale bar=10 um. (F) EndophilinAs co-

immunoprecipitatewith WASH1 in co-transfected HEK293 cells.
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RAB7-CMT2B MUTATIONS CAUSE DISRUPTED TUBULATION EVENTS, DEFECTS IN TRK-RECEPTOR
SIGNALLING, DECREASED BINDING TO ENDOPHILINA2 AND REDUCED NEURITE LENGTH OF SENSORY
NEURONS

CMT2B disease, a neuropathy of the peripheral nervous system affecting sensory and motor
neurons, is caused by six missense mutations in the Rab7-GTPase (Auer-Grumbach et al., 2000; De
Jongheetal., 1997; De Luca et al., 2008; Houldenetal., 2004; Meggouh et al., 2006; Saverietal,,
2020; Verhoevenetal.,2003; Wang et al., 2014). Studies on CMT2B reported disrupted sorting of
EGFR, fewer EGFRs in late endosomal compartments and disrupted EGFR downstream signalling
(BasuRay et al., 2013). Additionally, Rab7-CMT2B mutants showed prolonged phosphorylation of
TrkA and EGFR compared to Rab7-WT (Basuray et al., 2010; BasuRay et al., 2013), suggesting
disruptedreceptorsorting. To link TrkA-receptor retrieval from Rab7-endosomes via tubulation to
CMT2B, we overexpressed Rab7-WT and the four best-characterized Rab7-CMT2B mutations in
MEFs and studied theirability toinduce tubulation in the presence and absence of NGF. All tested
CMT2B constructs showed alterationsin their ability to tubulate. Rab7-K157N is unable to induce
tubular events- unstimulated tubulation is even lower than in Rab7-WT control and there is no
increase after stimulation with NGF (Fig. 7A,B). Both, Rab7-L129F and -N161T seem to
»overtubulate”. Here, tubulation events are increased compared to control but with noincrease in
tubulation following NGF stimulation (Fig. 7A,B). Finally, Rab7-V162M shows tubulation events
close to unstimulated control, which also do notincrease following NGF stimulation (Fig. 7A,B).
Next, we tested how tubulation relatesto signalling of TrkA. As shown in Fig. 4F, tubular domains
are pinched off, generating a new vesicle. Ye et al. reported in their study that single membrane
vesicles, which are generated from MVBs in sensory neurons, contain signalling-competent TrkA
(Yeetal., 2018). InFig. 41, we found p-TrkA adjacent to small Rab7-positive structures. If defects in
tubulation affect the generation of signalling competent TrkA vesicles,then CMT2B constructs that
show an inability to form tubulardomains should affect the phosphorylation of TrkA. To test this,
we expressed TrkA-, GFP- and Rab7 constructs (WT-Rab7 and CMT2B-Rab7 constructs) in HEK293
cells. Interestingly, the overexpression of Rab7 together with TrkA increased the basal
phosphorylation of TrkA (Fig. 7C, compare lane 1 and 2 (GFP) to lanes 3 and 4 (GFP-Rab7)). This
suggests that not only receptors are able to change the activity of GTPases on endosomes (compare
Fig. 3B to Fig. S3C) (Deininger et al., 2008; Wu et al., 2014; Burk etal., 2017b) butthat Rab-GTPases
also affect the activity state of receptors. Further, we found that tubulation events of Rab7
constructs reflect the levels of phosphorylated TrkA in Western Blots from HEK293 cells. We
normalized p-TrkA to Rab7, given that these were the two proteins overexpressed (e.g. low levels
of Rab7 could affect phosphorylation state of TrkA). However, total TrkA remains stable (Fig. 7C).
As with tubulation events, Rab7-WT showed a significantincrease in p-TrkA after stimulation with
NGF. Rab7-L129F and -N161T revealed overall higher p-TrkA, which did not increase in stimulated
conditions. Rab7-K157N and -V162M revealed lower levels of p-TrkA, however, Rab7-V162M
showed a significant increase following stimulation with NGF, which did not occur for K157N (Fig.
7C,D).

Since we found EndophilinAs being recruited to Rab7-endosomes (Fig. 5A,B), we tested if
EndophilinA2 binds to Rab7-CMT2B constructs. Overexpressing CMT2B constructs Rab7-L129F, -
K157N, -N161T and -V162M togetherwith EndophilinA2 revealed that EndophilinA2 does not bind
inunstimulated conditions(Fig.S8). In NGF-stimulated conditions, EndophilinA2 bound to Rab7-WT
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Figure 7. CMT2B-Rab7 mutations show abnormal tubulation phenotypes. (A) TIRF-microscopy images of
MEFs with GFP-Rab7 (WT or CMT2B mutants) with or without 100ng/mL NGF, scale bar=2 um. (B) Tubulation
events normalized to video length (n=7 videos per condition in six independent experiments). *p<0.05,
***p<0.001 (significance between each NF/NGF condition), #p<0.05, ##p<0.001 (significance between each
condition with its respective WT control). (C) Western Blot of HEK293 lysate co-expressing TrkA-RFP and GFP-
Rab7-constructs in unstimulated/stimulated conditions. (D) pTrkA band intensity normalized to Rab7 band
intensity and to WT NF. WT NF vs NGF p=0.0169; Rab7-V162M NF vs NGF: p=0.0494. (n=4 independent
experiments) (E) GFP-conjugated beads (or 1gG control beads) were used to pull down GFP-Rab7-WT and the
CMT2B mutants L129F, K157N, N161T, V162M with EndophilinA2-RFP in stimulated Hek293 cells. (Input on
top, IP onbottom.) (F) EndophilinA2-RFP IP band-intensity fromsix independent experiments, normalized to
Rab7 band-intensity. Rab7-WT vs L129F p=0.0164, Rab7-WT vs K157N p=0.0130, Rab7-WT vs V162M
p=0.0105. (G) DRGs transfected with GFP-Rab7 (WT, T22N, Q67L and CMT2B mutants, or GFP) stained for
BIlI-tubulin show decreased neuritelength in CMT2B mutants atDIV15, scalebar=100 pm. (H) Quantification
of neurite length. WT vs K157N: p=0.0002; WT vs V162M p=0.0034 (3-10 images per condition, the
experiment was performed three times). Significance was determined by one-way-ANOVA with post-hoc
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Sidak’s (B), Dunnett’s (F, H), or unpaired t-tests between each unstimulated and stimulated condition (D);
meantSEM, *p<0.05, **p<0.01, ***p<0.001.

as shown before (Fig. 5A) but showed significantly reduced bindingto three CMT2B constructs;
Rab7-L129F, -K157N and -V162M (Fig. 7E,F).

To test if the defects observed in phosphorylation of TrkA lead to effects in neurons, we
overexpressed GFP, Rab7-WT, -Q67L and -T22N, as controls, as well as CMT2B constructs in adult
mouse DRG neurons. On day in vitro (DIV) 15, Rab7-K157N and -V162M, where tubulation and
phosphorylation of TrkA was decreased, led to significantly decreased neurite length (Fig. 7G,H).
Such decrease was not observed for Rab7-L129F and Rab7-N161T, which were able to tubulate and
phosphorylate TrkA.

Taken together, Rab7-endosomes are able to retrieve TrkA. In CMT2B mutations, which show
defects in tubular domain formation, we found a decrease in phosphorylation of TrkA and
consequently, adecrease in neurite length overtime (Fig. 8A,B,C).

backfusion? |

Figure 8. Model of TrkA retrieval from Rab7-endosomes. (A) Rab7-endosomes/MVBs with TrkA within ILVs.
(B) Proposed retrieval of TrkA via tubuli in an EndophilinAs/WASH1/Rab7-dependent manner. TrkA may
undergo back-fusion tothe limiting membrane. (C) CMT2B-mutants K157N andV162M do not retrieve TrkA
via tubuli, leading to shorter neurite length. This figure was created using Servier Medical Art templates,
licensed under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.comCMT2B.

3.4 DISCUSSION

Inthis study, we reportaretrieval mechanismof TrkA from late Rab7-endosomes. Using TIRF, STED
and EM, we analysed Rab7-endosomes in the presence and absence of NGF and EGF. We found
that TrkA localizes to or within Rab7-endosomes of various sizes while EGFR localized more to the
limiting membrane of Rab7-endosomes. When stimulated with NGF but not EGF, Rab7-endosomes
extend tubular domains, in which TrkA localizes and subsequently is pinched off. This tubulation
event correlated with the phosphorylation status of TrkA. Additionally, TrkA remained stable in
time-course Western Blot experiments while EGFR levels decreased over time. In peripheral
neuropathy CMT2B tubulation events were disrupted. Disrupted tubulation events in CMT2B
correlated with phosphorylation of TrkA and with DRG neurite length.
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IDENTIFICATION OF TRK-CONTAINING RAB7-ENDOSOMES

MVBs are generally categorized using ultrastructural analysis, which allows categorization for
appearance or density (Klumperman and Raposo, 2014). Therefore, in order to determine if
tubulating, vacuolar Rab7-structures are indeed late endosomes/MVBs, we examined non-
stimulated and NGF-stimulated DRGs using EM, revealing an increase in number of MVBs upon
stimulation-that we also found tubulating. Additionally, co-expression of Rab7 together with CDE3,
a marker for ILV/MVBs (Bebelman et al., 2020; Fernandez-Borja et al., 1999) revealed
colocalization. Using STED microscopy on Rab7-endosomes, we found vacuolar structures that
contained small ILVs, positive for Rab7. Since ILVs are formed by inward budding from the limiting
endosomal membrane (Cullen and Steinberg, 2018), it is not surprising to find these ILVs positive
for Rab7. Lastly, these Rab7-positive structures were negative for Transferrin, indicating that they
are not part of the recycling pathway, despite them inducing tubular domains (Mayle, Le and Kamei,
2013). However, pinpointing the exactidentity of endosomeshas been achallenge for decadesand
for this study. While overexpressing Rab-GTPases often causes secondary effects such as mis-
localization or effects on the cells’ physiology, antibody stainings provide the challenge that Rab-
GTPase recruitment to endosomes has overlapping dynamics (Rink et al., 2005; Humpbhries et al.,
2011), makingitdifficultto determine the exactidentity of an endosome. Further, about 70% of all
endo-lysosomal structures are positive for Rab7 and Lysosomal-associated membrane protein 1
(Lamp1) (Humphriesetal., 2011). When using ultrastructural analysis, dynamicsin live cellscannot
be observed and classifying maturing endosomeson their intraluminal acidity provesto be difficult.
Therefore, our approach may also involve endosomes on the switch between Rab5 and Rab7 as
well as Rab7/Lamp1-positive endolysosomes. Nevertheless, in our study, TrkA shows no evidence
to be part of the recycling pathway as observedin (Suo etal., 2014).

