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1Cell Biology, Neurobiology and Biophysics, Department of Biology, Faculty 
of Science, Utrecht University, 3584 CH Utrecht, The Netherlands.

General introduction

Feline W. Lindhout1
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The human brain is populated by ~1011 neurons that are highly interconnected to form 
complex neuronal networks (Azevedo et al. 2009; von Bartheld, Bahney, and Herculano-
Houzel 2016). Neurons are compartmentalized into two morphologically, structurally 
and functionally distinct domains: the axonal and the somatodendritic domain. These 
different compartments give rise to intracellular polarity within neurons, thereby enabling 
the directional fl ow of information processing in neuronal networks. The axonal domain is 
a single process originating from the soma, and is characterized by its excessive length 
and narrow width. This extreme axon morphology is accompanied by large adaptations 
of axonal substructures, which play important roles in axon functioning. A key function of 
axons is facilitating fi ring of action potentials, electrical excitation waves generated at the 
beginnings of axons and further propagated along axonal membranes. The somatodendritic 
domain, comprised of the soma and multiple dendritic processes, receives and integrates 
input coming from axons of other neurons. In neuronal networks, information transmission 
occurs at highly specialized synaptic connections between the axon and the somatodendritic 
domains of different neurons. Synapses are subdivided into distinct specialized subdomains, 
thereby displaying that polarity is also observed at the synaptic level. Specifi cally, synapses 
contain a presynaptic site located on axons, a postsynaptic site located on dendrites, and 
a narrow synaptic cleft in between. In conclusion, axon formation and functioning are key 
for establishing and maintaining neuronal polarity, which is fundamental for information 
processing in neuronal networks. This thesis aims to identify and dissect new molecular 
processes that are important for axon formation and functioning. This chapter covers a 
broad and general introduction of the key topics presented in this thesis, and specifi c 
research questions are further laid out in their corresponding chapters (Chapter 2, 3 and 4). 

Neurodevelopment
Developing neurons: insights from rodents
Important advances in understanding mammalian brain development come from a large body 
of work using rodent model systems. The development of the vertebrate brain begins with the 
folding and closing of a pseudostratifi ed epithelial sheet, the neuroepithelium, thereby forming 
the neural tube (Kelava and Lancaster 2016). The neural tube, composed of neuroepithelial 
cells, undergoes lateral expansion to later generate various structures in the central nervous 
system. After the lateral expansion of the neural tube, the neuroepithelial cells transform 
into self-renewing radial glia cells (RGCs), which leads to the thickening of the neuronal 
tissue and thereby giving rise to the ventricular zone (VZ) (Bystron, Blakemore, and Rakic 
2008). Asymmetric divisions of RGCs result in either newborn neurons or in intermediate 
progenitors (IPs), which populate the subventricular zone (SVZ) and later  differentiate into 
neurons. The immature neurons migrate towards their target location, in a process known as 
neuronal delamination (Evsyukova, Plestant, and Anton 2013; Theveneau and Mayor 2012). 
As such, the six layers of the cerebral cortex are formed following an inside-out fashion, 
in which early-born neurons fi rst form deeper layers followed by the formation of the more 
superfi cial layers. In developing brains, the process of neuronal migration highly coincides 
with axon formation and pathfi nding of neurons (Noctor et al. 2004).  
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Many studies using in vitro model systems greatly complemented our understanding of 
neurodevelopment, and particularly provided important insights in the underlying cell-intrinsic 
and molecular processes. Early studies in dissociated hippocampal and cortical rodent 
neurons in culture reported that newborn neurons proceed through fi ve neurodevelopmental 
stages (Fig 1) (Dotti, Sullivan, and Banker 1988; Powell et al. 1997). In stage 1, neurons 
appear as round symmetric cells with dynamic lamellipodia and fi lopodia structures. In stage 
2, neurons grow multiple processes of similar lengths containing dynamic growth cones. In 
stage 3 neurons, a symmetry break occurs as one of these processes shows extensive 
growth compared to the others, and will develop into an axon. Multiple studies showed that 

Figure 1. 
Neurodevelopment and centrosome functions
A. Schematic overview of the fi ve neurodevelopmental stages. Symmetric neurons with lamellipodia 
(stage 1) grow multiple non-polarized neurites (stage 2). A single neurite undergoes extensive growth 
(stage 3), the future axon, whereas the remaining neurites develop intro dendrites (stage 4). Next, 
neurons undergo synaptogenesis and further mature (stage 5).
B. Centrosomes display different functions throughout neurodevelopment. Initially, centrosomes are 
important microtubule-organizing centers (MTOCs) (stage 1 and 2), and this function is declined as 
centrosomes transform into cilia during ciliogenesis (stage 4 and 5). This developmental transition 
occurs in stage 3 neurons, but the exact timing in relation to the process of axon formation is unknown.
C. Indication of the developmental timing from neurogenesis (stage 1) to mature neurons 
(stage 5) in rodents and humans. Data is based on transplanted human and mouse induced 
pluripotent stem cells (iPSC)-derived neurons in mouse brains (Espuny-Camacho et al.
2013; Maroof et al. 2013; Nicholas et al. 2013; Linaro et al. 2019).
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this extensive growth relies on drastic changes in the local cytoskeleton of the future axon, 
which specifi cally employs microtubule stabilization and actin depolymerization (Yu and 
Baas 1994; Bradke and Dotti 1999; Geraldo et al. 2008; Witte, Neukirchen, and Bradke 
2008; Neukirchen and Bradke 2011; Zhao et al. 2017). Accordingly, the formation of multiple 
axons is observed when inducing microtubule stabilization using pharmacological treatments 
in stage 2/3 neurons (Witte, Neukirchen, and Bradke 2008). The observed microtubule 
stabilization in growth cones is accompanied with increased local actin dynamics, further 
implying that a controlled interplay between these different cytoskeletal components is at 
play in developing axons (Zhao et al. 2017). In stage 4 neurons, the remaining neurites will 
transform in dendrites, and further mature as dendrites undergo extensive arborization. 
Finally, in stage 5, neurons will undergo synaptogenesis, which involves the formation of 
specialized synaptic connections between neurons. These synapses generally arise between 
axonal boutons, swellings along the axon shaft or terminals, and dendritic shafts or spines, 
typically mushroom-shaped protrusions at dendrites (Fig 2). These neurodevelopmental 
stages identifi ed in in vitro rodent neurons largely coincide with neurodevelopment in vivo, 
thereby indicating that these developmental processes are mostly driven by cell-intrinsic 
mechanisms. In developing brains, the temporal coordination of the neuronal migration and 
transition through neurodevelopmental stages is steered by the structural organization and 
molecular composition of neuronal tissues (Stoeckli 2018). In conclusion, studies in rodent 
model systems reveal that the development of complex neuronal networks is orchestrated 
by cell-intrinsic neurodevelopmental stages, which are further guided by extracellular 
processes in highly organized neuronal structures.

Developing neurons: insights from humans
Most insights in neurodevelopmental processes come from studies using non-human model 
systems (e.g. rodents, zebrafi sh, fl ies, worms). Many basic principles of brain development 
are found to be conserved throughout evolution. However, the human brain also shows 
striking anatomical differences compared to other species. This is mostly highlighted by 
a larger cortex containing gyri and sulci, which is accompanied with increased cognitive 
functions in humans (Emery and Clayton 2005; Pollard et al. 2006). Humans and other 
larger-brained species (e.g. ferrets, sheep, cats, and apes) contain an additional cortical 
layer, the outer subventricular zone (oSVZ), which is populated by the primate-specifi c outer 
radial glia cells (oRGCs), a subtype of neuronal precursor cells (Fish et al. 2008; Fietz et 
al. 2010; Hansen et al. 2010; Reillo et al. 2011; Dehay, Kennedy, and Kosik 2015; De Juan 
Romero and Borrell 2015). Also at the single-cell level, there are similarities as well as 
profound differences between the development of human and non-human neurons. Similar 
to rodents, human neurons also proceed through the fi ve neurodevelopmental stages that 
were fi rst identifi ed in dissociated rodent neuron cultures (Dotti, Sullivan, and Banker 1988; 
Powell et al. 1997; Lancaster et al. 2013) (Chapter 2). However, there are also human-
specifi c morphologies observed in neurons, as marked by larger spine sizes and more 
complex dendritic arborization compared to non-human primates (Benavides-Piccione et al. 
2002; Defelipe 2011).
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Another particularly striking feature of human neurodevelopment, is the signifi cant prolonged 
development of human neurons compared to non-human neurons (Fig 1). Multiple studies 
reported that human neurogenesis in vitro occurs at slower rates, as this process takes 
about 1 week when derived from mouse embryonic stem cells (ESCs) and more than 3 
months when derived from human ESCs (Gaspard et al. 2008; Shi, Kirwan, and Livesey 
2012; Espuny-Camacho et al. 2013). This is consistent with the observed neoteny of the 
human neocortex, as in vivo neurogenesis also takes about 1 week in mice and upon 120 
days in humans (Sousa et al. 2017). Likewise, induced pluripotent stem cells (iPSC)-derived 
neuronal stem cell (NSC) cultures from mouse and human with the exact same culture 
conditions showed that neurogenesis was initiated after 2 days in mice and only after 3 
weeks in humans (Espuny-Camacho et al. 2013). This protracted development in humans 
is also reported to occur during NSC expansion prior to neurogenesis, as human NSCs 
are subjected to signifi cantly more cell cycles before they undergo neuronal differentiation 
(Espuny-Camacho et al. 2013). Remarkably, these temporal developmental differences 
are still observed when comparing more closely related species. Neurogenesis occurred 
at a signifi cant slower phase in iPSC-derived cells derived from human and chimpanzee 
compared to those from macaque, consistent with in vivo development (Otani et al. 2016). 
Moreover, these and these temporal species-specifi c differences were even maintained 
in co-cultures of human and macaque neurons (Otani et al. 2016). Neurodevelopment of 
human and chimpanzee neurons is overall highly similar, however, human NSCs showed 
prolonged transition time between prometaphase and metaphase (Mora-Bermudez et al. 
2016). Also at later neurodevelopmental stages, human neurons continue to mature at 
slower rates, as cortical neurons reach mature adult-like stages in years whereas this takes 
a few months in macaque neurons (Huttenlocher 1979; Huttenlocher et al. 1982; Somel 
et al. 2009; Petanjek et al. 2011; Liu et al. 2012). Moreover, transplanted human iPSC-
derived neurons in chimera mouse brains take about 9-12 months to fully develop, whereas 
this takes about 4 weeks for mouse iPSC-derived neurons (Espuny-Camacho et al. 2013; 
Maroof et al. 2013; Nicholas et al. 2013; Linaro et al. 2019).

In summary, fi rst insights begin to elucidate unique hallmarks of human neurodevelopment, 
however, the precise differences in neurodevelopment between human and other species 
remain largely unknown. This is mostly due to technical challenges, as access to living 
or post-mortem human brain tissues is limited. Nevertheless, with the development of 
neurons derived from human iPSCs it is now possible to overcome these limitations, and 
more insights in human-specifi c processes during neurodevelopment begin to emerge 
(Lancaster et al. 2013) (Chapter 2 and 3).

Axons: specialized structures and functions
Axon morphology
Axons are comprised of a unique morphology, marked by their excessive length and small 
diameter. These extreme axon lengths are necessary, as axons often need to reach long 

Proefschrift Feline Lindhout_17x24_20200908.indd   13 08-09-20   20:19



1

14

distances to innervate target structures that are not in close proximity to their cell bodies. 
To illustrate this, axons can grow up to ~1 meter in humans, which is longer than the 
total size of most commonly used model organisms for neurodevelopmental studies (e.g. 
rodents, zebrafi sh, fl ies, worms) (Cavanagh 1984). These unique axon morphologies are 
accompanied with drastic adaptations of organelle structures and cytoskeletal organizations, 
such as the endoplasmic reticulum (ER) and the microtubule network. Additionally, axons 
are comprised of typical axon-specifi c structures, including an axon initial segment (AIS) 
and presynaptic boutons, to execute its function.

The axon initial segment
An essential component for axon structure and function is the AIS, a specialized compartment 
localized at the base of the axon that separates the axon from the somatodendritic domain. 
The AIS is thought to act as an important diffusion barrier that is indispensable for selective 
cargo transport, and is critical for neuronal polarity (Leterrier 2018). Another important 
function of the AIS is the generation and shaping of action potentials, which is facilitated by 
the local clustering of voltage-gated sodium and potassium channels (Kole et al. 2008). The 
highly organized AIS structure is formed by the coordinated assembly of specifi c proteins, 
including scaffolds (i.e. AnkyrinG), cytoskeletal components (i.e. Trim46), membrane-
associated proteins and ion channels (i.e. voltage-gated sodium and potassium channels) 
(Leterrier 2018; Freal et al. 2019). New insights in the highly temporal controlled process of 
AIS assembly are presented in Chapter 2.