RELEASE OF TRKA FROM RAB7-ENDOSOMES

The firstreceptorto be reported to shuttle fromthe trans-golgi network (TGN) to endosomes and
back was CI-M6PR. CI-M6PR-ligand complexes exit the TGN through clathrin-coated vesicles, which
subsequently fuse withendosomalstructures. Because of the low pHin late endosomes, the ligand
dissociates from CI-M6PR, allowing CI-M6PR to shuttle back to the TGN (Braulke and Bonifacino,
2009). Related to the current study, Ye et al. showed sorting of TrkA from late, Rab7-endosomes.
Here, the kinase activity of TrkA changes the dynamics of MVBs by generating single -membrane
vesicles containing p-TrkA, which avoid degradation (Yeetal., 2018), but how these vesicles evolve
remains unresolved. The evolvement of new vesicles has been shown on early endosomal sorting
into the recycling pathway via tubular microdomains. In short, early endosomes extend tubular
domains, into which cargo isrouted. Several proteins such as the WASH-complex, SNxs 1,2 and 5,
6, VPS 26, 29 and 35 facilitate cargo sorting. The trimericVPS26,29,35 retromer subdomain forms
the core functional component (cargo selective complex, CSC) (Fjorback et al., 2012; Norwood et
al., 2011; Nothwehretal., 2000; Seaman, 2012b).

SNxs carry a BAR domain, which can sense and induce membrane curvature (Carlton et al., 2004;
Frostetal., 2009; Peteretal., 2004; Van Weeringetal., 2012). They also containa phox homologous
domain (PX) that binds to PI(3)P (Ellson et al., 2002). The WASH-complex facilitates a dense
branched actin network, which generates a pulling force on the membrane and leads to the
formation of tubuli. WASH’s interaction with Dynamin finally leads to tubulus fission of the sorted
cargo inits newly-formedendosomal subdomain (Derivery et al., 2009; Duleh et al., 2010; Seaman,

2012b; Seamanetal., 2013).
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Inour previous study, wefound that EndophilinAs are recruitedto endosomal compartments upon
BDNF-stimulation, co-traffic with endosomes and induce the formation of tubuli (Burk et al.,
2017a). EndophilinAspossess an SH3domain, allowing recruitment of PRD containing proteins such
as Dynamin (Meinecke et al.,2013). In addition, EndophilinAs contain a BAR domain, which induces
and senses membrane curvature (Bai et al., 2010; Gallop et al., 2006). Therefore, we speculated
cargo retrieval from late endosomes via EndophilinA-induced tubular domains. Interestingly, we
did not find such a phenotype for EGFR. EGFR has been reported to localize to Rab7-endosomes
from where it signals (BasuRay et al., 2013; Ceresa and Bahr, 2006; Cullen and Steinberg, 2018).
This signalling cascade is terminated by degradation of the receptor, which is achieved by the fusion
of late, Rab7-endosomes with lysosomes (Bakker et al., 2017; BasuRay et al., 2013). Our
observations suggest that indeed EGFR remains in Rab7-endosomes to undergo degradation.
However, inordertosignal, EGFR should localize to the limiting membrane of Rab7-endosomes and
evidence from Tomas et al indicates that EGFR undergoes back-fusion into the limiting membrane
of MVBs (Tomas et al., 2015). Nevertheless, EGFR has also been reported to localize to ILVs,
requiring a precise spatiotemporal regulation of EGFR localization (Cullen and Steinberg, 2018).

We observed that EndophilinA is recruited to Rab7-endosomes and interacts biochemically with
TrkA but not EGFR. The absence of EndophilinAs abolishes tubulation of Rab7-endosomes as well
as phosphorylation of TrkA. Interaction of EndophilinAs with TrkB and EGFR have previously been
shown (Schmidt et al., 2003; Burk et al., 2017a). In contrast, our co-immunoprecipitation
experiments did notshow interaction of EGFR with all three EndophilinAs, whichis notinline with
(Schmidtet al., 2003). Schmidtet al. foundinteraction of EGFR with EndophilinAlin HEK293 cells
while studying therole of EndophilinAlin EGFR endocytosis. However, giving the finding that Rab7-
endosomes containing EGFR do not induce tubulation, our result of no interaction fits with the
hypothesisthat EndophilinAs retrieve Trks but not EGFR via the formation of tubular microdomans.

Inorderto link EndophilinAs to cargo retrieval, we testedinteractionswith the known components
of the endosomal sorting machinery, such as VPS-, SNx- proteins and the WASH-complex. We found
that all three EndophilinAs interact with WASH1. In terms of tubular fission, this result fits with
previous reports that WASH1and EndophilinAsrecruitand interact with Dynamin-2 (Derivery et al.,
2009; Ross et al., 2011). Interestingly, cells lacking the WASH-complex sustain a collapse of the
endolysosomal system (Derivery et al. 2010) and lack of all three EndophilinAs leads to an increase
in Rab7-proteinand an accumulation of TrkB in Rab7-endosomes (Burk et al., 2017a).

Shuttling of cargo alsoinvolves the endoplasmicreticulum (ER) (Wu etal., 2018). Endosome fission
occurs on ER-endosome contact sites and is important for recycling of cargoes and endosome
maturation. ER tubuliand endosomes establish contacts, which are also positivefor Coronin-1and
FAM21, a subunit of the WASH-complex (Rowland et al., 2014). The study of (Suo et al., 2014)
reported aninteraction of TrkA and Coronin-1, a modulatorin ER-endosome fission. This interaction
leads to recycling of TrkA via Rab11l-endosomes. Since we find Rab7-endosomes extending tubuli,
itis possiblethatthisinvolves contact sites with the ER. However, we did not find TrkA localizing to
Rabll-endosomes, suggesting that the retrieval mechanism we observe is independent of ER-
endosome contactsites.
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NGF INDUCED EXPRESSION OF TRKA IN ENDOPHILINA TKO-MEFs

Since TKO-MEFs failed to extend tubular domains following NGF-stimulation, we expected TrkA to
undergo degradation as EGFR. However, TrkA levels significantly increased at 120 minutes of NGF
stimulation (by 3-fold). Since we did not observe increased p-TrkA in NGF-stimulated TKO-MEFs
compared to control (Fig. 5E,F), this observation could result from a compensatory mechanism for
lack of TrkA retrieval. Increase of TrkB mRNA levels following exposureto BDNF in placode -derived
sensory neurons has been reported previously (Robinson, 1996), suggesting that thisincrease could
result from a positive feedback-loop. However, another possibility is a compensatory mechanism
on neuronal survival. Hippocampal neurons of EndophilinA TKO mice die fasterin culture compared
to control and are notrescued by BDNF administration, suggesting adisruption in the mediation of
the survival signalling cascade (Burk, et al., 2017a). Therefore, increase in TrkA expression could
resultfromthe inability to retrieve TrkA and mediate signalling.

TRKA RETRIEVAL IN CHARCOT-MARIE-TOOTH-DISEASE

Subsequenttoourresultsindicating defective neurotrophicreceptor retrieval, our focus shifted to
CMT2B. Several studies have linked CMT2B to impairments in growth-factor receptor endocytosis
and signalling (Basuray et al., 2010; BasuRay etal., 2013; Coglietal., 2010; Zhang etal., 2013).
Here, we report that four different Rab7-mutations causing CMT2B show different phenotypes
afterstimulation with NGF, we found changesin p-TrkA and growth defects. In addition, three out
of four CMT2B constructs showed decreased interaction with EndophilinA2. Interestingly, in 2009,
Seaman et al. linked retromer-dependent sorting to CMT2B. In this study, the authors
overexpressed Rab7-WTand Rab7-CMT2B constructs togetherwith VPS35. The authors found that
Rab7-K157N was unable to bind to VPS35 (Seaman etal., 2009). In addition, Rab7-V162M showed
no binding to VPS35, however, expression of Rab7-V162M was much lower compared to other
CMT2B constructs and excluded from analysis. While we did not find EndophilinAs binding to VPS
proteins, defects in tubular formation could be caused by reduced binding of EndophilinAs to
CMT2B-Rab7 in addition to the inability of VPS35 binding to Rab7-K157N and -potentially Rab7-
V162M.

In conclusion, Rab7-endosomes are able to retrieve or maintain specific cargo and therefore
facilitate spatial and temporal signalling cascades. Further studies on these findings will help to
shed light on stabilizing neural circuits. In addition, understanding these mechanisms may help to
elucidate the pathogenic mechanisms leadingto CMT2B.

3.5 MATERIAL AND METHODS

All research involving animals was approved by, and done in accordance with, the Institutional
Animal Care and Ethics Committees of Gottingen University (T1714) and with German animal
welfare laws, andin accordance with the Animals Scientific Procedures Act of 1986 (UK).

Cell Culture (MEFs):To generate mouse embryonicfibroblasts (MEFs), embryos wereisolated from
gestating mus musculus C57BL/6N females at embryonic day E13.5 after fertilization by male
C57BL/6N, minced, and taken into culture in complete DMEM with 10% FBS and 1%
penicillin/streptomycin at 37°C, 5% CO,. Endophilin KO MEFs (from Burk et al., 2017a) were
provided by Ira Milosevic(European Neuroscience Institute, Goettingen).
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(HEK293) (from Burk et al., 2017a): HEK 293 cells were plated in complete DMEM medium
containing 10% FBS and 1% penicillin/streptomycin and cultivated at 37 °C, 5% CO,.

Primary dorsal root ganglia (DRG) cell culture: Cover slips coated with Poly-L-Lysine and Laminin.
DRG neurons were isolated from adult BL6 mice and incubated with collagenase solution (200U/ml)
for 1 h at 37 °C. Tubes were shaken every 15 minutes. Following the collagenase treatment, a
Papain-enzyme solution was added and neurons incubated for 30 minutes at 37 °C, shaking the
tubes every 15 minutes. Eventually, the solution was exchanged by pre-warmed plating medium
(F12/DMEM, 1% penicillin/streptomycin, 10% horse serum) and 100uL of the suspension were
plated onthe prepared coverslipstoincubate for1lhat 37 °C, 5% CO,. Afterwards, wells werefilled
with an additional 400uL pre-warmed plating medium and left to incubate overnight at 37 °C, 5%
CO..

For TIRF microscopy, neurons were plated on Matek dishes and medium was exchanged on DIV1
to neuronal medium (F12/DMEM 0.5% pen/Strep, 1%Glutamax, 2%B27). DRG neurons were
transfected with lipofectamine on DIV 6 and imaged on DIV9. Cells were starved with DMEM/F12
only and subsequently stimulated with 100 ng/mLNGF.

For neurite length measurements, neurons were transfected on DIV1 with lipofectamine and
endotoxin free plasmids. After transfection the medium was replaced with pre-warmed neuronal
medium. At DIV15DRG neurons were fixed in 4% PFA for 10min and stained. Images were acquired
on a Zeiss LSM800.

Plasmids: The eGFP-Rab7-WT plasmid was generated by subcloning Rab7-WTfrom an mRFP-Rab7-
WT plasmid (from Barbara Flix) into a pEGFP-C1 plasmid (GFP-Rab7-Q67L gift from Reinhard Jahn,
Gottingen) by Hindlll and Mfel. This eGFP-Rab7-WT plasmid was cut with Aflll and Kpnl to replace
the Rab7-WT with Rab7-T22N or Rab7-Q67L from mRFP-Rab7-T22N / mRFP-Rab7-Q67L both
obtained from Barbara Flix. TrkA-RFP was a gift from Moses Chao (Addgene plasmid # 24093 ;
http://n2t.net/addgene:24093; RRID:Addgene_24093). EGFR-RFP was a gift from Philippe
Bastiaens. EndophilinA1-GFP, EndophilinA2-GFP and EndophilinA3-GFP were obtained from I.
Milosevic/P. De Camilli (Cao, M., Milosevic, I., Giovedi, S. & De Camilli, P. Upregulation of Parkin in
Endophilin mutant mice. J. Neurosci. 34, 16544-9, doi:10.1523/JNEUROSCI.1710-14.2014).
mCherry-WASH1-N-18 was a gift from Michael Davidson (Addgene plasmid # 55163;
http://n2t.net/addgene:55163; RRID:Addgene 55163). SNx1-mCherry, SNx2-mCherry, SNx5-
mCherry, SNx6-mCherry, VPS26-GFP, VPS-29-GFP, and VPS35-GFP were gifts from Pete Cullen. GFP-
Rab7-K157N and GFP-N161T were kind gifts from Cecilia Bucci, (Spinosa et al., 2008). GFP-Rab7-
L129F and GFP-V162M were gifts from Angela Wandinger-Ness, (BasuRay, Mukherjee, Romero,
Seaman, & Wandinger-Ness, 2013).

Lipofectamine transfection (for TIRF in DRGs and MEFs or neurite length measurements in DRGs).
Cells were transfected using the Lipofectamine 2000 reagent (Thermo Fisher Scientific Inc,
#11668030) accordingto manufacturer’sinstructions.Briefly, 1 ul of Lipofectamine 2000 was mixed
with 100 pl DMEM (solution A,RPMI for DRGs), while in anotherreaction tube 1 pg of the plasmid
of interest was added to 100 ul of DMEM (solution B, RPMI for DRGs). Following 5 min of incubation
of solution A atroom temperature, it was mixed withsolution Band the mix was incubated at 37°C
forone hour. Culture mediawereaspirated and replacedwith pre-warmed DMEM (RPMI for DRGs).
The transfection mix was added to each well and the cells were placed back to the incubator for 75
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min. Finally, the transfection mix was replaced with culture medium and expression was allowed
for 2-3 days (15 days for DRGs).

TIRF microscopy. Transfected MEFs were trypsinized and replated on MaTek 35mm glass-bottom
poly-d-lysine-coated tissue culture dishes. On the day of imaging, MEFs were placed in non-
supplemented DMEM on an AxioObserver Z1 TIRF microscope (Carl Zeiss) with an Evolve CCD
camera (Photometrics) using the 100X objective and imaged (5 min time-lapse recordings with
pictures taken in 4 s intervals). Subsequently, after imaging control conditions, MEFs were
stimulated with 100 ng/mL NGF or EGF, and imaged during 5 min time-lapse recordings with
picturestakenin4sintervals. Fromtime-lapserecordings, we analyzed tubulation and localization.
For figures, images have been adjusted toimprove visualization.

Immunocytochemistry. MEFs and DRGs were fixed with 4%PFA and incubated in blocking solution
(10%NHS, 5%BSA, 0.3% Triton, 25mM Glycine in PBS) for 1 h. Cells were thenincubated ovemight
in primary antibody (1:1000 unless otherwise indicated) in blocking solution at 4°C. Cells were
subsequently washedthree timesin PBS and 1:1000 dilution of secondaryantibody was applied for
2 h at room temperature. After washing with PBS, cells were stained with 0.5 pg/mL DAPI in PBS
for 10 min, consequently washed with PBS, shortly rinsed with ddH,0 and then mounted on a
coverslip using Mowiol 4-88. Immunofluorescence was performed using the following antibodies:
TrkA polyclonal rabbit antibody (Millipore, cat#06-574), EGFR (A-10) mouse monoclonal antibody
(Santa Cruz, cat# sc-373746), pTrkA Y794 polyclonal rabbit antibody (Millipore, cat# ABN1383),
PEGFR Y1068 monoclonal rabbit antibody (CellSignaling Technologies, cat# 3777), betalll-Tubulin
mouse monoclonal antibody (abcam, cat# ab78078), WASH1 polyclonal rabbit antibody (Sigma,
cat# SAB4200372), EndophilinAl mouse monoclonal antibody (Santa Cruz, cat# sc-374279),
EndophilinA2 mouse monoclonal antibody (Santa Cruz, cat# sc-365704), EndophilinA2 rabbit
polyclonal antibody (Proteintech, cat#f 27014-1-AP), EndophilinA3 mouse monoclonal antibody
(Santa Cruz, cat# sc-376592), Rab7 mouse monoclonal antibody (Cell Signaling Technologies, cat#
95746), Rab7 polyclonal rabbit antibody (Synaptic Systems, cat# 320 003). Secondary antibodies
were Alexa Fluor 546 goat anti-mouse (Thermo Fisher Scientific, cat# A11003), Alexa Fluor 546 goat
anti-rabbit (Thermo Fisher Scientific, cat# A11035), Alexa Fluor 488 goat anti-mouse (Thermo Fisher
Scientific, cat# A11001) and Alexa Fluor 488 goat anti rabbit (Thermo Fisher Scientific, cat# A-
11008). For STED, secondary labels were Abberior STAR635P anti-mouse nanobodies (Nanotag,
catalog#N1202) and Abberior STAR580goat anti-rabbit antibodies (Abberior, catalog#ST580-1002).
For confocal, images were acquired with a Zeiss LSM 800 Airyscan confocal microscope with Zen
acquisition software. STED images were taken on an Abberior QUAD scan STED microscope
(Abberior instruments GmbH, Germany) with pulsed STED lines at 775nm and 595 nm, and
excitation lasers at 485 nm, 580 nm and 640 nm. Pixel size was set to 25nm. Images were acquired
with a 100x/1.4 NA magnification oil immersion lens and processed with Imspector (Abberior
Instruments GmbH, Germany) and FlJI (https://fiji.sc/).