The axonal microtubule network
The unique microtubule cytoskeleton organization in axons is important for long-range 
transport, and drives axon specifi cation and outgrowth (Neukirchen and Bradke 2011; 
Stiess and Bradke 2011; van Beuningen and Hoogenraad 2016; Schelski and Bradke 
2017). Microtubules are highly dynamic and polarized structures, typically built by 13 
protofi laments that each contain α-tubulin and β-tubulin heterodimers (Mitchison 1993; 
Desai and Mitchison 1997). The axonal microtubule network is characterized by a uniform 
microtubule organization with all plus-ends oriented distal to the soma, a plus-end out 
orientation, which is highly conserved throughout species (Baas, White, and Heidemann 
1987; Baas et al. 1988; Stepanova et al. 2003; Stone, Roegiers, and Rolls 2008; Goodwin, 
Sasaki, and Juo 2012; Maniar et al. 2011; Yau et al. 2016). This is distinctive from the 
microtubule organization in dendrites, which exhibits mixed orientations with ~50% plus-
end and ~50% minus-end out microtubules in rodent and human neurons, and an uniform 
minus-end out organization in invertebrate neurons (Baas et al. 1988; Stepanova et al. 
2003; Stone, Roegiers, and Rolls 2008; Goodwin, Sasaki, and Juo 2012; Maniar et al. 2011; 
Yau et al. 2016) (Chapter 2). These differences in the axonal and dendritic microtubule 
organization underlie polarized cargo transport and are therefore a key aspect of neuronal 
polarity and functioning. In stage 2 neurons, the microtubule cytoskeleton is similarly 
organized in all the multiple nonpolarized neurites, and is marked by mixed orientations of 
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~80% plus-end and ~20% minus-end out microtubules (Yau et al. 2016). Thus, during the 
transition of unpolarized neurons (stage 2) to polarized neurons (stage 3), the microtubule 
cytoskeleton drastically reorganizes in both axons and dendrites, and new insights 
underlying this process are presented in Chapter 3.

The axonal ER network
The ER is the largest organelle in neurons and other cell types. It is a highly dynamic structure 
that undergoes continuous remodeling, while the continuity of the structure remains intact. 
The ER network is composed of perinuclear ER sheets and peripheral ER tubules, which 
typically refl ect rough and smooth ER, respectively. The rough ER contains ribosomes and 
is involved in protein translation. Instead, the smooth ER lacks ribosomes and does not 
contribute to protein translation, but acts as a key regulator of Ca2+ homeostasis, signaling, 
and lipid synthesis and delivery. Axons primarily contain smooth ER, and the structure of 
axonal smooth ER differs signifi cantly from other smooth ER structures (Yalcin et al. 2017; 
Wu et al. 2017; Terasaki 2018). The unique axonal ER structure is characterized by thin 
ER tubules at the shaft, with 1 or 2 tubules per axon diameter, and local ER cisternae at 
presynaptic boutons (Yalcin et al. 2017; Wu et al. 2017; Terasaki 2018). The importance of 
the axonal ER network is illustrated by axon degeneration diseases (i.e. hereditary spastic 
paraplegia and  amyotrophic lateral sclerosis) caused by mutations in generic ER proteins 
(Hazan et al. 1999; Zhao et al. 2001; Nishimura et al. 2004; Zuchner et al. 2006; Montenegro 
et al. 2012; Esteves et al. 2014; Yalcin et al. 2017). This includes proteins that facilitate 
ER tubule formation (e.g. atlastin-1, reticulon-2, receptor expression-enhancing protein 
1 (REEP1), receptor expression-enhancing protein 2 (REEP2)) or act as ER receptor 
(vesicle-associated membrane protein(VAMP)-associated protein B (VAPB)) (Hazan et al. 
1999; Zhao et al. 2001; Nishimura et al. 2004; Zuchner et al. 2006; Montenegro et al. 
2012; Esteves et al. 2014; Yalcin et al. 2017). All these identifi ed ER proteins are highly 
evolutionary conserved and essential for ER formation and function throughout different 
cell types. It remains largely unclear why the dysfunction of these important ER proteins 
is specifi cally associated with axonopathies. Nevertheless, it implies that the unique 
axonal ER structures, which are highly adapted to the extreme axonal morphologies, are 
particularly susceptible for structural ER perturbations. Accordingly, emerging evidence is 
starting to elucidate the implication of local ER structure and dynamics in axon function 
(Ozturk, O’Kane, and Perez-Moreno 2020) (Chapter 4).

Role of centrosomes in developing neurons
Transitions of neurodevelopmental stages, including axon formation, are accompanied with 
drastic changes in cell morphologies that are steered by large cytoskeletal remodeling 
(Neukirchen and Bradke 2011; Stiess and Bradke 2011; van Beuningen and Hoogenraad 
2016; Schelski and Bradke 2017). A particularly important organizer of the cytoskeleton is 
the centrosome, the predominant microtubule-organizing center (MTOC) in cells. Although 
the precise role of centrosomes during specifi c neurodevelopmental processes is still 
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under debate, emerging evidence begins to elucidate the importance of centrosomes for 
development of neurons (Nano and Basto 2017; Meka, Scharrenberg, and Calderon de 
Anda 2020).

Centrosome composition and function
Centrosomes are small and non-membranous organelles localized at the cell center of most 
animal cells, where they act as the main MTOC (Fig 1). Centrosomes are composed of a 
pair of centrioles surrounded by a highly organized meshwork of more than 100 proteins, 
the pericentriolar material (PCM) (Karsenti et al. 1984; Bobinnec et al. 1998; Nigg and Raff 
2009; Sonnen et al. 2012; Mennella et al. 2012). The centriole pair displays an orthogonal 
organization, where each individual centriole consists of nine sets of polymerized tubulin 
fi laments (Anderson 1972). Most microtubules in cells are nucleated from γ-Tubulin Ring 
Complexes (γTuRCs) embedded in the PCM, thereby giving rise to the characteristic radial 
microtubule networks in cells (Moritz et al. 2000). Thus, centrosomes play a key role in 
generating and organizing microtubule arrays in cells, by locally generating and anchoring 
microtubules at cell centers. In addition to their well-described MTOC function, centrosomes 
are also involved in other cellular processes, such as actin cytoskeleton organization, 
intracellular signaling and protein homeostasis (Conduit, Wainman, and Raff 2015; Farina 
et al. 2016; Vora and Phillips 2016). Moreover, in differentiating cells, centrioles gradually 
lose their function as MTOC as they transform and assemble into cilia, which lack yTuRC 
complexes and typically mediate non-microtubule organizing functions (Figure 1) (Ishikawa 
and Marshall 2011). There are two types of cilia: motile cilia and primary cilia. In the brain, 
motile cilia are present in multi-ciliated ependymal cells, where they are important to 
direct the fl ow of cerebrospinal fl uid (CSF) (Klos Dehring et al. 2013; Al Jord et al. 2014). 
Whilst primary cilia are essential signaling hubs in the brain, as they act as receptors for 
developmental signals such as sonic hedgehog (Shh) and Wnt (Shimogori et al. 2004; 
Simons et al. 2005; Corbit et al. 2005; Rohatgi, Milenkovic, and Scott 2007; Wallingford and 
Mitchell 2011; Taverna, Gotz, and Huttner 2014).

Role of centrosomes during axon formation and neurodevelopment
In neuronal stem cells and unpolarized neurons (stage 1 and 2), centrosomes still act as 
an MTOC, but they lose this function during further development (Fig 1) (Tsai and Gleeson 
2005; Stiess et al. 2010; Meka, Scharrenberg, and Calderon de Anda 2020). From studies 
in dissociated rodent neuron cultures it was found that this process occurs during axon 
formation in stage 3 neurons, although the exact developmental timing is unclear (Stiess 
et al. 2010). Removing centrosomes in stage 3 neurons, thus when their MTOC functions 
are declined, did not affect further outgrowth of the specifi ed axon (Stiess et al. 2010). 
Nevertheless, it is poorly understood if centrosomes play a role, possibly as MTOC, in the 
process of axon specifi cation, and new insights in these processes are presented in Chapter 
3. Previous studies showed that centrosome positioning was found to correlate with sites 
of newly emerging axons, which could hint for a possible functional role of centrosomes in 
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axon specifi cation (Zmuda and Rivas 1998; de Anda et al. 2005). Also, the importance of 
centrosome function at early neurodevelopmental stages prior to axon formation begins 
to emerge. This is mostly illustrated by the increasing number of identifi ed mutations in 
centrosome proteins that are causative for microcephaly in humans, a neurodevelopmental 
disorder marked by smaller brains and declined cognitive functions (Nano and Basto 2017). 
Multiple studies indicated that these reduced brain sizes upon centrosome dysfunction 
typically refl ect an immature cortex, which is largely attributed to a reduction of the NSC pool 
at the ventricular zone (Nano and Basto 2017). In normal conditions, the developmental 
expansion of the NSC pool is accomplished by multiple rounds of symmetric cell divisions 
of NSCs, a process highly controlled by centrosome function and positioning (Taverna, 
Gotz, and Huttner 2014). With symmetric cell divisions of mammalian NSCs, the spindle 
pool and the cleavage plane are positioned perpendicular to the ventricular zone, resulting 
in two equal daughter cells that remain their NSC fate (Shitamukai and Matsuzaki 2012). 
Contrarily, asymmetric cell divisions of mammalian NSCs lead to neuronal differentiation of 
at least one of the daughter cells (Rhyu, Jan, and Jan 1994; Jan and Jan 1998; Liu et al. 
2010; Knoblich 2010; Taverna, Gotz, and Huttner 2014). Malfunctioning centrosomes are 
accompanied with increased asymmetric cell divisions of NSCs during early development, 
resulting in premature neuronal differentiation and a decreased NSC pool (Lancaster et al. 
2013; Nano and Basto 2017). However, it remains to be addressed if these prematurely 
differentiated neurons, despite centrosome dysfunction, can subsequently follow normal 
neurodevelopment and form functional axons. Notably, for unclear reasons, human 
neurodevelopmental disorders caused by dysfunctional centrosomes are often poorly 
recapitulated in other species. In fact, full centrosome removal in Drosophila did not reduce 
brain size, unlike observed with microcephaly in humans, and both centrosome dysfunction 
or centrosome amplifi cation in Drosophila could lead to brain tumor formation (Basto et 
al. 2006; Basto et al. 2008; Castellanos, Dominguez, and Gonzalez 2008; Poulton, 
Cuningham, and Peifer 2017). Additionally, in mouse models the autosomal recessive 
primary microcephaly (MCPH) disorder often shows milder phenotypes compared to 
humans (Pulvers et al. 2010). Together, these studies indicate that centrosomes may display 
human-specifi c functions during neurodevelopment, thereby highlighting the relevance of 
investigating these processes in human neurons (Chapter 3). 

Molecular mechanisms for presynaptic function
The synaptic vesicle cycle
Neuronal communication relies on Ca2+-dependent neurotransmitter release at the active 
zone, a complex molecular compartment at the presynaptic membrane. The active zone 
is directly opposing the postsynaptic site that is enriched for neurotransmitter receptors, 
thereby facilitating effi cient neurotransmission at synaptic contacts. Presynaptic boutons 
are densely packed with synaptic vesicles containing neurotransmitters. Release of these 
neurotransmitters occurs via a highly coordinated local recycling process known as the 
synaptic vesicle cycle, and the sequence of events during this process are well-described 
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(Fig 2) (Sudhof 2004; Rizzoli 2014). First, neurotransmitter uptake by synaptic vesicles 
is mediated by local transporters inserted in synaptic vesicle membranes. Second, the 
synaptic vesicles are recruited and docked to the presynaptic membrane at the active zone. 
Third, synaptic vesicles are primed at the active zone as they come in close proximity to 
the plasma membrane, which is critical to effi ciently facilitate the subsequent exocytosis 
required for fast neurotransmission. Fourth, an incoming action potential drives the 
opening of voltage-gated Ca2+ channels at the active zone, resulting in a local Ca2+  infl ux. 
This is followed by Ca2+-dependent exocytosis of synaptic vesicles primed at the active 
zone, a process mediated by Ca2+ sensor proteins that trigger the presynaptic release 
machinery. This leads to the release of the synaptic vesicle content into the synaptic cleft. 
The neurotransmitters will subsequently bind to receptors at the postsynaptic membrane 
to further transmit the signal. Meanwhile, the synaptic vesicle membrane is retrieved and 
refi lled with neurotransmitters to replenish the local pool of synaptic vesicles at the axonal 
bouton, and to restore the presynaptic membrane after synaptic vesicle fusion. The local 
recycling of synaptic vesicles at single synapses is critical to facilitate fast and continuous 
neurotransmission.

The role of ER for presynaptic function
The distinctive axonal ER network forms unique structures at synapses, as recently 
uncovered by high resolution imaging studies (Wu et al. 2017; Yalcin et al. 2017). 
Specifi cally, at presynaptic boutons, the axonal ER tubules are organized into characteristic 
small cisternae and networks, localized near the plasma membrane opposite of the active 
zone (Wu et al. 2017; Yalcin et al. 2017). Similar to axonal ER, the presynaptic ER is 
exclusively comprised of ribosome-lacking smooth ER and likely carries out smooth ER 
functions (Yalcin et al. 2017; Wu et al. 2017; Terasaki 2018). Emerging evidence is starting 
to elucidate the importance of presynaptic ER for Ca2+-induced neurotransmitter release 
(Skehel et al. 1995; Summerville et al. 2016; De Gregorio et al. 2017; de Juan-Sanz et 
al. 2017). In Drosophila, perturbed axonal ER structures, induced by loss of ER shaping 
proteins, is accompanied with signifi cant decreased neurotransmitter release (Summerville 
et al. 2016; De Gregorio et al. 2017). In rodent neurons, neuronal transmission coincides 
with increased ER Ca2+ levels locally at presynaptic sites, and it is suggested that the 
presynaptic ER buffers Ca2+ to modulate presynaptic function (de Juan-Sanz et al. 2017). 
New insights in the role of presynaptic ER structure and dynamics in modulating the synaptic 
vesicle cycle are presented in Chapter 4 and the fi ndings of this chapter are discussed by 
others (Bezprozvanny and Kavalali 2020; Ozturk, O’Kane, and Perez-Moreno 2020).