Electron Microscopy. DRGs were isolatedfrom adult BLE mice. Following a 30 min starvation period
in F12/DMEM, DRGs of the left side were stimulated with 200 ng/mL NGF, whereas DRGs of the
right side were simulated with PBS containing 0.1%BSA. DRGs were then fixed with 4%
paraformaldehyde and 0.5% glutaraldehydein PBS (pH 7.4) for 1 h and further fixed overnight with
2% glutaraldehydein 0.1 Msodium cacodylate buffer (pH 7.2). Subsequently, sampleswere washed
in 0.1 M sodium cacodylate buffer and treated with 1% osmium tetroxide (v/vin 0.1 M sodium
cacodylate buffer) for 1 h and afterincubation washed twicein 0.1 M sodium cacodylate buffer for
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10 min, respectively, and further in distilled water (three times for 5 min each). Next, en bloc
staining with 1% uranyl acetate (v/v in distilled water) was performed for 1 h and samples were
briefly washed three timesin distilled water. This was followed by the dehydration in an ascending
concentration series of ethanol, infiltrated and embedded in epoxy resin (AGAR-100, Plano,
Germany). The steps were as followed: 5 min in 30% ethanol/distilled water (v/v), 5 min in 50%
ethanol/distilled water (v/v), 10 min in 70% ethanol/distilled water (v/v), 10 min in 95%
ethanol/distilled water (v/v), exchanged once and incubated another 10 min in 95%
ethanol/distilled water (v/v). Afterwards the samples were incubated 3x 10 min in 100% ethanol
(waterfree). All steps were performed on ice. Subsequently, infiltration started at room
temperature (RT) with 100% ethanol (waterfree)/epoxyresin(50:50) on aturning wheel for 30 min,
followed by anotherincubation in fresh 100% ethanol (waterfree)/epoxy resin (50:50) for 90 min.
Samples were transferred to fresh 100% epoxy resin and incubated at RT overnight on a slowly
turning wheel. On the next day, the 100% epoxy resin was exchanged once, and after 6 h of
incubation the DRGs were placedin flat embedding moulds and polymerized for 48 h at 70°C. From
the curedresin blocks, DRGs were approached with afilefor ultrathinsectioning. Ultrathin sections
(70-75 nm) were cut with an UC7 ultramicrotome (Leica Microsystems, Germany) using a 35°
diamond knife (Diatome AG, Switzerland), mounted on 1% formvar-coated (w/v in water-free
chloroform) copper slot grids (ATHENE, 3.05 mm @, 1 mm x 2 mm; Plano, Germany) and
counterstained with Uranyless solution (EMS, Science Services GmbH, Germany). Thereafter,
sections were examined at 80 kV usinga JEM1011 transmission electron microscope (JEOLGmbH,
Freising, Germany) and micrographs were acquired at 6,000-x magnification with a Gatan Orius
1200A camera (GATAN GmbH, Munich, Germany, using the Digital Micrograph software package).
The DRGs were cut, and images acquired, and subsequently cut again to a deeper region of the
DRGs foranotherround of image acquisition. Grids from different DRGs were analysed blindly. The
number of MVBs per condition was counted and MVBs sorted into one of three cate gories
dependingon appearance: round structures were categorized as MVBS; round structures with an
extension were categorized as MVBs with tubulus; curved MVBs were categorized as horseshoe-
shaped MVBs (see Fig. 1H for examples).

Western Blots: Before lysis, culturedcells were starved in non-supplemented DMEMfor 20 minutes
followed by a 20 minute stimulation with the factorindicated (NGF or EGF) before being lysed with
“lysis buffer” containing 10 mM Tris/HCI, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, and 0.5% NP-40.
Protease and phosphatase inhibitors (Sigma-Aldrich, catalog #P8340) were added just prior to
application. Whole brain, liver, or cultured embryonic DRGs served as control tissues. Brain and
liver were dissected from adult BL6 mice, minced and lysed in lysis buffer. For degradation assays,
MEFs were plated onto 6 well dishes and starved in non-supplemented DMEM for 30 minutes
followed by a stimulation with either 100 ng/mL EGF or 100 ng/mL NGF for 15, 30, 60, 120, or 180
minutes. Cells were then washed with cold glucose and lysed with lysis buffer supplemented with
proteinase inhibitor and phosphor-stop. Sample concentration was quantified with a BCA kit to
determine protein levels. Samples were prepared for SDS-PAGE by adding 2x sample buffer, boiled
for 10 min and loaded on a 10% SDS-PAGE gel for Western Blotting. Gels were transferred and
developed using the antibodies listed below. Image acquisition was performed using the Odyssey
ClLx infrared scanner (Odyssey Imaging Systems, RRID: SCR_014579) and the software LI-COR®
Image Studio™ (LI-COR, Inc.). Antibodies used for Western Blotting: Rab7a polyclonal rabbit
antibody (Synaptic Systems, cat# 320 003), SNx1 monoclonal mouse Antibody (51) (Santa Cruz
Biotechnology, cat#sc-136247), SNx2 monoclonal mouse Antibody (13) (Santa Cruz Biotechnology,
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cat#t sc-136072), SNx5 monoclonal mouse Antibody (F-11) (Santa Cruz Biotechnology, cat# sc-
515215), SNx6 monoclonal mouse Antibody (D-1) (Santa Cruz Biotechnology, cat# sc-365795),
Endophilin I monoclonal mouse Antibody (B-1) (Santa Cruz Biotechnology, cat# sc-374279),
Endophilin Il monoclonal mouse Antibody (A-11) (Santa Cruz Biotechnology, cat#f sc-365704),
Endophilinlll monoclonal mouse Antibody (F-4) (Santa Cruz Biotechnology, cat# sc-376592), EGFR
(A-10) ms mAb (Santa Cruz Biotechnology, cat#sc-373746), GFP (pabg1-10) rabbit pAb (Chromotek,
cat# pabgl), RFP ms mAb (Chromotek, cat#6G6), TrkA rabbit pAb (Millipore, cat#06-574), GAPDH
ms mAB (HyTest, cat#5G4). Secondary antibodies were IRDye 800RD donkey anti-mouse, cat #925-
32210, LI-COR Biosciences (RRID: AB_2687825) and IRDye 800RD donkey anti-rabbit, cat #925-
32211, LI-CORBiosciences (RRID: AB_2651127).

Transfection with calcium phosphate (for coimmunoprecipitation). HEK293 cells were transfected
usinga calcium phosphate protocol. A transfection buffer (274.0 mM NaCl, 10.0 mM KCl, 1.4 mM
Na2HPO4, 15.0 mMGlucose) was used to prepare the transfection mix(1035uL transfection buffer,
129uL CaCl,, 20ug DNA, add ddH,0 to total volume of 2070uL). It was left to incubate at room
temperature for20minutes, before beingaddedto the culture dish dropwise. Cells were incubated
to allow for protein expression for 24-48h at 37 °C, 5% CO,.

Co-Immunoprecipitation. HEK293 cells-were transfected with RFP or GFP-tagged DNA constructs as
described above. Culture medium was aspirated and replacedwith serum-free medium (incubation
for 20 minat 37°C, 5% CO,) priorto stimulation with receptorspecificligands (100 ng/ mL NGF or
EGF; incubationfor20 min at 37°C, 5% CO,). Cells were subsequently washed once with DPBS and
lysed using 1 mL lysis buffer (10 mM Tris/ HCI pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% Nonidet
P-40). Protease inhibitors (Sigma-Aldrich, catalog #P8340) were added just before application. RFP-
Trap, GFP-Trap (ChromoTek), Protein-G-coated agarose beads incubated overnight with antibodies
as indicated, or control beads (coated withrabbit IgG, Sigma-Aldrich, catalog #A8914) were washed
3 times with “wash buffer” (“lysis buffer” without NP-40) and blocked with blocking buffer (1% w/v
BSA in wash buffer) at4°C for 1 h. Before use, lysate was taken and mixed with sample buffer for
the input control. The leftover lysate was added to the beadsfor 3 h at 4°C. The beads were spun
down and lysate was mixed with sample bufferas output control. The beads were washed 3 times
using wash buffer and mixed with sample buffer. All samples were boiled for 10 min before being
loaded ona 10% SDS-PAGE gel.

Experimental setup/statistical analysis. Statistical analysis was performed by GraphPad Prism 8.4.3
software, level of significance was set at p<0.5. For multiple-comparisons, one-way ANOVAs were
performed followed by post-hocSidak’s, Dunnett’s or Tukey’s as appropriate and indicated below.

Tubulations in DRG neurons were counted manually over the course of the time-lapse and
normalized to the length of the recording. 5-8 videos were taken per conditionand the experiment
was repeated three times (p=0.05df=50.77 unpaired t-test with Welsh’s correction).

The colocalization of TrkA and Rab7 staining in DRG neurons was determined by FlJI-coloc 2 with
Pearson’s Correlation Coefficient in a region of interest defined within the soma excluding the
nucleus. Statistical significance was determined by an unpaired t-test, comparing non-stimulated
and NGF-stimulated condition (df=99 p=0.006), 15-20 images were taken per condition and the
experiment was performed three times.
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The MVBs were counted and classified as described above. The numbers were normalized to the
total amount of MVBs counted. 2 stimulated and 3 non stimulated DRGs from one mouse were
imaged, between 4and 31 images were taken per DRG. No statistical analysis was performed as all
DRGs were from the same animal.

The intensity of the immunostaining (in Fig.S1C,D) was measured with FlJI as mean intensity of the
soma chosen as a region of interest. The intensity was normalized to the intensity of the non-
stimulated condition of each experiment, 30 pictures were taken per condition perexperimentand
the experiment was repeated three times in total (pTrkA NF vs NGF: df=254; pEGFR NF vs EGF:
df=108, p<0.0001).

The diameter of the Rab7-positive vacuoles was measuredin the TIRFimages and clustered by size.
The amounts are shown as percentage of the total number of Rab7 vacuoles counted per condition.

The amount of vesicles positive forRab7, for Rab7 and TrkA, and for Rab7 and pTrkA was counted
and normalized to the average number of Rab7 vesicles. 28 pictures were taken and analysed.
Statistical significance was determined by one-way ANOVA (p<0.0001, DFn=2, DFd=70) with post-
hoc Tukey’s (Rab7 vs Rab7/TrkA: p<0.0001, Rab7 vs Rab7/p-TrkA: p<0.0001, Rab7/TrkA vs Rab7/p-
TrkA: p=0.0125).

The vacuolar structures of Rab7 positive for Transferrin or CD63 were counted and are portrayed
as percentages of the total number of Rab7 vacuoles.

Receptors within large vacuolar structures were categorizedas ring or vacuolar structures that were
positive for the receptors. Receptors localizing to small structures were categorized as receptors
localizing to small Rab7 puncta that did not show a ring/vacuolar structure. Receptors localizing to
the limitingmembrane of large vacuoles were categorized as receptors localizing to the ou tside of
large vacuolar Rab7 structures. The localization of the receptors was assessed in one frame per
video by counting the localization of the receptor according to the categorization in a non-
stimulated condition and when stimulatedwith the respectiveligand and normalizing it to the total
number of receptor puncta perimage, presented as percentage. Seven videos were imaged per
condition, each experiment was repeated three times. Statistical significance was determined by
unpaired t-test between each unstimulated and stimulated condition. Receptors within large Rab7
vacuoles: TrkA NF vs NGF (df=44, p<0.0001); EGFR NF vs EGF (df=31, p=0.0219). Receptors within
small Rab7-WT structures: TrkA NF vs NGF (df=44 p=0.0001); EGFR NF vs EGF (df=31, p=0.6830).
Receptors on limiting membrane of large Rab7-WT vacuolar structures: TrkA NF vs NGF (df=44,
p=0.6472); EGFR NF vs EGF (df=31, p=0.4152).

The quantification of receptors within large Rab7-Q67L vacuolar structures was performed as for
Rab7-WT as described above. Statistical significance was determined by unpaired one-way ANOVA
with post-hoc Sidak’s (DFn=3, DFd=57, TrkA NF vs NGF: p=0.9921; EGFR NF vs EGF: p=0.9716; TrkA
NF vs EGFR NF: p<0.0001; TrkA NGF vs EGFR EGF: p=0.0001).

The diameters of the Rab7 vacuoles positive for TrkA were measured in the TIRF images and
clustered by size. The amounts are shown as percentages of the total number of Rab7 vacuoles
counted per condition.

Receptors within small Rab7-Q67Lstructures (DFn=3, DFd=57, TrkA NF vs NGF: p=0.9986; EGFR NF

vs EGF: p=0.9998; TrkA NF vs EGFR NF: p=1535; TrkA NGF vs EGFR EGF: p=02034).
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Receptors on limiting membrane of large Rab7-Q67L vacuolar structures (DFn=3, DFd=57, TrkA NF
vs NGF: p=0.9951; EGFR NF vs EGF: p=0.8260; TrkA NF vs EGFR NF: p=0.0022; TrkA NGF vs EGFR
EGF: p=0.0058)

To investigate the ability of Rab7-endosomes to tubulate we overexpressed WT GFP-Rab7,
dominant negative GFP-T22N, or constitutivelyactive GFP-Q67Ltogether with TrkA-RFP, EGFR-RFP
in MEFs and did live cell imaging in starving medium (DMEM only) or under the addition of the
ligands (NGF or EGF) as indicated. Tubulationevents were counted manually over the course of the
time-lapse and normalized to the length of the recording for Rab7-WT and Rab7-Q67L. As Rab7-
T22N appeared cytoplasmictubulation events were counted in the TrkA-RFP channel. Sevenvideos
per condition were imaged and analyzed in three biological repeats. Outliers were taken out by
ROUT (Q=1%); Statistical significance was determined by one-way ANOVA with post-hoc Sidak’s
between each unstimulated and stimulated condition, as well as each receptorinits unstimulated
or stimulated condition. For tubulation events of Rab7-WT (DFn=3, DFd=119, TrkA NF vs NGF
p=0.0025; EGFR NF vs EGF: p>0.9999; TrkA NF vs EGFR NF: p=0.0081; TrkA NGF vs EGFR EGF:
p<0.0001).

For tubulation events of Rab7-Q67L (DFn=3, DFd=65, TrkA NF vs NGF p=0.1887; EGFR NF vs EGF:
p=0.9240; TrkA NFvs EGFR NF: p=0.2078; TrkA NGF vs EGFR EGF: p=0.0003).

For the degradation blots in WT-MEFs, intensities of the bands were measured from three
individual experiments with technical repeats with FlIJI (https://fiji.sc/) and normalized to GAPDH
intensity and to Omin. For statistical analysis a one-way ANOVA with post-hoc Dunnett’s was
performed comparing each stimulated condition to Omin. Forthe degradation blot of TrkA (DFn=5,
DFd=77, p=0.2888). For the degradation blot of EGFR (DFn=5, DFd=30, p=0.0005, 0 min vs 15 min
p>0.999, 0 min vs 30 min p=0.9981, 0 min vs 60 min p=0.9805, 0 minvs 120 min p=0.0675, 0 min
vs 180 min p=0.0016).

For the statistical analysis of Rab7 tubulation eventsin WT-MEFs in comparison to the EndophilinA
triple knock out MEFs a one-way ANOVAwith post-hoc Tukey’swas performed. (DFn=3, DFd=140).
Seven videos per condition were imaged of three experiments. Outliers were taken out by ROUT
(Q=1%). (WT NF vs NGF p=0.0022; WT NF vs TKO NF p=0033; WT NF vs TKO NGF p=0.0256; WT NGF
vs TKO NF p<0,0001; WT NGF vs TKO NGF p<0.0001; TKO NFvs TKO N GF p>0.9999).

The intensity of the pTrkA immunostaining was measured with FlJlas mean intensity of the soma
chosen as a region of interest excluding the nucleus. 30 pictures were taken per condition per
experiment and the experiment was repeated three times in total using the same microscopy
settings For statistical analysis a one-way ANOVA was performed with post-hoc Sidak’s, outliers
were taken out by ROUT (Q=1%). (DFn=3, DFd=188, p<0.0001, WT NF vs WT NGF p=0.0498, TKO NF
vs TKO NGF p=0.9769, WT NF vs TKO NF p<0.0001, WT NGF vs TKO NGF p<0.0001).

Intensities of the bands of the TKO-degradation blots were measured from three individual
experiments with technical repeats with FlJI (https://fiji.sc/) and normalized to GAPDH intensity
and to Omin. For statistical analysis, a one-way ANOVA with post-hoc Dunnett’s was performed
comparing each stimulated condition to Omin. For the degradation blot of TrkA (DFn=5, DFd=24,
p=0.0143, 0 minvs 15 min p=0.9997, 0 min vs 30 min p=0.9773, 0 min vs 60 min p=0.8090, 0 min
vs 120 min p=0.0492, 0 min vs 180 min p=0.0191). For the degradation blot of EGFR (DFn=5,
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DFd=12, p<0.0001, 0 minvs 15 min p=0.9910, 0 min vs 30 min p=0.9828, 0 minvs 60 min p=0.0005,
0 minvs 120 min p=0.0010, 0 minvs 180 min p=0.0001).

The colocalization of WASH1 and Rab7 in DRG neurons was determined by FlJI-coloc 2 with
Pearson’s Correlation Coefficient in a region of interest defined within the soma excluding the
nucleus. Statistical significance was determined by an unpaired t-test, comparing non-stimulated
and NGF-stimulated condition (df=74, p=0.0046), 10-15 images were taken per condition and the
experiment was performed three times.

For the statistical analysis of tubulation events in Rab7-WTin comparisontothe CMT2B mutantsa
one-way ANOVAwith post-hocSidak’s was performed, testing each NF to NGF condition as well as
each CMT2B conditiontoits respective WT control (DFn=9, DFd=506). Seven videos per condition
were imaged and analysedinsix biological repeats. Outliers were takenout by ROUT (Q=1%). (Rab7-
WT NF vs NGF p=0.0003; L129F NF vs NGF p=0.9998; K157N NFvs NGF p>0.9999; N161T NF vs NGF
p=0,0508; V162M NF vs NGF p=0.9997; Rab7 WT NF vs L129F NF p=0.3115; Rab7 WT NF vs K157N
NF p=0.9615; Rab7 WT NFvs N161T NF p=0.037; Rab7 WT NFvs V162M NF p=0.999; Rab7 WT NGF
vs L129F NGF p=0.2812; Rab7 WT NGF vs K157N NGF p<0.0001; Rab7 WT NGF vs N161T NGF
p=0.0002; Rab7 WT NGF vs V162M NGF p<0.0001)

Western Blots were analyzed from four individual experiments, with technical repeats. Band
intensity was measured with EvolutionCapt and normalized to the band intensity of the
overexpressed Rab7 protein and to the WT NF condition. Significance was determined with
unpaired t-tests between each unstimulated and stimulated condition. (Rab7-WTNF vs NGF: df=5,
p=0.0169; Rab7-L129F NF vs NGF: df=6, p=0.8966; Rab7-K157N NF vs NGF: df=6, p=0.2464; Rab7-
N161T NF vs NGF: df=6, p=0.3189; Rab7-V162M NF vs NGF: df=6 p=0.0494).