Scope of this thesis
Axon formation and functioning are critical for establishing neuronal polarity and facilitating 
neurotransmission, respectively, which are both fundamental aspects of information 
processing in neuronal networks. This thesis aims to dissect molecular machineries 
important for axon formation and axon functioning, by using multi-disciplinary approaches 
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Figure 2. 
The synaptic vesicle cycle
A schematic illustration of a synaptic contact formed between the axon and a dendrite of different 
neurons. The zoom represents a detailed overview of a synapse composed of a presynaptic site 
present at the axon, a postsynaptic site present at a dendrite, and a synaptic cleft in between. The 
presynaptic site is populated by synaptic vesicles containing neurotransmitters as well as specialized 
structures, such as the presynaptic endoplasmic reticulum (ER) network. When an action potential 
is present at a presynaptic site, voltage-gated Ca2+ channels will open. This results in a Ca2+ infl ux 
that drives the endocytosis of neurotransmitter-containing synaptic vesicles at the presynaptic 
membrane. The neurotransmitters are released in the synaptic cleft and bind to the postsynaptic 
receptors. Meanwhile, the synaptic vesicle membrane is recycled from the presynaptic membrane 
and refi lled with neurotransmitters to replenish the local pool of neurotransmitter-containing synaptic 
vesicles. The role of the dynamic presynaptic ER structure during this highly coordinated process of 
synaptic vesicle recycling remains elusive.

and carefully selected model systems. The work in this thesis provides new insights in 
cytoskeletal-mediated mechanisms that underlie axon formation in human neurons, which 
marks one of the fi rst steps in establishing neuronal polarity. By focusing on the functioning 
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of mature axons, this thesis uncovers new roles for the ER in modulating presynaptic 
function. 

In Chapter 2, the dynamic transition of early neurodevelopmental stages in human iPSC-
derived neurons are quantitatively and qualitatively profi led at a molecular and cellular level. 
This also includes a detailed characterization of axonal and dendritic microtubule remodeling 
processes in developing human neurons. By investigating the sequential processes during 
axon formation in human neurons, we demonstrate that initial axon formation follows 
a global distal-to-proximal reorganization in growing axons. Chapter 3 provides new 
insights in the role of centrosomes during the onset of axon formation in human neurons. 
Centrosomes display MTOC functions during this initial axon developmental process, and 
this is particularly important for dynamic microtubule remodeling in growing axons and 
subsequent axon functioning. In Chapter 4, we explore the implication of ER structure and 
dynamics in presynaptic function. We report a specifi c interaction between ER receptor VAP 
and the newly identifi ed VAP-associated protein SCRN1. The VAP-SCRN1 interactions are 
indispensable for ER integrity and remodeling as well as Ca2+-induced synaptic vesicle 
recycling. Finally, Chapter 5 concludes this thesis by placing the key results in a broad 
perspective and by laying-out important research questions for future perspectives.
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ABSTRACT 
The differentiation of neuronal stem cells into polarized neurons is a well-coordinated 
process which has mostly been studied in classical non-human model systems, but to 
what extent these fi ndings are recapitulated in human neurons remains unclear. To study 
neuronal polarization in human neurons, we cultured hiPSC-derived neurons, characterized 
early developmental stages, measured electrophysiological responses, and systematically 
profi led transcriptomic and proteomic dynamics during these steps. The neuron transcriptome 
and proteome shows extensive remodeling, with differential expression profi les of ~1,100 
transcripts and ~2,200 proteins during neuronal differentiation and polarization. We also 
identifi ed a distinct axon developmental stage marked by the relocation of axon initial 
segment proteins and increased microtubule remodeling from the distal (stage 3a) to the 
proximal (stage 3b) axon. This developmental transition coincides with action potential 
maturation. Our comprehensive characterization and quantitative map of transcriptome and 
proteome dynamics provides a solid framework for studying polarization in human neurons.

INTRODUCTION 
Neuronal development is a complex multistep process in which neurons undergo dramatic 
morphological changes, including migration, axon outgrowth, dendritogenesis, and synapse 
formation. Much of the fundamental knowledge about neuronal development is based on 
experimental studies in non-human model systems, such as Drosophila, C. Elegans, mice 
and rats (Zhao and Bhattacharyya 2018). However, to what extent the knowledge obtained 
in animal models can be extrapolated to human neuronal development remains largely 
unclear. Moreover, analysis of human-specifi c characteristics is hindered by the diffi culty 
in obtaining human brain tissue. The generation of human induced pluripotent stem cells 
(iPSCs) has provided a critical step forward for studying the development and function of 
human neuronal cells. 

In recent years, many labs have used human iPSC-derived neuronal cultures to study 
fundamental neurobiological questions. This has contributed to our understanding 
of processes such as neuronal polarity, spine development and synaptic plasticity in 
human cells. For example, human iPSC-derived model systems have been used to 
study dynamic changes in gene expression during early neurogenesis, and to study 
polarization of neuronal progenitors (Compagnucci et al. 2015; Grassi et al. 2020). In 
addition, human synaptic transmission and plasticity have been studied at single cell 
level in hiPSC-derived neurons, and human-specifi c protein functions have been shown 
to regulate excitatory synaptic transmission specifi cally in human neurons (Meijer et al. 
2019; Marro et al. 2019). These examples illustrate how the use of human iPSC-derived 
neurons as a model system can lead to novel fi ndings for human neurodevelopment.

One of the classic model systems to study neuronal development are dissociated rat 
hippocampal neurons,  developed by Banker and collaborators (Dotti, Sullivan, and Banker 
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1988). These neurons undergo fi ve well-defi ned developmental stages, transforming 
from round, spherical cells to fully mature, polarized neurons (Craig and Banker 1994). 
First, the symmetric young neuron forms small processes (stage 1) and multiple neurites 
(stage 2). Next the cells undergo polarization, where one neurite is specifi ed as the axon 
(stage 3), while the remaining neurites will further develop into dendrites. The axon rapidly 
extends and further matures by the formation of the axon initial segment (AIS) (Leterrier 
2018). The AIS is required for generating action potentials (APs) and maintaining neuronal 
polarity. In addition to the classic AIS component Ankyrin-G (AnkG), the microtubule 
binding protein Trim46 also localizes to the AIS and is critical for axon formation by forming 
parallel microtubule bundles in the proximal axon (van Beuningen et al. 2015; Gumy et al. 
2017; Harterink et al. 2018). As the neuron matures, the developing axons and dendrites 
undergo signifi cant morphological and molecular changes and form dendritic spines 
(stage 4-5), which allow for the formation of synaptic contacts and the establishment of 
functional neuron-to-neuron interactions (Harris and Kater 1994; Fletcher, De Camilli, and 
Banker 1994; Grabrucker et al. 2009). In depth proteomic analysis of primary rat neurons 
in culture have identifi ed a number of specifi c pathways and unique protein profi les that 
contribute to various aspects of neurodevelopment processes (Frese et al. 2017). Proper 
characterization and quantitative profi ling of transcriptome and proteome dynamics is 
essential to study the specifi c neurodevelopment events in human iPSC-derived neuronal 
cultures, including early developmental changes such as neuronal polarization and axon 
specifi cation.

In this study, we performed extensive characterization of the early developmental stages 
of hiPSC-derived neurons by immunocytochemistry, electrophysiology, RNA sequencing, 
and stable isotope labeling combined with high-resolution liquid chromatography-tandem 
mass spectrometry (LC-MS/MS). We established transcriptomic and proteomic profi les 
of the early developmental stages (stage 1-3), comprising 14,551 transcripts and 7,512 
protein identifi cations, of which we assessed 1,163 and 2,218 factors that showed 
differential expression, respectively. These transcriptomic and proteomic profi les point 
to the importance of microtubule cytoskeleton remodeling in the early stage of neuronal 
development. Combining this framework with additional methods such as genetic 
manipulation and live-cell imaging allowed us to investigate the cellular and molecular 
processes during neuronal polarization and axon outgrowth. Specifi cally, we identifi ed a 
distinct, previously unrecognized developmental stage during early axon development, 
characterized by the reorganization of the axonal microtubule network and relocation of 
AIS proteins from the distal to proximal axon. The transition through these early axon 
developmental stages coincided with the time window in which maturation of action 
potentials occurred.  Together, our study provides a quantitative description of transcriptomic 
and proteomic profi les of hiPSC-derived neuron cultures, which is a rich resource for 
further analyses of critical signaling pathways during early human neurodevelopment.
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RESULTS
Characterization of developmental stages in human iPSC-derived neurons
We fi rst systematically assessed if the human iPSC-derived neurons proceed through the 
initial neurodevelopmental stages, which have previously been described in dissociated 
rat neurons (Dotti, Sullivan, and Banker 1988). The hiPSC-derived neuron cultures were 
obtained by neuronal induction of neuronal stem cells (NSCs) and maintained up to ~15 days 
(Axol Bioscience, Protocol Version 5.0, Human iPSC-derived Neural Stem Cells). hiPSC-
derived neurons were transduced with FUGW-GFP lentivirus to visualize cell morphologies, 
and immunostained at different timepoints (day 1, 5 and 14) for proliferation marker Ki67 
and NSC marker Nestin to identify NSCs (stage 1), neuron specifi c markers ß3-Tubulin and 
MAP2 to identify differentiated neurons (stage 2), and AIS markers AnkG and Trim46 to 
identify polarized neurons (stage 3) (Fig 1A,B). The presence of these markers indicated a 
clear developmental transition over time: stage 1 NSCs (~day 1) differentiated into stage 2 
neurons with a characteristic neuronal morphology (~day 5), and subsequently developed 
axons containing AIS structures (~day 14) (Fig 1C-E). Accordingly, axon width showed 
a developmental decrease over time, whereas dendrite width remained relatively stable 
(Fig S1A,B). These observations indicate that hiPSC-derived neurons have a relatively 
prolonged development compared to dissociated rat neurons, consistent with the protracted 
development of the human brain (Dotti, Sullivan, and Banker 1988; Petanjek et al. 2011). 
This further supports the emerging evidence showing species-dependent differences in 
developmental timing of human and non-human neurons in vivo and in vitro (Shi, Kirwan, 
and Livesey 2012; Espuny-Camacho et al. 2013; Nicholas et al. 2013; Otani et al. 2016; 
Linaro et al. 2019). We further analyzed the structural AIS organization in axons of hiPSC-
derived neurons by quantifying the average fl uorescence intensity profi les of Trim46 and 
AnkG (Fig 1F,G). Consistent with previous reports in dissociated rat neurons, we found that 
Trim46 and AnkG localization largely overlapped, with the peak of AnkG intensity located 
~6 µm more distally than the peak Trim46 intensity (Fig 1F,G) (van Beuningen et al. 2015). 
The AIS structure was also enriched for voltage-gated sodium channels (NaV), which 
strongly overlapped with AnkG structures (Fig S1C). In summary, these data demonstrate 
that human iPSC-derived neurons follow the characteristic sequence of developmental 
stages during neuronal polarization, which occurs at a relatively slower rate than non-
human neurons.

Action potential fi ring of polarized human iPSC-derived neurons
To determine whether the polarized human iPSC-derived neurons are able to fi re APs, we 
performed whole-cell patch clamp recordings of stage 3 neurons. We observed AP fi ring 
upon positive somatic current stimulation in nearly all cells (59/61). Neuronal excitability 
was quantifi ed as the number of APs in response to increasing current stimuli (steps of 
5 pA; 400 ms) in 54 neurons (Fig 1H,I). Of these, 22 neurons (41%) fi red multiple times 
upon higher current stimulation, while 32 neurons (59%) fi red only once independent of 
stimulus strength (Fig S1D). Neurons that fi red one AP showed more immature intrinsic 

Proefschrift Feline Lindhout_17x24_20200908.indd   34 08-09-20   20:19



Quantitative mapping of transcriptome and proteome dynamics during polarization of human iPSC-derived neurons

2

35

cell properties, including depolarized resting membrane potential, lower input resistance, 
smaller maximum sodium currents and smaller after-hyperpolarization (Fig S1E-H). 
Spontaneous AP fi ring or incoming spontaneous synaptic responses were only observed in 
a few neurons (4/22). This is in line with previous studies reporting that synapse formation 
typically starts around two weeks after neuronal induction in human iPSC-derived neurons 
(Zhang et al. 2013). Together, the immunofl uorescence and electrophysiology data indicate 
that human iPSC-derived neurons develop functional axons after neuronal polarization.

Transcriptomic profi ling of developing human iPSC-derived neurons
To assess global changes in gene expression during differentiation and neuronal 
polarization, we next performed an unbiased, in-depth analysis of the transcript expression 
profi les during early neuronal development. To this end, we collected human iPSC-derived 
neurons at the previously described developmental stages and monitored mRNA expression 
changes using quantitative population-based transcriptome analysis. The synchronized 
differentiation and relatively slow development of these cultures enabled us to select time 
points at which particular stages manifested in the majority of the cells. The cells were 
sampled for RNA analysis at days 1, 3, and 7, corresponding to stage 1, the onset of stage 
2, and the onset of stage 3, respectively. At the same days, we collected samples for in-
depth proteome analysis, which is discussed below. In two biological replicates with each 
two technical replicates, we identifi ed transcripts corresponding to 14,551 genes by RNA 
sequencing (Table 1, Fig S2A). Of these, 9,655 transcripts were successfully quantifi ed 
at all time points and normalized to reads per million for further analysis (Table 2). As 
expected, most genes with signifi cantly altered expression were found between day 1 
and day 7: 614 genes were downregulated and 549 genes were upregulated at day 7 
compared to day 1 (FDR <0.05  (Yoav Benjamini and Yosef Hochberg, 1995)) (Table 3, Fig 
2A, Fig S2B). Gene ontology (GO) enrichment analysis of downregulated genes indicates 
that many of the top enriched GO terms relate to processes involved in cell proliferation, 
such as DNA replication, cell cycle, and cell division (Table 4, Fig 2B). Upregulated genes 
correspond to several cellular components and biological processes including nervous 
system development, neuron projection, and axonogenesis (Table 4, Fig 2C). Consistently, 
upregulation of many neurodevelopmental-related and axonogenesis-related genes was 
previously observed in differentiating mouse embryonic stem cells (ESCs) and iPSCs as 
well as human ESCs (Wu et al. 2010; Chen et al. 2013). Interestingly, upregulated genes 
also showed enrichment of several GO terms related to the microtubule cytoskeleton (Fig 
2C). Among the highly downregulated genes were several proliferation factors, such as 
SOX2, NOTCH1, and OTX2 (Table 3). Furthermore, the chromokinesin motor proteins 
KIF4a and KIF22, involved in cell proliferation by regulating spindle microtubule dynamics 
during mitosis, were downregulated (Almeida and Maiato 2018; Bisht, Tomschik, and Gatlin 
2019). Conversely, genes of several neuronal and axonal kinesins are upregulated, including 
KIF1a, KIF5c, and KIF21b (Table 3) (Hirokawa and Tanaka 2015). Additionally, the neuron-
specifi c tubulin TUBB3 and the axonal microtubule associated protein MAPT are upregulated 
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(Table 3). The dynamic shift in the transcriptome refl ects a population-wide transformation 
from proliferating cells to terminal differentiating cells with intrinsic neuronal properties, and 
highlights changes in the microtubule cytoskeleton expression profi les at the onset of stage 3.