Co-Immunoprecipitation was quantified from six individual experiments by measuring the band
intensity of EndophilinA2 and normalizing it to the band intensity of each Rab7 band in the IP.
Significance was determined by one-way ANOVA with post-hoc Dunnett’s comparing each
condition to Rab7-WT (DFn=4, DFd=24) Rab7-WT vs L129F p=0.0164; Rab7-WT vs K157N p=0.0130;
Rab7-WT vs N161T p=0.3028; Rab7-WT vs V162M p=0.0105)

The in vitro effect of the CMT2B mutantsin mouse DRG neurons was determined by measuring the
longest neurite of a transfected neuron using the Fiji Plugin Simple Neurite Tracer in three
independent experiments. Outliers were removed by ROUT (Q=0.1%) and statistical significance
was determined by one-way ANOVA with post-hoc Dunnett’s (DFn=7, DFd=124) compared with
Rab7-WT (Rab7-WT vs GFP: p=0.9949; Rab7-WT vs T22N: p=0.1856; Rab7-WT vs Q67L: p=0.9947;
Rab7-WT vs L129F: p=0.0642; Rab7-WT vs K157N: p=0.0002; Rab7-WT vs N161T: p=0.9974; Rab7-
WT vsV162M p=0.0034).
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Fig. S1. Trk and EGFR expression and functionality in MEFs. (A, A’) Expression of TrkA and EGFR in MEFs
using Western Blot. (B) Expression of TrkA and EGFR in MEFS usingimmunochemistry. (C) Images of pTrkA,
and pEGFR immunostaining in cultured MEFs in “no factor” (NF) untreated conditions and following
treatment with respective ligand (100ng/ml NGF or EGF) for 20 minutes; scalebar=40 um. (D) Quantification
of pTrkA and pEGFR signal in MEFS in NF and ligand stimulated conditions, normalized to NF. PTrkA NF vs
NGF: df=254, p<0.0001; pEGFR NF vs EGF: df=108, p<0.0001. Significance was determined by Student’s t-test,
n=30 images per conditioninthree independent experiments; error=SEM, ***p<0.001.

NGF

Fig. S2. TrkA-RFP expression in MEFs in live-TIRF. (A,) Representative TIRF microscopy images of MEFs co-
transfected with GFP-tagged Rab7 and RFP-tagged TrkA in the presence of NGF from the same culture as
images in Figure 2G; scalebar=10um.
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Fig. S3. Q67L induces TrkA localization within large vacuolar structures. (A, B) Representative TIRF
microscopy images of MEFs co-transfected with GFP-tagged Rab7 Q67L and RFP-tagged receptor (TrkA or
EGFR), in the presence or absence of its respective ligand (100ng/ml NGF, EGF). Line histograms show
receptors beinglocalized within Rab7 vacuoles, on the rim of Rab7 vacuoles and on small Rab7 structures;
scale bar=2um. (C) Quantification of proportion of receptors (TrkA, EGFR) localized within large vacuolar
Rab7-Q67Lstructures. TrkA NF vs EGFR NF: p<0.0001; TrkA NGF vs EGFR EGF: p=0.0001. (D) Quantification of
proportion of receptors (TrkA, EGFR) localized to small structures. (E) Quantification of proportion of
receptors localized on the limiting membrane of large vacuolar Rab7 structures. TrkA NF vs EGFR NF:
p=0.0022; TrkA NGF vs EGFR EGF: p=0.0058. Significancewas determined by one-way ANOVA with post hoc
Sidak’s;n=7 videos per conditioninthree independent experiments; error= SEM, **p<0.01, ***p<0.001.
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Fig. S8. CMT2B-Rab7 mutations do not bind EndophilinA2 in non-stimulated HEK cells. (A) GFP-conjugated
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4 DISCUSSION

The overall topicof my thesisis how the endosomal system regulates receptor signalling in axonal
growth and degeneration. In my first project, we investigated how a few guidance cues and
receptors are able to facilitate trillions of connections. In part, we answered this by the concept of
signal integration. Here, we investigated how two unrelated receptors stimulated by two different
ligands localize to the same endosomes and spatiotemporally integrate their signal to induce
neuronal growth during development. In my second project, we have shown that TrkA is retrieved
from vacuolar late endosomes by tubular microdomains enabling proper signalling in sensory
neurons. Both of these studies highlight the importance of receptor signalling from endosomesand
the receptor’s location being tightly controlled. The need for spatiotemporal fine-tuning of
signalling is apparent when looking at the limited number of guidance cues in the developing
nervous system that elicit a highly complex and specificvariety of responses.

4.1 SIGNAL INTEGRATION

The complexity of the nervous systemis directed by growth and guidance cues coordinating axons
to their targets. Though many such cues have been identified and their pathways characterized,
the majority was analyzedinisolation, looking at each cue/receptor pairindividually. However, due
to the limited number of guidance cues regulatingthe immense amount of distinct paths an axon
can take, the principle of signal crosstalk emerged. This allows a tight control over the directional
fate of the growth cone by timing, expression and localization of guidance cues and receptors. The
localization of receptors and their intracellular transport paths upon activation into different
endosomal pathways offers an extralayer of spatiotemporal control. We show that two unrelated
receptors can end up on the same endosome and influence each other’s signalling cascade via a
shared signalling node, which ends in a response greater than the simple addition of the two
individual pathways. This signal integration can be classified as synergisticsignalling and has been
shown for several other unrelated receptorsindicating that this is a common phenomenon often
overlookedinresultanalysis andinterpretation.

4.1.1 SIGNALLING NODES

Receptor crosstalk and signal integration at a shared intermediate is a common theme in
developmental signalling. Multiple guidance pathways for exampleinvolve the activity of Src family
kinase (SFK), including Sonic hedgehog (Shh), Netrin-1signalling, as well as Vascular endothelial
growth factor (VEGF) and Semaphorin 3B signalling (Morales and Kania, 2017). Netrin-1 and Shh
signal viatheirrespective receptors Deleted in Colorectal Cancer (DCC) and Brother of CDO (BOC).
Each guidance cue alone can elicit a response if its fractional change in concentration is high
enough. However, at gradients too shallow to resultin a response for each guidance cue alone,
activating both guidance cues results in a response of growth cone turning. This synergistic
response is mediated by the shared signalling on downstream signalling molecule SFK: at
concentration gradients too shallow to elicit a response of either receptor alone the combined
activation lead to pSFK polarization at the growth cone, acritical step for directional growth (Sloan
et al., 2015). Therefore, signals are integrated to a synergistic response. Signal integration may
happen at the level of the signalling node or already at the level of receptors upstream of SFK, as
we seeitfor CaSR and TrkB.
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We propose GSK3 as the signalling node of CaSR and TrkB mediated signalling for neuronal growth
indevelopment. For GSK3to function as such a critical signallingnode, its regulation has to be finely
tuned and activated differentially by different inputs. Indeed, GSK3 signalling has been shown to
be finely tuned and quite complex itself, interacting with several receptor-coupled proteins
including B-arrestins and G-proteins (Beurel etal., 2015). Dopamine-responsive GPCR D2 activation,
for example, leads to initial cAMP production, which is followed by Barrestin recruiting Akt and
GSK3 to protein phosphatase 2A. This phosphatase then dephosphorylates Akt and GSK3, thus
deactivating Akt and activating GSK3 by dephosphorylation. GSK3 drives the formation of this
complex, therefore acting in a feed-forward mechanism favoring its own activation (Beurel et al.,
2015; O’Brienetal., 2011).

Onthe contrary, inthe sustained Wnt pathway GSK3 signalling issequestered within multi-vesicular
endosomes (Taelman etal., 2010) showingthe importance of GSK3’s localization forits signalling.
Overall, GSK3 shows enough complexity in response to different cellular signals to function as a
signal integration node, combining two pathways synergistically. However, many studiesneglect to
look at tyrosine phosphorylation and the different paralogues of GSK3 namely a and B, leadingto
oversimplified interpretations of data.

4.2 THE ENDOSOMAL SYSTEM AS A SIGNAL DIVERSIFIER

As the case of GSK3 demonstrates, for signal integration to resultin signal diversification, a tightly
controlled intracellular mechanism has to be in place. This mechanism needs to keep signalling
paths distinct from oneanotheravoidinga melting pot of downstreamsignalling. Such a mechanism
can be achieved by insulating downstream signalling to distinct organelles. The endosomal system
isalready known to be of critical importance when it comes to signal dif ferentiation and regulation.
Its function as a signalling regulatoris most often demonstrated by receptor endocytosis from the
plasma membrane, by receptor re-insertion via recycling endosomes regulating signal sensitivity,
or by signal termination due to receptor degradation in the late endosomal/lysosomal pathway
(Zastrow and Sorkin, 2007). However, the endosomal system has recentlybeen shown to be critical
for signal regulation by additional pathways, as initiation and signalling from endosomes has
provided another level of spatial control as discussed below (lrannejad and Von Zastrow, 2014,
Scott-Solomon and Kuruvilla, 2018).

4.2.1 RECEPTOR LOCALIZATION TO DISTINCT ENDOSOMAL POPULATIONS

Many receptors have a preferred trafficking pathway, e.g. Plexins have mainly been found in the
recycling pathway (Pasterkamp and Burk, 2020). Recycling of receptors is initiated on early
endosomes from where some receptors (such as TfR) are recycled based on geometric tubule
recycling. Other receptors are distinctly sorted based on a specific sorting sequence, localized in
the C-Terminal domain of the receptor. This sorting sequence allows binding to specific scaffold
proteins, which help routing the receptors into their required pathways. In “sorted” recycling
pathways, the sorting sequence initiates recycling through a protein complex called retromer
(Seaman, 2012). Retromerrecognizes the cargo by itsrecyclingsequence and leads to the sorting
of the receptorintorecyclingendosomesin an actin/Snx/retromertubule-dependent fashion and
then into Rab4 or Rabll positive recycling endosomes (Cullen and Steinberg, 2018). Multiple
distinct recycling sequences have been found that recruit distinct components of the retromer
complex leading to differential sorting of these receptors. Without these C-terminal domains

receptors remain within endosomes, which undergo endosomal maturation and degradation (Burk
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et al., 2017c; Cullen and Steinberg, 2018). However, not only the sorting sequence regulates the
trafficking pathway of receptors, but also the proteins binding to such as demonstrated in the
example of TrkB during neurite growth and synapse formation: Developing hippocampal neurons
that are growing towards their targets are dependent on BDNF for survival. Activation of TrkB by
BDNF initiateslocalizationof TrkB to late Rab7 endosomes (Burk et al., 2017a). Once neurons arrive
at theirtargets, synapticconnections are formed. In order to generate mature synapticspines, TrkB
changes its trafficking route from the late endosomal pathway into the recycling pathway. This is
facilitated through binding to a small scaffold protein called Copine6, which starts to be e xpressed
at the time of synapse formation. Copine6 then binds to TrkB, facilitates recycling of TrkB to the
plasmamembrane and ensures re-activation of the TrkB signalling cascade. Via stable activation of
ERK, synapticspines mature (Burk et al., 2017b). This example shows that the sorting of receptors
into distinct pathways can depend on several factors: its sorting sequence, but also the presence of
adaptor proteinsthat can be differentiallyexpressed leading to a wide variety of trafficking routes.