Proteomic profi ling of developing human iPSC-derived neurons
In addition to transcriptome analysis, we assessed gene expression on the translational 
level by performing mass spectrometry based quantitative proteomics. We collected 
samples for proteome analysis on the same days as described above for RNA sequencing. 
We identifi ed 7,512 proteins in two replicates and quantifi ed 5,620 proteins across all three 
time points (Table 5, Fig S2C). Of these, 2,218 proteins showed a changed expression profi le 
during differentiation and neurodevelopment. We assessed the global proteome changes 

Figure 1. 
Successful and protracted transition of early developmental stages in human iPSC-derived 
neurons
A. Schematic illustration and timing of neurodevelopmental stages 1, 2 and 3 in human iPSC-derived 
NSCs/neurons.
B. Representative images of stage 1 (day 1), 2 (day 5) and 3 (day 14) hiPSC-derived NSCs/neurons. 
Cells were subjected to FUGW-GFP lentivirus and immunostained for NSC markers Nestin and Ki67, 
or neuron markers β3-Tubulin and MAP2, or AIS markers AnkG and Trim46. Outline of cells was 
defi ned by the FUGW-GFP signal. Scale bar: 15 µm in overview, 5 µm in zooms.
C. Quantifi cations of percentage of human iPSC-derived NSCs positive for Ki67 or Nestin at 1, 5 or 
14 days in culture. N=2, n=100-109 cells. 
D. Quantifi cations of percentage of human iPSC-derived neurons positive for β3-Tubulin or MAP2 at 
1, 5 or 14 days in culture. N=2, n=100-109 cells.
E. Quantifi cations of percentage of human iPSC-derived neurons positive for AnkG or Trim46 at 1, 5 
or 14 days in culture. N=2, n=100-109 cells. 
F. Representative image of a polarized human iPSC-derived neuron immunostained for MAP2, 
Trim46 and AnkG. Zoom represents the AIS structure. Scale bar: 20 µm in overview, 5 µm in zoom.
G. Quantifi cations of average normalized fl uorescent intensity profi les for Trim46 and AnkG at 
proximal axons (n=9) of human iPSC-derived neurons (day 15), distances are normalized to Trim46 
peak intensities.
H. Left: Schematic illustration of the experimental electrophysiology setup. To determine AP 
frequency, somatic current injections from -10 pA to 50 pA (steps of 5 pA, 400 ms) were applied. 
Right: Representative example of evoked AP fi ring in a human iPSC-derived neuron, response to 
hyperpolarizing and two depolarizing current steps, recorded at day 14. Insert: fi rst AP to minimal 
(rheobase) current injection. 
I. Phase plot of a single AP of a human iPSC-derived neuron that fi res multiple APs recorded at day 
14.
NSC: neuronal stem cell, AIS: axon initial segment, AP: action potential. Used tests: Chi-square test 
(day 1 vs. day 14) (C-E); *** p<0.001; error bars are ± SEM. 
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by unsupervised clustering, and identifi ed six clusters with distinct expression profi les (Fig 
2D,E; Table 5). Proteins in clusters 1, 2, and 3 were upregulated, and proteins present in 
cluster 4, 5, and 6 were downregulated during early neuronal development. Moreover, many 
proteins within specifi c clusters showed overlap in functions (Fig 2D,E; Table 5). Cluster 1 
contains proteins that show a slight increase from day 1 to day 7. GO enrichment analysis 
revealed enrichment of several terms related to neuronal differentiation and intracellular 
transport mechanisms, which refl ects cell-autonomous remodeling of molecular processes 
(Fig 2D, Table5). One of the upregulated proteins in cluster 1 is KLC1, a subunit of the 
microtubule motor protein, which was found to be required for neuronal differentiation from 
human embryonic stem cells (Killian et al. 2012). The AIS protein Trim46, which is known 
to regulate neuron polarity and axon specifi cation by controlling microtubule organization 
during development, was also found in this cluster (van Beuningen et al. 2015). Furthermore, 
this cluster contains Camsap1, Camsap2 and Camsap3, proteins which localize to the 
minus ends of microtubules to stabilize them, thereby regulating neuronal polarity (Jiang et 
al. 2014). Proteins in cluster 2 present a considerable increase in relative expression from 
day 3 to day 7, which coincides with the onset of axon formation and development (stage 
3). Accordingly, enriched GO terms include proteins associated with neuronal development, 
axonogenesis, and other axon-related mechanisms (Fig 2D). Similarly, the GO terms 
neuronal development, axon, and synapse were also upregulated during differentiation 
of immortalized human neural progenitor cells (Song et al. 2019). Among the highly 
upregulated proteins in this cluster are several members of the Septin family: neuronal-
specifi c Sept3, Sept5, and Sept6 (Table 5). Although mechanistic insights remain unclear, 
emerging evidence implicates Septins as potential factors for establishing neuronal polarity 
(Falk, Boubakar, and Castellani 2019). Septins interact with actin and microtubule networks 
and could affect neuronal polarity by regulating cytoskeleton dynamics (Spiliotis 2018; Falk, 
Boubakar, and Castellani 2019). Sept6 specifi cally is suggested to play a role in axonal 
fi lopodia formation as well as in dendritic branching, and its increased expression coincides 
with axonal outgrowth (Cho et al. 2011; Hu et al. 2012). Moreover, examples of proteins with 
the highest relative expression in this cluster are DCX, Tau, Ncam1, Basp1, Snap91, and 
Syt1, which are generally considered to be neuronal differentiation and polarization markers 
(Table 5). These data confi rm the neuronal identity of the human iPSC-derived cells, and the 
presence of cellular machinery involved in axon development. Cluster 3 represents proteins 
with increased expression from day 1 to day 3, and minimal changes in expression from day 
3 to day 7. This cluster comprises proteins enriched in GO terms that are associated with 
cell metabolism and (re)localization of intracellular and extracellular components, which 
correspond to substantial changes in the cellular proteome (Fig 2D). Proteins in this cluster 
that show differential expression from day 1 to day 3 include Sox4 and Sox11, both members 
of the SoxC transcription factor family (Table 5). These factors are involved in neurogenesis 
and their expression induces subsequent expression of neuron-specifi c genes (Kavyanifar, 
Turan, and Lie 2018). Also represented in this cluster are Arpc2 and Arpc4, subunits of the 
Arp2/3 complex. The Arp2/3 complex mediates actin polymerization and is required for 
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formation of lamellipodia and fi lopodia as well as axon guidance (Chou and Wang 2016). 
Clusters 4, 5, and 6 encompass proteins that are downregulated during the differentiation 
of NSCs into polarized neurons. GO analysis of these clusters reveals that they contain 
proteins involved in intracellular metabolism and homeostasis, genomic translation, the 
cell cycle, and biosynthesis of amino acids and peptides (Fig 2E). Downregulation of 
DNA replication and cell cycle-related proteins is also reported to coincide with terminal 
differentiation in neuroblastoma cells and with development of cultured rat neurons (Murillo 
et al. 2017; Frese et al. 2017). These results suggest that the overall proteome dynamics 
are indicative of cellular processes such as cell cycle exit and neuronal differentiation.

Comparison of transcriptomic and proteomic profi les of developing human 
iPSC-derived neurons
To compare the transcriptome and proteome dynamics, we performed correlative analysis 
of the relative RNA and protein expressions on day 7 compared to day 1 (Table 6). Based 
on their annotated gene names we were able to compare the expression dynamics of 
7,021 factors. Of these, 4,536 followed the same trend for transcriptomic and proteomic 
expression changes, and overall, we found a signifi cant correlation between the relative 
transcriptomic and proteomic expression profi les (Fig 2F). In agreement with the observed 
immunofl uorescence, typical stem cell markers (NOTCH1, SOX2, MKI67, LIN28A, OTX2, 
and NES) showed a downregulation of both RNA and protein levels during neuronal 
differentiation. RNA levels as well as protein levels of typical neuron markers (DCX, ENO2, 
SYP, MAP2, STMN1, and TUBB3) and of axonal markers (TRIM46, MAPT, BASP1, ANK3, 
NCAM1, GAP43, and NFASC) displayed a marked increase during neuronal development 
(Fig 2G,H). Through quantitative analysis of transcriptomic and proteomic dynamics we 
were able to characterize human iPSC-derived neuronal differentiation and identify early 
neurodevelopmental processes in an unbiased manner. This quantitative map of neuronal 
transcriptome and proteome dynamics provides a rich resource for further analyses and 
may identify molecular mechanisms  involved in neuronal polarity and axon specifi cation.

Identifi cation and characterization of intermediate stages during axon 
specifi cation
Transcriptomic and proteomic profi ling of developing neurons revealed that axonal 
components are upregulated after ~7 days, and assembled AIS structures were detected 
at proximal axons after ~14 days. Next, we studied the process of axon specifi cation in 
human iPSC-derived neurons in more detail, and investigated the appearance of AIS 
proteins at different timepoints between day 5 and 11. In stage 2 neurons, in which neurites 
are unpolarized and have similar lengths, Trim46 and AnkG proteins appeared as punctate 
structures in one or more neurites in a subset of neurons (Fig 3A,B). Quantifi cation of 
the relative abundance of stage 2 neurons lacking AIS proteins (referred to as stage 2a), 
or containing AIS proteins at one or more neurites (referred to as stage 2b), showed a 
developmental transition over time from stage 2a to stage 2b neurons (Fig 3A,B). Stage 
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Figure 2. 
Transcriptomic and proteomic profi ling of early developmental stages in human iPSC-derived 
neurons
A. Volcanoplot of differentially expressed transcripts between day 7 and day 1 (false discovery rate 
(FDR) p < 0.05, Benjamini & Hochberg corrected).
B,C. Top 10 most signifi cantly enriched GO terms of downregulated (B) and upregulated (C) genes at 
day 7.  Representative cellular components (CC, cyan), biological processes (BP, yellow), molecular 
function (MF, green), FDR p < 0.05, Benjamini & Hochberg corrected.
D,E. Six clusters with distinct protein expression profi les, divided in upregulated (D) and downregulated 
(E) protein expression, obtained by unsupervised clustering, and the GO enrichment analysis for 
each cluster. Representative cellular components (CC, cyan), biological processes (BP, yellow), 
molecular function (MF, green).
F. Correlative analysis of relative transcriptomic and proteomic expression levels (day7/day1) 
(Pearson’s correlation, R = 0.51, p < 0.0001). Highlighted are some typical stem cell (blue), neuron 
(yellow), and axon (red) markers.
G,H. Heatmaps showing the relative expression of RNA (G) and protein (H) levels of typical stem cell, 
neuron, and axon markers at different timepoints.

3 neurons were morphologically defi ned by the appearance of a single elongated neurite, 
the future axon, which has grown at least twice as long as the other neurites. Interestingly, 
we found that AIS proteins in stage 3 neurons fi rst appeared as noncontinuous structures 
consisting of multiple smaller puncta and stretches that cover distal parts of the axon 
(referred to as stage 3a), prior to their more conventional localization in the AIS at the 
proximal axon (referred to as stage 3b) (Fig 3A,B). Quantifi cation of the abundance of 
these neurodevelopmental stages over time revealed a developmental decline of stage 
2b neurons that was accompanied with an increase of stage 3a neurons, as well as an 
increase of stage 3b neurons with a relatively later onset (Fig 3C). We further characterized 
the distribution of AIS proteins by measuring their lengths and distances to the soma at each 
stage. Developmental changes in the length of AnkG and Trim46 structures were observed, 
as the total neurite length covered by Trim46 or AnkG signals was strongly increased by 
~40% in stage 3a neurons, and signifi cantly reduced by ~55% in stage 3b neurons (Fig 3D; 
Fig S3A). 

Movereover, the axonal Trim46 and AnkG structures were localized more distally in stage 
3a neurons, as the distance from the soma to both the start as well as the end of the Trim46 
and AnkG appearance was signifi cantly larger compared to stage 3b neurons (Fig 3E; 
Fig S3B-D). The axonal localization of NaV during development shows a similar dynamic 
profi le as Trim46 and AnkG (Fig S3D). These data imply that axon specifi cation (transition 
stage 2-3) in human iPSC-derived neurons can be subdivided in 4 steps (stage 2a, 2b, 
3a and 3b) based on the subcellular localization of AIS proteins. Here, AIS proteins fi rst 
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Figure 3. 
Extra developmental stage and gradual action potential maturation during axon specifi cation 
A. Schematic illustration and timing of neurodevelopmental stages 2a, 2b, 3a and 3b in human iPSC-
derived NSCs/neurons.
B. Representative images of stage 2a, 2b, 3a, and 3b hiPSC-derived neurons. Cells were subjected 
to FUGW-GFP lentivirus and immunostained for AnkG and Trim46. Arrowheads mark Trim46 and 
AnkG accumulations. Scale bar: 40 µm overview, 5 µm zooms.
C. Quantifi cations of percentage neurons in stage 2a, 2b, 3a or 3b. N=2, n=50-55 neurons. 
D. Quantifi cations total Trim46 length in neurites of stage 2b, 3a and 3b human iPSC-derived neurons. 
N=2, n=20 cells. 
E. Quantifi cations of distance soma to start of the Trim46 signal in neurites of stage 2b, 3a and 3b 
human iPSC-derived neurons. N=2, n=20 cells. 
F. Phase plots of a representative AP recorded of a human iPSC-derived neuron at 10 days and 14 
days.
G. Scatter plot of AP amplitude versus AP half-width grouped by days after plating (N=4; 7 days: n=7 
cells, 10-11 days: n=15 cells, 13-14 days: n=36 cells).
H. AP amplitude recorded in human iPSC-derived neurons of 10-11 days (n=15 cells) and 13-14 days 
(n=36 cells). 
I. AP half-width recorded in human iPSC-derived neurons of 10-11 days (n=15 cells) and 13-14 days 
(n=36 cells). 
Used tests: Chi-square test with Bonferroni post-hoc correction (C), One-way ANOVA with Bonferroni 
post-hoc correction (D, E), Student’s t-test (H), Mann-Whitney U test (I), *** p<0.001, ** p<0.01, * 
p<0.05, ns p≥0.05; error bars are ± SEM.

form relatively long, noncontinuous structures in the distal axon before accumulating at the 
proximal axon to form the AIS structure.

Action potential maturation coinciding with onset of axon development
We next investigated whether the different organization of AIS components in stage 3a 
and 3b neurons is accompanied by differences in electrical properties. Local clustering 
of voltage-gated ion channels at AIS structures, as observed in stage 3b neurons, are 
important to facilitate mature APs (Kole et al. 2008). Hence, we hypothesized that the 
noncontinuous appearance of NaV channels at distal axons in the newly identifi ed stage 3a 
neurons affect AP fi ring. To address this, we performed electrophysiological experiments of 
neurons from day 7 to 14 to capture the developmental transition from stage 3a to stage 3b 
neurons. Our recordings showed progressive maturation of physiological properties during 
this developmental time window (Fig 3F,G). Neurons recorded on day 13-14 fi red APs with 
a larger amplitude and shorter half-width compared to 10-11 days old neurons (Fig 3H,I). 
No differences in AP amplitude and half-width were found between neurons of 7 and 10-11
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Figure 4. 
Axonal microtubule cytoskeleton is reorganized in a distal-to-proximal fashion during human 
iPSC-derived neuronal development.
A. Schematic illustration of stage 2 (day 5), 3a (day 7) and 3b (day 14) human iPSC-derived neurons. 
Different locations of the neurons that are imaged have been outlined and annotated.
B. Stills from a spinning-disk time-lapse recording of specifi ed neurites transfected with MARCKS-
tagRFP_IRES_GFP-MACF18 at specifi c time points. The top panel is a still of a typical example neurite 
in MARCKS-tagRFP. The other panels show moving GFP-MT+TIP comets (GFP-MACF18) pointing 
in either an anterograde direction (green arrowheads) or retrograde direction (blue arrowheads). P 
indicates the proximal direction and D the distal direction of the neurite. Scale bars, 5 µm. 
C. Kymographs and schematic representations of time-lapse recordings shown in B. Scale bars: 5 
µm. 
D. Quantifi cations of the ratios of comets pointing in anterograde (green) or retrograde (blue) direction. 
N=3, n=8-23 cells.
E. Quantifi cations of the number of comets per minute pointing in the anterograde direction. N=3, 
n=8-23 cells. 
F. Quantifi cations of the number of comets per minute pointing in the retrograde direction. N=3, n=8-
23 cells. 
G. Quantifi cations of the growth speed of comets. N=3, n=9-4723 traces in 8-23 cells. 
H. Quantifi cations of the distance of run length of comets. N=3, n=9-4723 traces in 8-23 cells.
I. Schematic representation of microtubule laser-severing (LS) experiments.
J. Kymographs and schematic representations of time-lapse recordings of LS experiments shown in 
S4B. Red arrowheads and dotted lines indicate when LS is performed. Scale bars: 5 µm. 
K. Quantifi cations of the ratios of comets pointing in anterograde (green) or retrograde (blue) direction, 
10 µm before and after the LS position. N=3 , n=20-30 cells.
L. Quantifi cations of the number of comets per minute pointing in the anterograde direction, 10 µm 
before and after the LS position.  N=3 , n=20-30 cells.
M. Quantifi cations of the number of comets per minute pointing in the retrograde direction, 10 µm 
before and after the LS position. N=3 , n=20-30 cells.
Used tests: One-way ANOVA including Tukey’s post-hoc analysis (E-H, L, M); *** p<0.001, ** p<0.005, 
* p<0.05, ns p≥0.05; error bars are ± SEM

days. However, on day 7, neurons fi red APs with smaller after-hyperpolarization (data not 
shown), possibly refl ecting a developmental increase in potassium channels (Song et al. 
2013). Other intrinsic properties, like resting membrane potential, input resistance, AP fi ring 
threshold and maximum sodium current, remained sTable during this developmental period. 
Together, these results indicate a developmental maturation of specifi c AP properties, 
which coincides with the timing of the developmental transition from stage 3a to stage 3b 
neurons.
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Mapping microtubule reorganization in the newly identifi ed developmental 
stages
The transcriptomic and proteomic profi les point to the importance of microtubule cytoskeleton 
remodeling during axon specifi cation. Indeed, AIS dynamics are reported to be regulated 
by the underlying axonal microtubule cytoskeleton (Stepanova et al. 2003; Kleele et al. 
2014; van Beuningen et al. 2015; Yau et al. 2016). Therefore, we assessed changes in 
the microtubule network in axons and dendrites of developing human iPSC-derived 
neurons by systematically analyzing plus-end dynamics and orientations of microtubules at 
different locations (Fig 4A). We performed two-color live-cell imaging to visualize neuronal 
morphology and microtubule plus-end tracking proteins (MT+TIPs), respectively (Fig 4B,C). 
Bidirectional MT+TIP movement, as shown by comets moving in both the anterograde 
and retrograde direction, was observed during stage 2 (day 5), with a preference for the 
anterograde direction (Fig 4D). Over time, this preference shifted towards more retrograde 
movement in developing dendrites, and towards unidirectional anterograde movement in 
developing axons (Fig 4D). These changes are consistent with differences in microtubule 
organization in axons and dendrites found in rodent neurons (Yau et al. 2016; Schatzle, 
Kapitein, and Hoogenraad 2016). In similar fashion to the distal to proximal reorganization 
of AIS proteins (Fig 3), the observed shift towards a unidirectional microtubule organization 
in axons occurred fi rst in distal parts of the axon, followed by proximal reorganization. The 
observed developmental changes in anterograde and retrograde ratios are mostly explained 
by changes in retrograde comets, as the total number of retrograde comets was increased 
in dendrites and decreased in axons of (Fig 4E,F). The comet growth speed is slightly 
reduced during development, while comet run length increased markedly, suggesting a 
reduction in catastrophe events during axon and dendrite development (Fig 4G,H, S4A,B). 
Imaging of MT+TIPs provides information about the dynamic ends of microtubules, but the 
fraction of moving comets does not directly refl ect the orientations of all microtubules (Yau 
et al. 2016). To analyze microtubule orientations of both dynamic and stable microtubules, 
we combined our previous live-cell imaging approach with laser-severing. Cutting 
microtubules with a short-pulsed laser generates new microtubule ends, which allows for 
analysis of newly formed MT+TIPs (Fig 4I,J, S4C,D). Following laser severing, a strong 
shift towards a balanced, bidirectional orientation in developing dendrites is observed (Fig 
4K). The number of comets in both directions increased during development, with those 
moving in the retrograde direction increasing more (Fig 4L,M). This suggests the presence 
of a larger pool of stable, minus-end out microtubules in dendrites. In developing axons, 
the shift towards unidirectional, plus-end out microtubules was more notably observed 
following laser severing (Fig 4K). Laser severing led to a large increase in the number of 
anterogradely moving comets (Fig 4L), suggesting the presence of a stable pool of plus-
end out microtubules. These results indicate that the microtubule remodeling in a distal to 
proximal fashion coincides with relocation of AIS proteins. Together, these data show that 
axon specifi cation is characterized by the reorganization of the axonal microtubule network 
and relocation of the AIS from the distal to proximal axon (Fig S4E).
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DISCUSSION
To better understand neuronal differentiation and polarization in human cells, we performed 
an in-depth characterization of human iPSC-derived neurons during these developmental 
processes. We systematically assessed the early stages of human neurodevelopment in 
culture, including axon specifi cation (transition stage 2-3), and performed transcriptomic and 
proteomic profi ling during these steps. We describe previously undescribed intermediate 
stages of axonal outgrowth (stage 2a, 2b, 3a and 3b), which is characterized by a distal to 
proximal reorganization of the axonal microtubule network and relocation of AIS proteins. 

Development of polarized and functional human iPSC-derived neurons
In this study we showed that NSCs consistently gave rise to polarized and functional human 
neurons, which was demonstrated by the loss of cell proliferation and NSC markers, and 
the appearance of neuron-specifi c and AIS markers. These neurons form a single axon 
with a functional AIS, and exhibit AP fi ring. As expected, AP properties and cell intrinsic 
variables appeared immature compared to other studies performed at later developmental 
stages (Bardy et al. 2016; Gunhanlar et al. 2018). Passive physiological properties were 
comparable to neurons recorded from ex vivo fetal cortical brain tissue (Moore et al. 2009). 
We consistently observed neurons that fi red a single AP and neurons that fi red multiple APs  
at different developmental stages. The reason for this difference remains unknown, but may 
indicate variation in the maturation, cell morphology or other factors that could contribute 
to cellular heterogeneity of the culture. Non-human neurons develop at faster rates: for 
example, rat dissociated neurons reach stage 3 after approximately 1.5 days in culture, 
and cortical development in maturation in mammals ranging from mouse to primate is both 
faster and less complex than in humans (Dotti, Sullivan, and Banker 1988; Clowry, Molnar, 
and Rakic 2010; Molnar and Clowry 2012; Silbereis et al. 2016; Marchetto et al. 2019). We 
found that human iPSC-derived neurons transition to stage 3 in approximately 7 days, which 
is consistent with the described prolonged development of human neurons in vivo and in 
vitro (Grabrucker et al. 2009). The slow rate of development is also refl ected in the lack of 
spontaneous AP fi ring or incoming synaptic responses as mature synapses have likely not 
formed yet. Co-culturing with astrocytes could benefi t synaptogenesis, as this has been 
shown to promote synaptic connectivity (Tang et al. 2013). The prolonged development 
of human iPSC-derived neurons allows studying neurobiological processes, such as AP 
maturation and AIS assembly, with higher temporal resolution.

Quantitative profi les of transcriptomic and proteomic of early human 
neurodevelopment
Quantitative transcriptome analysis identifi ed 549 upregulated genes and 614 downregulated 
genes during early stages of neurodevelopment. As expected, and in agreement with 
changes observed in other differentiating cell types, GO term enrichment analysis showed 
strong downregulation of genes related to cell proliferation during terminal differentiation (An 
et al. 2014; Gao, Yourick, and Sprando 2014; Tripathi et al. 2014). Simultaneously, genes 
related to neurodevelopmental processes such as neurite formation and axonogenesis are 
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upregulated, which is in line with changes previously observed in mouse iPSCs and human 
ESCs (Wu et al. 2010; Chen et al. 2013). To determine if regulatory changes of transcripts 
are refl ected in protein expression, we performed quantitative proteome analysis. We 
identifi ed 2,218 proteins with more than two-fold expression changes during the fi rst 
stages of neurodevelopment, indicating that signifi cant remodeling of the proteome takes 
place during early stages. We identifi ed  six clusters of expression profi les and conducted 
GO enrichment analysis, which revealed a coordinated proteomic rearrangement during 
neurodevelopment. Proteins related to neuronal differentiation are upregulated and proteins 
related to cell proliferation are downregulated. Similar changes are observed in dissociated 
rodent neurons, differentiating neural crest and immortalized human neural progenitor cells, 
confi rming the neuronal identity adopted by our human iPSC-derived cells (Kobayashi et 
al. 2009; Frese et al. 2017; Song et al. 2019). Similar to changes in protein expression 
levels, RNA expression also showed a strong increase of factors involved in neuronal 
differentiation and polarization, such as TUBB3 and TRIM46. Indeed, RNA and protein 
dynamics were generally correlated, indicating a coordinated cellular reprogramming into 
neurons. Furthermore, reorganization of the microtubule cytoskeleton is refl ected in both 
transcriptome and proteome profi les during early neurodevelopment. However, differences 
between transcriptome and proteome dynamics during early neurodevelopment are also 
observed. This may refl ect a temporal shift in regulation of transcription and translation. In 
addition, possible regulatory mechanisms on the protein level might be at play. Together, 
these data provide a rich resource for both the transcriptome and proteome dynamics 
in developing human neurons, which can be used in future studies to advance our 
understanding of the molecular mechanisms involved in neuronal differentiation and 
polarity.