4.2.2 RECEPTOR SIGNALLING FROM DISTINCT SUBCELLULAR LOCATIONS

The fact that receptors can initiate their signalling cascade from endosomes has been shown for
several receptors; both TrkA and TrkB, but also GPCRs were proven signalling-competent on
endosomes, aswell ason the plasmamembrane (Deinhardtetal., 2006; Irannejad etal., 2013; Ye
et al., 2018). The signalling outcome has been shown to be different depending on the location of
the receptor, underlining the importance of regulated localization of the receptor to subcellular
compartments (Burk etal., 2017c; Zhang etal., 2000).

CaSR has been shown to interact with cytoskeletal scaffold protein FilaminA increasing its
localization to the plasma membrane and attenuating its degradation. Further, the presence of
filaminA is required for the activation of the MAPK signalling cascade in HEK cells (Zhang and
Breitwieser, 2005). FilaminA, an actin-cross-linking protein, binds directly to the C-terminal tail of
CaSR and binds MAPK components activated by CaSR therefore bringingthem into close proximity
and establishingaconnected signalling unit (Hjalmetal., 2001).

In parathyroid chief cells, CaSR has beenreported to be predominantly located incaveolae, thought
to serve as message centers by concentrating signalling molecules, including tyrosine kinases like
EGFR and platelet-derived growth factor receptor (PDGFR), as well as downstream signalling
moleculeslike Ras and Raf-1of the MAPK pathway (Kifor et al., 1998; Schlegeletal., 1998). Whether
these signalling caveolae are also interconnected by Filamin-Ais plausible but needs confirmation
considering the wide variety of possibleinteractions and cell type specificity.

In the nervous system, several members of the GPCR family C have been found to interact with
Homer1 (Ronesi and Huber, 2008; Rong et al., 2003). In osteoblasts, CaSR colocalizes and assodiates
with Homerl in an activity dependent fashion. The Homer1/CaSR complex also binds to mTOR
Complex 2 (mTORC2), a protein kinase that activates Akt Ser/Thr kinase by phosphorylation at
Ser473. The interaction of Homerl and CaSR is essential for activation of the Akt pathway by
extracellular calcium, probably by bringing mTORC2 into spatial proximity, thus enabling signalling.
The formation of the Homer1/CaSR complex was also required for extracellular calcium mediated
signalling for survival and B-catenin stabilization, as well as differentiation in these osteoblasts
(Rybchynetal., 2019). This demonstrates that the location of CaSR and therefore the proximityand
availability of interaction partnersis critical forits signalling cascade.
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4.2.3 RECEPTOR RE-ROUTING

The signal specificity seen depending on the receptor’s location is an exciting regulator of the
downstream signalling cascade, as re-routing of receptors can lead to a change in downstream
signalling. As mentioned above adaptor proteins can lead to a re-localization of receptors. One
adaptor proteinthatis heavily involvedin the sorting and signalling of activated receptorsis GIPCL.
Luteinizing hormone receptor (LHR) and B2-adrenergic receptor (B2AR) for example undergo
distinct trafficking to separate endosomal compartments in drosophila. While B2AR traffics via early
endosomes, LHRis sorted into pre-earlyendosomes and recycled fromthere. This sorting depends
on its C-terminal interaction with the PDZ protein GIPC1 that inhibits LHR sorting to early
endosomes. When this interaction is disturbed, LHR is routed into early endosomes altering its
downstream MAPK signalling, whereas its G protein dependent cAMP signalling is not altered (Jean-
Alphonse etal., 2014). This highlightsthe significance of two processes: First, adaptor proteins need
to be available in the cell in a spatiotemporally regulated manner and second, the signalling
competencies of receptors when signalling from endosomes, as LHR’s downstream signalling is
changed uponrelocation.

Interestingly, GIPC1 has also been shown to be important for receptor sorting and signalling as it
facilitates the recycling of Plexin-D1. When localizing to recycling endosomes Plexin-D1is in close
proximity to R-Ras leading to signalling. Upon the loss of GIPC1, however, Plexin-D1 is misrouted,
causing a loss of its signalling activity and therefore defects in axonal guidance and blood vessel
developmentin mice (Burketal., 2017c).

Further, GIPC1hasalso beenimplicated in GPCR and RTK crosstalk. PDZ binding proteinsare known
to spatially cluster cytosolic proteins into protein complexes. GIPC1 has been shown to interact
with TrkA as well as with G alpha interacting protein (GAIP), a regulator of G-protein signalling
protein, bringing them into close proximity for possible interactions (Lou et al., 2001). The
overexpression of GIPC1 in PC12 cells leads to a decrease in NGF induced MAPK signalling,
indicating that GIPC1 is involved in the downstream signalling cascade of TrkA. The nature of this
involvement remains to be shown but its colocalization with pTrkA within intracellular vesides
suggests an effect during retrograde transport (Lou et al., 2001).The mechanism, how these
interactions affect NGF mediatedsignallingisnot known. While we have notinvestigate da possible
involvement of GIPC1 in signal integration of CaSR and TrkB, it is an interesting candidate worth
investigating.

What we alsofoundin our signal-integration project was co-trafficking of CaSR and TrkB upon co-
activation. This indicates another pathway: signal integration by shared translocation. TrkA and
Lysophosphatidic acid receptor 1 (LPA1) receptor synergistically activate MAPK in PC12 cells and
induce translocation of TrkA and LPA1 receptor to the nucleus (Moughal et al., 2004). This
interaction involves the classical GPCR pathway, as it is decreased upon treatment with pertussis
toxin, which inactivates G-proteins Gj,. Nontheless, how G-proteins lead to the translocation of
both receptors and whether these two receptors also interacted directly was not demonstrated.
The idea that G-proteins can influence the trafficking paths of receptors offers a novel regulation
mechanism diversifying possible signalling outcomes.
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4.2.4 ENDOSOMAL REGULATION OF LOCAL TRANSLATION

The endosomal system also allows for signal diversification and distinct regulation by its
involvement in local translation. Local translation plays an important role in axonal maintenance
and synapse formation by regulating the axonal proteome. In retinal ganglion cells, it has been
shown that RNA granules associate with Rab7-endosomes. These RNA carrying endosomes also
associate with ribosomes and are sitesof local proteinsynthesis, e.g. translatingproteins important
for mitochondrial function. Interestingly, this local synthesis is disrupted by CMT2B-causing Rab7
mutations (Cioni etal., 2019). Infungal cells, the transport of septin CDC3 encoding mRNA hitches
a ride on Rab5-positive endosomes that interact directly with kinesin (Baumann et al., 2014). The
mRNA is trafficked inacomplex withthe RNA-binding protein RRM4 and the adaptor protein UPA1
(Pohlmannetal., 2015). Ribosomes localizing to these endosomes translate all four se ptin mRNAs
that build macromolecular complexes on these endosomes (Zander et al., 2016). This local
translation provides a mechanism for distinct intracellular signalling as protein expression can be
differentiallyfacilitated by the endosomal identity.

4.2.5 SIGNALLING INSULATION BY LOCATION

As described above, intracellular organelles can also function as signal insulators as described for
GSK3 in MVBs, where GSK3 is localized into ILVs of MVBs thus isolated from the cytoplasm and
sequesteringits signalling potential (Taelman et al., 2010). Similarly, MVB formation was shown to
be involved in the NF-kB signalling in drosophila melanogaster (Huang et al., 2010). Endocytosis
and MVB formation was shown to be required for the activation of Toll signalling, possibly by
sequestrationof Cactus, a negative regulatorthatinhibits Toll translocation to the nucleus. Funnily
enough, the insulating properties of MVBs and their ILVs that allow distinct GSK3 and NF-kB
signalling, as described above, raisea critical questionin the Trk signalling field at the moment. (see
below)

4.2.6 ENDOSOMAL SIGNALLING OF TRK RECEPTORS

Trk receptors are described to undergo several distinct trafficking events in neurons. First, at the
soma, Trk receptors are endocytosed and recycled constitutively, in the absence of neurotrophins.
Upon stimulation, these Trk receptors are internalized and trafficked anterogradely to the axonin
a positive feedback loop (Ascaio et al., 2009). Second, Trk receptors localized at the distal end of
the axon are internalized upon neurotrophin stimulation. Following endocytosis, Trk localizes to
endosomes and traffics retrogradely to the soma (Howe et al., 2001; Ye et al., 2003). Lastly, Trk
receptors localizing within transport-organelles can be sorted into signalling endosomes, recyded
or degraded (Suo et al., 2014; Ye et al., 2018). Importantly, signalling of Trk has been found to be
different from the plasma membrane and from endosomal compartments (Zhang et al., 2000).
However, despite it being studied abundantly, answers to the question whether and how
endosomal sorting, trafficking and maturation influence Trk signalling as well as the identity of
functionallydistinct sets of endosomes involvedare still controversial. For example,in sympathetic
neurons survival, axonal extension and synapse formation are all NGF/TrkA dependent. How are
these distinct outcomessignalled for by the same ligand/receptor pair? Do they underlie distinct
trafficking and therefore signalling pathways of Trk?

When looking at the retrograde signalling pathway of Trks, studies have shown that the
internalizationin the distal axon and the retrograde transport are necessary for neuronal survival
and neurite outgrowth. However, the identity of the retrogradely transported signalling endosome

115



harboring active, ligand-bound Trks remains controversial despite it being the focus of many
studies. Rab5 and Rab7 positive endosomes as well as MVBs are currently favored to deliver
NGF/TrkA to the soma, a combination of all three is possible (Delcroix et al., 2003; Ye et al., 2018;
Zhang et al., 2013). Lately, MVBs have been shifted back into focus to be the Trk delivering
compartment to the soma. After its first proposal as the transporting organelle by Claude et al. it
was heavily debated (Claude et al., 1982). For example, the group of von Bartheld argued that due
to theirsize and low numbersin axons, MVBs are probably not the trafficking organelles (Altick et
al., 2009). However, it is also important to point out, that the definition of what is considered an
MVB changes slightly between studies. Altick et al. categorized organelles smaller than 250nm in
diameter as “MVB-like” organelles, of which many more underwent retrograde signalling. The
recent study of the Ginty lab, however,showed Rab7-positive endosomesto be the main trafficking
compartment of activated TrkA in sympatheticneuronsin vitro and then confirmedin EMthat TrkA
localized to MVBs. Further, the authors showed that the majority of Flag-tagged TrkA is transported
withinintraluminal vesicles of MVBs along the axonin sympatheticneurons (Ye et al., 2018). Within
these MVBs, Trk would be insulated from the cytoplasmand therefore not signalling competent. At
the soma single membrane vesicles with signalling competent Trk were reported, however how
these vesicles are generated is not known. We propose a retrieval mechanism of TrkA from late
endosomestoallow for Trk signalling.

4.2.7 RETRIEVAL OF TRK RECEPTORS

Retrieval of neurotrophicreceptors has been proposed by other groups before by several different
mechanisms. One such mechanismis viaretrograde transcytosis, which describes the recycling and
reinternalization of a receptor at the soma. Other mechanismsinclude the release of receptorsin
exosomes (ILVs released into the extracellular space following fusion of MVBs with the plasma
membrane). Following exosomerelease, receptors are thenre-insertedinto the plasma membrane
(Escuderoetal., 2014; Suo etal., 2014).

One importantaspect withinthe process of retrieval is the orientation of the receptor’s signalling
domaintothe cytoplasm. Inthe study of Ye et al. the authors nicely show that the majority of TrkA
localizestoILVs, the signalling domainisinsulated withinthe MVBs, therefore preventing access to
downstream signalling proteins. However, when TrkA was found in single membrane vesicles that
were derived from MVBs once arriving at the soma, TrkA is oriented with its signalling domain
towards the cytoplasm, makingitsignalling competent (Ye etal., 2018). This observation suggests
the needforaback-fusionmechanismof TrkA-positive ILVs with the limiting membrane of the MVB
and a subsequent budding off of the new signalling endosome to ensure TrkA’s proper orientation.
As discussed in Chapter 3, back-fusion of Trk receptors has not been shown yet and only been
suggested for EGFR (Tomas etal., 2015). Interestingly, TrkA harboring single vesicles are reported
to colocalize with retromer component VPS35, which is involved in the recycling from MVBs/late
endosomestothe Golgi (Seaman etal., 2009; Ye etal., 2018).

We show by the tubulating phenotypes after NGF stimulation that late endosomes, likely MVBs,
behave similarly to recycling endosomes, offering a mechanism of TrkA retrieval into small
endosomes facilitating signalling and evasion of lysosomal degradation. We also propose the
involvement of WASH1 and EndophilinAsin this process. EndophilinAs are mostly known for their
role in endocytosis but have been implicated in the endosomal pathway before and even show a
role in the regulation of exocytosis in chromaffin cells (Burk et al., 2017a; Gowrisankaran et al.,
2020).
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4.3 DIVERSITY OF RAB-GTPASES

Even though only few Rab-GTPases are mentioned in the above section, the mammalian genome
actually offers over 50 Rab-GTPases with many having unknown functions (Barford et al., 2017).
The most studied Rab-GTPases have beeninspectedin fibroblasts. While those Rab-GTPases have
shown to be similar in neuronal cell bodies, there are distinct differences to endosomes in axons.
For example, in somatic and dendritic early endosomes, Rab5 and its effector EEA1 are present.
However, inaxons, Rab5is associated with endosomes but without its effector EEA1 (Wilson etal,,
2000). How this change in endosome associated protein composition affects their function is not
known. Nevertheless, it has been shown that every Rab-GTPase has their distinct pool of effector
proteins, which they can associate with. This association then leads to a distinct set of signalling
endosomes depending on the Rab-GTPase attached toit. Therefore, the Rab-GTPase identityof an
endosome is a critical step in diversifying the pool of signalling endosomes. Rab-effectors cover a
wide range of endosomal functions including the tethering and fusion with other organelles, the
recruitment of cargo sorting complexesand motor proteins for the endosomaltransport, as well as
regulation of the cytoskeleton (Guerraand Bucci, 2016). Therefore, the endosomalidentity defined
by the associated Rab-GTPasesand theirinteracting effectors, is a crucial determinant for the cargo
sorting into specific carriers, the budding off and fusion with other organelles, the recycling or
degradation of cargo and its translocation to different intracellular compartments. That the identity
of the Rab-effectors playsan equally important rolein the endosomalidentity is shown for example
by the ability of both Rab5 and Rab7 to interact with retrograde dynein motors as well as with
anterograde kinesin motors, depending on the set of adaptor proteins available (Zhen and
Stenmark, 2015).

In addition, the fluidity of the system challenges any interpretation based on the observation of
one marked Rab-GTPase alone. Itis well established that maturingendosomes undergo aso called
Rab-switch, where Rab5is replaced by Rab7 leading to endosomes carrying both Rab5 and Rab7
(Rink etal., 2005). In astudy by Shearerand Petersen it was shown that organelles are often marked
by several markers. Rab5and Rab7 showed an overlap of around 50%. Of those endosomes positive
for Rab5 32% were further positive for Lamp1, whereas those positive for Rab7 also stained for
Lamp1in 74% of the cases (Shearerand Petersen, 2019). In cases of double overexpression of Rab5
and Rab7 constructs, an overlap in 14.6% of the Rab5-endosomes was reported (Vonderheit and
Helenius, 2005). However, overexpression of Rab7 and Lamp1l resulted in more than 80%
colocalization (Humphries et al., 2011). To add additional challenges, antibodies for endogenous
Rab-GTPases are of very mixed quality, whereas overexpressionof Rab-GTPases flushes the system,
potentially altering many regulatory mechanisms. Both of these caveats urge to caution when
categorizing endosomal compartments.

4.4 THE ENDOSOMAL SYSTEM IN A DISEASE CONTEXT

The importance of the endolysosomal system has recently been shifted into focus in a disease
context. Many genetic neurodegenerative disorders show mutations in proteins associated with
the endosomal system. These observations suggestacommon denominatorin these disorders and
highlights the importance of a properly functioning endosomal system (Burk and Pasterkamp,
2019). For example, mutations in Rab18 that cause Warburg Micro syndrome were shown to be
phenotypically very similar to CMT2B mutations in Rab7. Upon closer investigation, it was shown
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that Rab18 and Rab7 co-immunoprecipitate and are both associated with Lamp1-positive
lysosomes. Further, it was reported that they influence each othergenetically: Rab7 expression is
upregulated upon loss of Rab18, potentially in a compensatory fashion, suggesting a shared
pathomechanism forthe two disorders (Nian etal., 2019).

On the other hand, one mutated GTPase such as the CMT2B mutated Rab7, reveals the diverse
effects one malfunctioning proteincan have (Liu and Wu, 2017). These diverse effects demonstrate
thata small shiftin functionality ina complex, dynamic, fine-tuned system can leadto a detrimental
outcome. Studies investigating CMT2B-Rab7 have shown altered functions in receptor signalling,
transport and degradation, mitochondrial transport, autophagy, cytoskeletal binding, and lipid
metabolism (Basuray et al., 2010; BasuRay et al., 2013; Giudetti et al., 2020; Ponomareva et al.,
2016; Romano etal., 2020). This reiterates many of the studies at present have a scope too limited
to grasp the effect of the individual components and that more repetitive studies will be neededin
the future to coverthe range of effects of all the playersinvolved.

4.5 CONCLUSION

As discussed above, signal integration can lead to signal diversification if tightly controlled by an
intracellular mechanism that keeps signalling pathways distinct from one another, avoiding a
melting pot of signal convergence. This tight control can be achieved by the endosomal system. The
endosomal systemregulates signallingon acrude level by receptorinternalization and recycling to
determine signal sensitivity as well as receptor degradation for signal termination and receptor
downregulation. However, it also offers more fine-tuning mechanisms to regulate
compartmentalized signalling by restricted localization to subcellular organellesleadingto a distinct
set of interacting proteins, it also allows for restricted local translation and differential transport.
Overall, the endosomal system has been established as a critical determinant in many signalling
pathways. However, due to its complexity and fluidity we are still miles away from understanding
and detangling its many mechanisms.
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