Distal to proximal relocation of AIS proteins during axon development
A critical event in early neurodevelopment is the polarization of a symmetric cell into a 
neuron, which is initiated by the formation of a single axon (Dotti, Sullivan, and Banker 
1988; Craig and Banker 1994). Here, we studied the onset of polarity in human iPSC-
derived neurons in detail, and found that axon specifi cation proceeds through a multistage 
process with multiple intermediate steps. We observed that AIS proteins Trim46, AnkG 
and NaV fi rst appear as long noncontinuous structures in distal regions of the axons at 
the onset of stage 3 (stage 3a), and later relocate and cluster at proximal regions to form 
the stable AIS structures (stage 3b). In conjunction, we also found a distal-to-proximal 
reorganization of the microtubule cytoskeleton network in axons. This is marked by a 
developmental shift towards the characteristic uniform, plus-end out orientation in growing 
axons. Although the precise relation between AIS formation and microtubule remodeling in 
early axon development is unclear, various studies have shown the cooperative interaction 
between AIS components and microtubule structures during axon development (Leterrier et 
al. 2011; Freal et al. 2016). Recently Fréal et al., described a feedback-based mechanism 
that drives AIS assembly, in which membrane, scaffolding, and microtubule(-associated) 
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proteins, including AnkG and Trim46, cooperate to form a stable AIS-microtubule structure 
in the proximal axon (Freal et al. 2019). It has been shown that AnkG can act as a scaffold 
to recruit Trim46-positive microtubules and subsequently direct AIS protein traffi cking to the 
proximal axon (Freal et al. 2019). The possible function of AIS proteins in the distal axon 
remains elusive. Similar to their function in stabilizing microtubules in the proximal axon 
following proper AIS formation, redistribution of AIS proteins in the distal axon may help to 
locally stabilize microtubules and drive axon outgrowth. AnkG in distal axons may provide 
additional support to the formation of Trim46-positive parallel microtubules during outgrowth. 
Then, as Trim46 moves proximally, the axonal microtubule network close to the cell body is 
remodeled to the characteristic uniform plus-end out orientation. This idea is consistent with 
the observed shift of the unidirectional parallel microtubule organization in the distal parts 
of the axon fi rst, followed by proximal reorganization. Finally, AnkG and Trim46 together 
may drive AIS assembly at the proximal axon, as previously described in dissociated rodent 
neurons (Freal et al. 2019). It remains unknown if the observed intermediate step of distal 
AIS protein accumulation is unique to human neurons. Axons in humans grow signifi cantly 
longer compared to rodents, thus additional regulatory mechanisms enhancing axon 
outgrowth might be at play in humans. Alternatively, it is possible that these changes have 
not been observed in rodent neurons because of their relatively faster development. We 
also observed differences in microtubule dynamics, as MT+TIP growth speeds are higher 
than those found in rodent neurons in vitro and in vivo, hinting at species-specifi c regulation 
of microtubule dynamics in human neurons (Stepanova et al. 2003; Kleele et al. 2014; Yau 
et al. 2016). Future studies are required to examine the potential human-specifi c attributes 
of neuronal polarity and axon outgrowth.

In summary, our quantitative map of neuronal transcriptome and proteome dynamics 
provides a rich resource for future analysis of early neurodevelopmental processes in 
human iPSC-derived neurons. We investigated early development in human neurons and 
uncovered an intermediate axon developmental step, thereby illustrating the potential of 
this model system to study neurobiological processes in human cells  in stage 3 neurons. 
This study also provides a framework and excellent starting point for further studies that aim 
to complement our understanding of neuronal polarization in human cells.
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MATERIAL AND METHODS
hiPSC-derived neuronal cell culture
Human iPSC-derived cortical neuronal progenitor cells (NPCs; ax0016, Axol Bioscience) 
from a female newborn donor were obtained, expanded and differentiated following Axol 
Bioscience protocols (Human iPSC-derived Neural Stem Cells, Protocol version 5.0). 
For expansion of hiPSC-derived NPCs, cells were thawed and quenched with Neuronal 
Expansion-XF Medium (ax0030, Axol Bioscience), centrifuged (200 g, 5 min), resuspended in 
Neuronal Plating-XF medium (ax0033, Axol Bioscience), and plated (~500k per well) on six-
wells plates pre-coated with freshly-thawed SureBond (ON, 37°C; ax0041, Axol Bioscience) 
in PBS at 37°C with 5% CO2. Medium was replaced on the next day by Neuronal Expansion-
XF Medium supplemented with EGF (20 ng/ml; AF-100-15, Peprotech) and FGF (20 ng/ml; 
100-18B, Peprotech). Medium was refreshed every two days, and cells were passaged when 
cultures reached a 70-80% confl uency. For passaging, cells were washed once with PBS, 
incubated with Unlock (5 min, 37°C; ax0044, Axol Bioscience), quenched with Neuronal 
Expansion-XF Medium, and centrifuged (200 g, 5 min). Cell pellets were resuspended in 
Neuronal Plating-XF medium and plated in a 1:3 ratio on six-wells plates pre-coated with 
freshly-thawed SureBond (see above). After three passaging rounds, cells were frozen in 
KnockOut Serum Replacement (10828028, Life Technologies) with 10% DMSO and stored 
in liquid nitrogen. For neuronal differentiation of hiPSC-derived NPCs, cells were thawed and 
quenched with Neuronal Expansion-XF Medium, centrifuged (200 g, 5 min), resuspended 
in Neuronal Plating-XF medium, and plated on 12 mm (~100k per well) or 18 mm (~200k 
per well) pre-coated glass coverslips in respectively a 24-wells or 12-wells plate at 37°C 
with 5% CO2. Coating of coverslips was performed directly before plating: coverslips were 
fi rst incubated with ReadySet (45 min, 37°C; ax0041+, Axol Bioscience), washed four times 
with sterilized water, and incubated with freshly-thawed 1x SureBond (1h, 37°C; ax0041+, 
Axol Bioscience) in PBS. After 24 hours (day 1), the medium was fully replaced by Neuronal 
Maintenance-XF Medium (ax0032, Axol Bioscience), and after another 24 hours (day 2) by 
Neuronal Differentiation-XF Medium (ax0034, Axol Bioscience). Three days later (day 5), 
half of the medium was replaced by Differentiation-XF Medium. Next day (day 6), half of the 
medium was replaced by Neuronal Maintenance-XF Medium, again one day later (day 7), 
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and every three days during further maintenance. Cells were kept in culture for maximum ~15 
days to ensure high quality of the cultures.

Lentivirus and lentiviral infection
The constructs used for lentiviral transduction are FUGW-GFP (Addgene #14883, (Lois et 
al. 2002)) and Marcks-tagRFP-T-pIres-GCN4-MacF18. Marcks-tagRFP-T-pIRES-GCN4-
MacF18 cloning is previously described (Yau et al. 2016). The construct was subcloned 
into the pSIN-TRE-mSEAP-hPGK-rtTA2sM2 lentiviral vector (kindly provided by Dr. Didier 
Trono, Ecole Polytechnique Fédérale de Lausanne, Switzerland) wherein the neuron-
specifi c synapsin promotor has substituted the PGK promotor. Generation of lentiviral 
particles was performed as previously described (Yau et al. 2014). Lentiviral transduction 
of cells was performed two hours after plating. The tetracycline-dependent expression was 
induced by adding500 ng/ml doxycycline to the medium two days before imaging.

Antibodies
Primary antibodies used in this study: mouse-IgG1 anti-Nestin (1:200; MAB5326, Millipore), 
rabbit anti-Ki67 (1:500; ab92742, Abcam), mouse-IgG2b anti-β3-Tubulin (1:400; 082M4845, 
Sigma), chicken anti-MAP2 (1:2000; ab5392, Abcam), rabbit anti-Trim46 (1:500; homemade 
(van Beuningen et al. 2015)), mouse-IgG1 anti-AnkG (1:200; 33-8800, Life Technologies), 
mouse-IgG1 anti-PanNav (1:200; S8809, Sigma). Secondary antibodies used in this study: 
anti-rabbit Alexa 405 (A31556, Life Technologies), anti-mouse-IgG1 Alexa 488 (A21121, 
Life Technologies), anti-rabbit Alexa 568 (A11036, Life Technologies), anti-mouse Alexa 
568 (A11031, Life Technologies), anti-mouse-IgG2b Alexa 594 (A21145, Life Technologies), 
anti-rabbit Alexa 647 (A21245, Life Technologies), anti-mouse Alexa 647 (A21236, Life 
Technologies), anti-mouse-IgG2a Alexa 647 (A21241, Life Technologies),  anti-chicken 
Alexa 647 (A21449, Life Technologies).

Immunofl uorescence
Cells were fi xed for 5-10 min in PBS with 4% paraformaldehyde/4% sucrose at room 
temperature, and washed three times with PBS. For immunofl uorescence stainings, fi xed 
cells were sequentially incubated with primary and secondary antibodies dissolved in gelate 
dilution buffer (GDB; 0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, 
pH 7.4), and washed three times with PBS after every antibody incubation step. Coverslips 
were mounted on glass slides using Vectashield mounting medium (Vector laboratories) 
with or without DAPI. 

Microscopy
Fixed cells were imaged using a LSM700 confocal laser-scanning microscope (Zeiss) 
with a Plan-Apochromat 63x NA 1.4 oil DIC; EC Plan-Neofl uar 40x, NA 1.3 Oil DIC; and 
a Plan-Apochromat 20x, NA 0.8 objective. Live-cell acquisition was performed using 
spinning-disk confocal microscopy on an inverted research microscope Nikon Eclipse Ti-E, 
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equipped with a perfect focus system (Nikon) and a spinning disk-based confocal scanner 
unit (CSU-X1-A1, Yokogawa). The system was also equipped with an ASI motorized 
stage with the piezo plate MS-2000-XYZ (ASI), Photometric Evolve Delta 512 EMCCD 
camera (Photometric) controlled by the MetaMorph 7.8 software (Molecular Devices), 
or Photometric PRIME BSI sCMOS camera (version USB 3) as upgrade of EMCCD and 
controlled by the MetaMorph 7.10 software (Molecular Devices). The system was equipped 
with Plan Apo VC 60x NA 1.4 oil-immersion objective (Nikon) and S Fluor 100x NA 0.5-1.3 
oil-immersion objective (Nikon) for photoablation experiments. A 491 nm 100 mW Calypso 
(Cobolt) and a 561 nm 100 mW Jive (Cobolt) laser were used as the light sources. We 
used an ET-GFP fi lter set (49002, Chroma) for imaging of proteins tagged with GFP and 
an ET-mCherry fi lter set (49008, Chroma) for imaging of proteins tagged with tag-RFP. For 
the photoablation experiments we used an ILas system (Roper Scientifi c France/ PICT-
IBiSA, Institut Curie, currently Gataca Systems) mounted on a Nikon Eclipse microscope 
described above. A 355 nm passively Q-switched pulsed laser (Teem Photonics) was used 
for the photoablation together with a S Fluor 100x 0.5-1.3 NA oil objective (Nikon).

Image quantifi cation and analysis
Quantifying neuronal differentiation and polarization: To measure neuronal differentiation 
and polarization over time, cells were identifi ed using DAPI staining and scored to be 
positive or negative for the indicated NSC, neuron differentiation and axon markers. 
Quantifi cation of stage 2a, 2b, 3a and 3b neurons: To determine the transition of 
neurodevelopmental stages over time, neurons were identifi ed using DAPI and MAP2-
positive immunofl uorescence, and scored for neurodevelopmental stage 2a, 2b, 3a and 3b. 
Stage 2a and stage 2b neurons contained unipolar neurites of similar lengths. In stage 2a 
neurons, all neurites were negative for Trim46. In stage 2b neurons, one or more neurites 
were positive for Trim46. Stage 3a and stage 3b neurons were identifi ed by the presence 
of a single elongated neurite, the future axon, that was at least twice as long as the other 
neurites. In stage 3a neurons, Trim46 appeared as distal non-continuous stretches at distal 
axons. In stage 3b neurons, Trim46 showed a dense accumulation at proximal axons.

Live-cell imaging
For all live-cell imaging of microtubule dynamics without laser severing, time-lapse 
acquisition was performed using the 491 nm 100 mW Calypse (200ms exposure) and 561 
nm 100 mW Jive (200ms exposure) with 1 frame per second (fps) for 5 minutes. Sixteen-bit 
images were projected onto the EMCCD chip with intermediate lens 2.0X (Edmund Optics) 
at a magnifi cation of 0.111 µm/pixel at 60x, or onto the sCMOS chip with no intermediate 
lens at a magnifi cation of 0.150 µm/pixel at 60x. For all live-cell imaging of microtubule 
dynamics with laser severing, time-lapse acquisition was performed using the 491 nm 
100 mW Calypse (50-200 ms exposure, depending on the expression level) and 561nm 
100mW Jive (50-200ms exposure, depending on the expression level) with 1 fps for 3 
minutes, and photoablation was induced after 30s. Sixteen-bit images were projected onto 
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the sCMOS chip with no intermediate lens at a magnifi cation of 0.063 µm/pixel at 100x. 
All imaging was performed in full conditioned differentiation (day 5) or maintenance (day 7 
or 13) medium for hiPSC-derived neuron cultures (Axol Bioscience), and cells were kept 
at 37°C with 5% CO2 using a stage top incubator (model INUBG2E-ZILCS, Tokai Hit). 
For analysis, kymographs were generated using the FIJI plugin KymoResliceWide v.0.4 
(https://github.com/ekatrukha/KymoResliceWide), and parameters of microtubule plus-end 
dynamics were determined by manually tracing microtubule growth events.

Electrophysiology
A 12 mm coverslip containing hiPSC-derived neurons (7–14 days after plating) was 
transferred to the microscope recording chamber before the start of each experiment. 
Coverslips were continuously perfused with carbonated (95% O2, 5% CO2) artifi cial 
cerebrospinal fl uid (ACSF, in mM: 126 NaCl, 3 KCl, 2.5 CaCl2, 1.3 MgCl2, 26 NaHCO3, 
1.25 NaH2PO4, 20 glucose; with an osmolarity of ~310 mOsm/L) at a rate of approximately 
1 ml/min. As an acute change in extracellular osmolarity has previously been reported 
to affect the exciTable properties of neurons, an extra medium refreshment was done 
the day before recording (Pasantes-Morales 1996). Bath temperature was monitored 
and maintained at 30-32 °C throughout the experiment. Recording pipettes (resistance 
of 4-7 MΩ) were pulled from thick-walled borosilicate glass capillaries (World Precision 
Instruments) and fi lled with internal solution (in mM: 140 K-gluconate, 4 KCl, 0.5 EGTA, 10 
HEPES, 4 MgATP, 0.4 NaGTP, 4 Na2-Phosphocreatine; with pH 7.3 and osmolarity 295 
mOsm/L), containing 30 µM Alexa 568 (Thermo Fisher Scientifi c) to facilitate visualization 
of cells. For post hoc cellular identifi cation, biocytin was included in the internal solution. 
On an upright microscope, hiPSC-derived neurons were visually identifi ed with a 60x water 
immersion objective (Nikon NIR Apochromat; NA 1.0) and selected for whole-cell somatic 
patch clamp recordings. Cells were kept at a baseline holding potential of -60 mV in both 
voltage and current clamp throughout the recording. Data was analyzed with pCLAMP 
software and custom-written MATLAB scripts. 

Sample preparation RNA sequencing
~100,000 hiPSC-derived NPCs were plated per well for bulk RNA sequencing samples. 
Prior to sample preparation, all equipment and surfaces were cleaned with RNaseZap 
(Sigma-Aldrich). Replicates of hiPSC-derived neurons were harvested at three different 
timepoints of differentiation (days 1, 3, and 7) with 200 µl Trizol (Invitrogen) per sample 
and stored at -80 °C until sequencing. RNA extraction, cDNA library preparation (CEL-
Seq2 protocol), quality control for aRNA and cDNA, and sequencing on a NextSeq500 High 
output 1x75 bp paired end run with 2% sequencing depth were performed by Single Cell 
Discoveries (Utrecht, The Netherlands).

Bioinformatic analysis RNA sequencing
Mapping to reference transcriptome Hg19 was performed by Single Cell Discoveries 
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(Utrecht, The Netherlands). The following investigations were done in R statistical 
software (R Core Team, 2019) with the use of packages ggplot2 (Wickham, 2009) and 
pheatmap (Kolde, 2019). The raw read counts were normalized to reads per million for 
each gene. Genes observed in less than 5 samples were excluded from further analysis. To 
determine differential expression a linear regression ANOVA model was used where gene 
expression is explained by timepoint + biological replicate and technical replicate (nested 
in the biological replicate). To obtain the differences (in both p-value and effect between 
the timepoints) a Tukey-test was performed for each gene using the same model. We 
corrected for multiple-testing by pairwise comparison using the p.adjust() function in R with 
the ‘BH’ setting (R Core Team, 2020). Genes with an adjusted p-value < 0.05 were used for 
further investigation. GO enrichment was done using the hypergeometric test phyper() in R 
(R Core Team, 2020), the set of GO terms was obtained from Ensembl Biomart for Human 
genes version GRCh38.p13. Comparison between transcriptomics and proteomics was 
done by selecting genes present in both datasets based on their public name.

Sample preparation for mass spectrometry (TMT labeling)
Replicates of hiPSC-derived neurons were harvested with lysis buffer (8 M Urea, 50 mM 
ammonium bicarbonate (Sigma), EDTA-free protease inhibitor Cocktail (Roche)) at three 
distinct differential time points (days 1, 3, and 7). Lysates were sonicated on ice with a 
Bioruptor (Diagenode) and cleared by centrifugation at 2500 g for 10 min. The protein 
concentration of the samples was determined by Bradford assay. Per sample 100 µg of 
proteins were reduced (5 mM DTT, 55˚C, 1 hour), alkylated (10 mM Iodoacetamide, 30 
min in the dark) and sequentially digested by LysC (Protein-enzyme ratio 1:50, 37˚C, 4 
h) and trypsin (Protein-enzyme ratio 1:50, 37˚C, overnight). After digestion (overnight), 
formic acid (fi nal concentration 3%) was used to acidify the samples and resulting peptides 
were afterwards desalted with Sep-Pak C18 columns (Waters). Samples were labeled with 
stable isotope TMT-6plex labeling, according to manufacturer’s instruction (Thermo Fisher 
Scientifi c). In short, peptides were resuspended in 80 µl of 50 mM HEPES buffer, 12.5% 
ACN (pH 8.5), while TMT reagents were dissolved in 50 µl anhydrous ACN. We added 25 
µl of each dissolved TMT reagent to a correspondent sample according to the following 
scheme:
day 1 (replicate A) = TMT-126  /  day 1 (replicate B) = TMT-129  
day 3 (replicate A) = TMT-127  /  day 3 (replicate B) = TMT-130  
day 7 (replicate A) = TMT-128  /  day 7 (replicate B) = TMT-131  
Following incubation (room temperature) for 1 hour, the reaction was quenched with 5% 
hydroxylamine. Differentially TMT-labeled peptides were mixed in equal ratios and dried in 
a vacuum concentrator. 

Peptide fractionation
Mixed TMT-labeled peptides were solubilized in 10mM ammonium hydroxide, pH 10.0 
and subsequently fractionated using basic pH reverse phase HPLC. Peptides were 
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loaded on a Gemini 3µm C18 110A 100 x 1.0 mm column (Phenomenex) using an Agilent 
1100 pump equipped with a degasser and a photodiode array (PDA) detector. Peptides 
were concentrated on the column at 100µl/min using 100% buffer A (10mM ammonium 
hydroxide, pH 10) after which the fractionation gradient was applied as follow: 5% solvent B 
(10mM ammonium hydroxide in 90% ACN, pH 10) to 30% B in 53 mins, 70% B in 7 min and 
increased to 100% B in 3 min at a fl ow rate of 100µl/min. In total 60 fractions of 1 min were 
collected using an Agilent 1260 infi nity fraction collector and then concatenated into 12 
fi nal fractions. Collected fractions were vacuum-dried, reconstituted in 5% formic acid/5% 
DMSO and stored at -80°C prior to mass spectrometry analysis.

Mass spectrometry analysis
We analyzed the samples on an Orbitrap Q-Exactive HF mass spectrometer (Thermo 
Fisher Scientifi c) coupled online to an Agilent UPLC 1290 system (Agilent Technologies). 
Peptides were loaded onto a trap column (Reprosil C18, 3 µm, 2 cm × 100 µm; Dr. Maisch) 
and separated on an analytical column (Poroshell 120 EC-C18, 2.7µm, 50cm x 75µm; 
Agilent Technologies). Peptides were trapped for 10 min at 5 µl/min in solvent A (0.1M 
acetic acid in H20) and then separated at a fl ow rate of approximately 300 nl/min (split fl ow 
from 0.2ml/min) by applying a 120 min linear gradient as follows: 13% up to 40% solvent 
B (0.1M acetic acid in 80% ACN) in 95 min, 40-100% in 3 min and fi nally 100% for 1 min. 
The mass spectrometer was operated in data-dependent acquisition mode. Full MS spectra 
from m/z 375-1600 were acquired at a resolution of 60.000 with an automatic gain control 
(AGC) target value of 3e6 and maximum injection time (IT) of 20 ms. The 15 most intense 
precursor ions were selected for HCD fragmentation. HCD fragmentation was performed 
at a normalized collision energy (NCE) of 32%. MS/MS spectra were obtained at a 30.000 
resolution with an AGC target of 1e5 and maximum injection time (IT) of 50 ms. Isolation 
window was set at 1.0 m/z and dynamic exclusion to 16.0s.

Data processing proteomics
Raw MS fi les were processed for data analysis with Proteome Discoverer 1.4 (Thermo Fisher 
Scientifi c). A database search was performed using the Swissprot homo sapiens database 
and Mascot (version 2.5.1, Matrix Science, UK) as search engine. Carbamidomethylation 
of cysteines was set as a fi xed modifi cation, and oxidation of methionine, acetylation at the 
N-termini, TMT-6plex of lysine residues and TMT-6plex at the peptide N-termini were set 
as variable modifi cations. Trypsin was set as cleavage specifi city, allowing a maximum of 
two missed cleavages. Data fi ltering was performed using percolator, resulting in 1% false 
discovery rate (FDR). Additional fi lters were search engine rank 1 and mascot ion score > 
20. Only unique peptides were included for quantifi cation and the obtained TMT ratios were 
normalized to the median. Common contaminant proteins (such as keratins and albumin) 
were removed from the list.
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Bioinformatic analysis proteomics
All mass spectrometry data were analyzed using R statistical software (R Core Team, 
2017). To infer protein dynamics upon differentiation, TMT reporter intensity values of hiPSC 
neurons at time point day 3 and day 7 were normalized to their correspondent day 1 or 
alternatively day 7 was normalized to day 3. TMT generated ratios (previously normalized 
to the median) were then log2-transformed. A log2-transformed mean of the TMT-ratios 
of the individual replicates was calculated. Proteins with less than 3 peptides used for 
TMT quantifi cation or with a reporter ion variability > 100% in at least one TMT-ratio (high 
reporter ions variability) or with a median log2 fold-change > 0.4 between the replicates in 
at least one TMT-ratio (high replicate variability) were excluded from the analyses. Good 
correlation of replicates was assessed by comparing TMT ratios of all quantifi ed proteins at 
different time points using Pearson correlation. Proteins with an absolute log2 fold-change 
> 0.3 between day 3 and day 1 or between day 7 and day 3 or between day 7 and day 1 
were considered signifi cantly regulated. Only signifi cant regulated proteins were subjected 
to cluster analysis by using K-means clustering in R. Functional enrichment analysis within 
different clusters of expression profi les was performed using gProfi lerR package in R 
(Raudvere et al., 2019). Network analyses were performed using the GeneMania plugin 
(Montojo et al., 2010) within Cytoscape (Shannon et al., 2003).  Heatmaps in the Figures 
were prepared applying hierarchical clustering using Euclidean distance. 

Statistical Analysis
Data processing and statistical analyses were performed using Prism GraphPad (version 
8.0) software. All statistical tests are described in the corresponding Figure legends. 
Differences were considered signifi cant when P < 0.05, and P-values are represented as: * 
P < 0.05, ** P < 0.01, and *** P < 0.001.
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Supplementary Figure 1. 
Successful and protracted transition of developmental stages in human iPSC-derived neurons
A. Representative images of neurite morphology at different locations (axon, dendrite) at day 7 and 
13. Scale bar: 5 µm.
B. Quantifi cations of neurite width at different locations (axon, dendrite) at day 7 and 13. N=3, n=20-
23. 
C. Representative image of a polarized human iPSC-derived neuron (day 13) immunostained for 
Trim46, PanNaV and AnkG. Zoom represents the AIS structure. Scale bars: 10 µm in overview, 5 µm 
in zooms.
D. Number of APs versus input current injection of hiPSC-derived neurons (day 7-14) that fi re multiple 
APs (red, n=20 cells) or fi re only one AP (blue, n=32 cells). We excluded two cells in the multiple fi ring 
group, due to variation in baseline. Shown is the mean ± SEM.
E. Resting membrane potential of human iPSC-derived neurons that fi re a single AP (n=32 cells) or 
multiple APs (n = 22 cells).
F. Input resistance of human iPSC-derived neurons that fi re a single AP (n=32 cells) or multiple APs 
(n=21 cells). 
G. AP after-hyperpolarization of human iPSC-derived neurons that fi re a single AP (n=32 cells) or 
multiple APs (n=22 cells).
H. Maximum sodium current of human iPSC-derived neurons that fi re a single AP (n=22 cells) or 
multiple APs (n=17 cells). 
Used tests: One-way ANOVA with Tukey’s post-hoc analysis (B), Mann-Whitney U test (E-H); *** 
p<0.001, ** p<0.01, * p<0.05, ns p≥0.05; error bars are ± SEM.
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Supplementary Figure 2. 
Transcriptomic and proteomic profi ling of early developmental stages in human iPSC-derived 
neurons
A. Correlation matrix of biological and technical replicates used for transcriptome analysis.
B. Volcanoplot of differentially expressed transcripts day3/day1 an day7/day3 (false discovery rate 
(FDR) cutoff p < 0.05, Benjamini & Hochberg corrected).
C. Correlation matrix of technical replicates used for proteome analysis.
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Supplementary Figure 3. 
Extra developmental stage and gradual action potential maturation during axon specifi cation
A. Quantifi cations of distance soma to distal end of Trim46 signal in neurites of stage 2b, 3a and 3b 
human iPSC-derived neurons. N=2, n=20 cells. 
B. Quantifi cations of total AnkG length in neurites of stage 2b, 3a and 3b human iPSC-derived 
neurons. N=2, n=14-20 cells. 
C. Quantifi cations of distance soma to start of the AnkG signal in neurites of stage 2b, 3a and 3b 
human iPSC-derived neurons. N=2, n=14-20 cells. 
D. Quantifi cations of distance soma to distal end of AnkG signal in neurites of stage 2b, 3a and 3b 
human iPSC-derived neurons. N=2, n=14-20 cells. 
E. Representative images of localization of voltage-gated sodium channels in stage 3a and 3b 
human iPSC-derived neurons. Cells were immunostained for Trim46, AnkG, PanNaV and β3-tubulin. 
Arrowheads mark PanNaV localizations. Scale bar: 20 µm in overview, 5 µm in zoom. 
Used tests: One-way ANOVA including post-hoc analysis with Bonferroni correction (A-D); *** 
p<0.001, ** p<0.01, * p<0.05, ns p≥0.05; error bars are ± SEM.
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Supplementary Figure 4.
Microtubule organization during human iPSC-derived neuronal development
A. Quantifi cations of the growth speed of comets pointing in the anterograde (green) or retrograde 
(blue) direction. N=3 , n=9-4723 traces in 8-23 cells. 
B. Quantifi cations of the distance of run length of comets pointing in the anterograde (green) or 
retrograde (blue) direction. N=3 , n=9-4723 traces in 8-23 cells.
C. Schematic illustration of stage 2 (day 5), 3a (day 7) and 3b (day 14) hiPSC-derived neurons. Different 
locations of the neurons that are imaged have been outlined and annotated.
D. Stills from a spinning-disk time-lapse recording of specifi ed neurites transfected with MARCKS-
tagRFP_IRES_GFP-MACF18 at specifi c time points. The top panel is a still of a typical example neurite 
in MARCKS-tagRFP. The other panels show moving GFP-MT+TIP comets (GFP-MACF18) pointing in 
either an anterograde direction (green arrowheads) or retrograde direction (blue arrowheads). Red line 
indicates location of laser severing, and red arrowhead indicates time of laser severing. P indicates the 
proximal direction and D the distal direction of the neurite. Scale bars: 5 µm. 
E. Schematic illustration of the proposed distal to proximal reorganization of the axon during stage 3a 
and stage 3b.
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Table 1 - 6 are available online as source data at BioRxiv (doi: 10.1101/2020.04.21.052498).
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ABSTRACT
Axon formation critically relies on local microtubule remodeling, and marks the fi rst step 
in establishing neuronal polarity. However, the function of the microtubule-organizing 
centrosomes during the onset of axon formation is still under debate. Here, we demonstrate 
that centrosomes play an essential role in controlling axon formation in human induced 
pluripotent stem cell (iPSC)-derived neurons. Depleting centrioles, the core components of 
centrosomes, in unpolarized human neuronal stem cells results in various axon developmental 
defects at later stages, including immature action potential fi ring, mislocalization of axonal 
microtubule-associated Trim46 proteins, suppressed expression of growth cone proteins 
and affected growth cone morphologies. Live-cell imaging of microtubules reveals that 
centriole loss prevents axonal microtubule reorganization towards the unique parallel plus-
end out microtubule bundles during early development. We propose that centrosomes 
mediate microtubule remodeling during early axon development in human iPSC-derived 
neurons, thereby laying the foundation for further axon development and function. 

INTRODUCTION
Neuronal polarity is established by a series of highly coordinated processes starting with the 
formation of the future axon. During axon specifi cation, the fi rst step of axon formation, one 
of the multiple unpolarized neurites of a neuron displays extenstive growth. Axonal outgrowth 
critically relies on local cytoskeleton reorganization and growth cone dynamics (Dotti, Sullivan, 
and Banker 1988; Witte, Neukirchen, and Bradke 2008). Next, the newly developed axon 
undergoes signifi cant reorganization as it matures, thereby adopting axon-specifi c hallmarks 
required for its function. An essential component of mature axons is the axon initial segment 
(AIS), a specialized compartment at the base of the axon where specifi c proteins (e.g. AnkG 
scaffolds, microtubule-organizing protein Trim46, and voltage-gated sodium and potassium 
channels) assemble in a highly organized manner (Leterrier 2018; Freal et al. 2019). The 
AIS is crucial for maintaining neuronal polarity and generating action potentials (APs). The 
characteristic shaping and subsequent propagation of APs is facilitated by the local clustering 
of voltage-gated channels at the AIS (Kole et al. 2008). Another particularly important aspect 
of mature axons is their unique microtubule organization. In growing axons, the microtubule 
network undergoes extensive remodeling, as it shifts from a mixed microtubule polarity to a 
uniform plus-end out microtubule organization (Yau et al. 2016). Trim46 proteins targeted to 
the AIS act as regulators of these axonal microtubule rearrangements, by forming parallel 
microtubule bundles in proximal axons (van Beuningen et al. 2015). In contrast, dendrites 
contain a microtubule organization of mixed polarities, and gain additional minus-end out 
microtubules during development. This prominent difference in microtubule organization 
between axons and dendrites is essential for neuronal development and function, as it 
contributes to polarized cargo transport and the characteristic neuronal morphology (Baas 
et al. 1988; Yau et al. 2016). However, while microtubule remodeling in growing axons is 
important for axon specifi cation and development, the mechanisms driving these microtubule 
cytoskeletal rearrangements remain largely unresolved.

Proefschrift Feline Lindhout_17x24_20200908.indd   72 08-09-20   20:19



3

Centrosome-mediated microtubule remodeling during axon formation in human iPSC-derived neurons

73

Centrosomes, the main microtubule organizing center (MTOC) in most animal cells, are 
essential for organizing the microtubule network in unpolarized neurons (Tsai and Gleeson 
2005; Stiess et al. 2010; Meka, Scharrenberg, and Calderon de Anda 2020). These 
small, membrane-less and centrally-localized organelles are composed of two centrioles 
surrounded by the pericentriolar material (PCM) (Moritz et al. 2000).The majority of the 
microtubules are typically nucleated from γ-Tubulin Ring Complexes (γTuRCs) embedded 
in the PCM (Moritz et al. 2000). During neuronal development, centrosomes gradually 
lose their function as MTOC as they transform into cilia, major signalling hubs in polarized 
cells (Stiess et al. 2010; Ishikawa and Marshall 2011). In dissociated rodent neurons, this 
process was reported to occur during axon development, but the exact temporal relation 
between axon specifi cation and the declining MTOC function of centrosomes is unclear 
(Stiess et al. 2010). The importance of centrosome function in early neurodevelopment 
is illustrated by the increasing number of identifi ed mutations in centrosomal proteins 
causing microcephaly and other neurodevelopmental disorders (Nano and Basto 2017). 
However, the precise function of centrosomes as MTOC for different processes of early 
axon development is still under debate.

Progress in understanding the role of centrosomes during axon specifi cation has been 
hindered due to a number of technical challenges. In particular, centrosomes are found to 
display different functions in neurodevelopment in different species, resulting in confl icting 
fi ndings. This is mostly illustrated by the poor recapitulation of human neurodevelopmental 
disorders caused by centrosome dysfunction in Drosophila and mice, whereas ferrets 
robustly model these diseases (Basto et al. 2006; Castellanos, Dominguez, and Gonzalez 
2008; Pulvers, Bryk, Fish, Wilsch-Brauninger, et al. 2010; Pulvers, Bryk, Fish, Wilsch-
Bräuninger, et al. 2010; Johnson et al. 2018). Axon outgrowth can also be differently 
affected by centrosomes, as this process is perturbed with centrosome dysfunction in mice 
and peripheral axons of zebrafi sh, but not in dissociated rodent neurons and central axons 
of zebrafi sh (Stiess et al. 2010; de Anda et al. 2010; Andersen and Halloran 2012). The 
molecular mechanisms that underlie the observed species-specifi c differences remain 
largely unknown. Another technical challenge is presented by dissociated rodent neurons 
in culture, which are classically used to study axon developmental processes, as they 
likely undergo repolarization after being polarized in vivo rather than de novo polarization 
(Barnes and Polleux 2009). Together, this highlights the importance of studying the role of 
centrosomes in de novo polarization using human neurons. The development of human 
induced pluripotent stem cells (iPSCs) now enables studying the molecular mechanisms 
that drive the transition of an unpolarized human neuronal stem cell to a polarized human 
neuron (Lancaster et al. 2013). An additional important feature of human neurons is their 
signifi cant protracted development, which allows for a more detailed investigation of the 
temporal processes underlying neuronal polarity (Otani et al. 2016; Linaro et al. 2019). 
To illustrate this, neurogenesis occurs after ~1 week in rodents, whereas this takes about 
~3 months in humans, both in vivo and in vitro (Shi, Kirwan, and Livesey 2012; Espuny-
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Camacho et al. 2013; Otani et al. 2016; Sousa et al. 2017). Thus, the profound slower 
development of human iPSC-derived neurons increases the temporal resolution to study 
axonal processes (Espuny-Camacho et al. 2013; Otani et al. 2016 Linaro, 2019 #9). 
Altogether, this emphasizes the relevance of studying centrosome functions during axon 
development in human iPSC-derived neurons as a model system.

In this study, we used a multidisciplinary approach, by combining human iPSC-derived 
neuron cultures with live-cell imaging, electrophysiology and mass spectrometry analysis, 
to examine the role of centrosomes during early axon development. We found that 
centrosomes display microtubule organizing functions during axon specifi cation, and this 
function  is gradually lost during further axon development. Moreover, Trim46 localization 
shifts from a pericentriolar region to the AIS during neuron development, coinciding with 
the developmental decline of centrosomal microtubule organizing functions. Differentiation 
of centriole-depleted neuronal stem cells (NSCs) results in various axonal developmental 
defects, including immature action potential fi ring, mislocalization of Trim46 proteins, 
growth cone perturbations, and impaired axonal microtubule remodeling. Together, these 
data imply that centrosomes mediate microtubule remodeling during axon specifi cation in 
human iPSC-derived neurons, which is necessary for correct axon formation during further 
development.

RESULTS
Centrosomes display microtubule organizing functions during axon 
specifi cation 
We fi rst examined whether centrosomes display microtubule organizing functions during 
axon specifi cation in human neurons, by testing their potential to nucleate microtubules. To 
address this, we determined the endogenous levels of centrosomal γ-Tubulin, an essential 
microtubule nucleating protein, at different developmental stages of hiPSC-derived neurons. 
The neurodevelopmental stages were defi ned as follows: stage 1 (day 0) as Ki67-positive 
NSCs; stage 2 (day 7) as differentiated unpolarized MAP2-positive neurons with Trim46-
negative processes; stage 3 (day 12) as differentiated polarized MAP2-positive neurons 
with Trim46-positive axons (Fig 1A,B). We identifi ed centrosomes with centriole marker 
Centrin, and quantifi ed the intensity levels of γ-Tubulin co-localizing with Centrin (Fig 
1A,B). We found that the γ-Tubulin levels at centrosomes were consistently high in stage 
1 and stage 2 neurons, and markedly reduced by ~50% in stage 3 neurons, consistent 
with previous fi ndings in dissociated rat neurons (Fig 1A-C) (Stiess et al. 2010). These 
results suggest that centrosomes display microtubule organizing functions during the early 
developmental stages of human iPSC-derived neurons, i.e. during axon specifi cation, but 
not during later stages. 
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Centrosome-associated localization of AIS protein Trim46 in early-stage 
human neurons
An important hallmark of axon development is the assembly of the AIS in the proximal axon, 
which occurs after the developmental decline of the microtubule organizing function of 
centrosomes in dissociated rat hippocampal neurons (Stiess et al. 2010). Surprisingly, we 
observed that the AIS protein Trim46 was localized at centrosomes prior to AIS assembly 
(stage 1-2), as shown by co-localization of Trim46 with the centrosome markers Centrin and 
γ-Tubulin (Fig 1D). Similarly, centrosome-associated localization of Trim46 was observed 
in human HeLa cells, but not in dissociated rat hippocampal neurons or mouse IMCD3 cells 
(Fig S1A). Previous studies showed that Trim46 is a microtubule binding protein, however, 
a possible association with centrosomal proteins or structures has not been investigated 
(van Beuningen et al. 2015). Thus, we sought to identify which centrosome substructure 
coincided with Trim46. Localization experiments by confocal microscopy showed that 
Trim46 appeared as an oval structure which only partially overlapped with the centriolar 
and pericentriolar structures marked by Centrin and γ-Tubulin, respectively (Fig 1D). To 
gain more in-depth structural insights, we aimed to resolve centrosomal nanostructures by 
STED microscopy and observed that Trim46 appeared as a cloud of punctae surrounding 
but not overlapping with γ-Tubulin structures (Fig 1E). The γ-Tubulin structures mark 
the outer layer of the pericentriolar material as well as the minus-end nucleation sites of 
microtubules, suggesting that Trim46 associates with the starting points of centrosomal 
microtubules (Mennella et al. 2012). Examples of other cells also showed a consistent 
alignment of Trim46 puncta surrounding γ-Tubulin, which in turn surrounded Centrin puncta 
representing the centriolar core. Together, these data suggest that specifi cally in human 
cells, Trim46 localizes to centrosome-associated structures.

Trim46 localization shifts from centrosomes to axonal microtubules during 
development
Next, we studied the localization of Trim46 over time in developing human iPSC-derived 
neurons. We observed a clear decline of Trim46 staining at the pericentriolar region while 
the intensity of axonal Trim46 levels increased during development. More specifi cally, 
the pericentriolar Trim46 levels remained high in stage 2 neurons and were markedly 
decreased in stage 3 neurons, following the same trend as γ-Tubulin (Fig 1F). Consistently, 
we observed a similar shift of Trim46 staining from centrosomes to dense peripheral 
microtubules arrays in maturing human iPSC-derived glia cells, which are present at low 
abundance in the human iPSC-derived neuron cultures (Fig S1B). Together, the neuronal 
data suggest that Trim46 localization shifts from the pericentriolar region to peripheral 
axonal microtubule arrays. 

Centrinone-B treatment depletes centrioles in neuronal stem cells 
To study the effect of centrosome dysfunction on axon specifi cation, we next aimed to 
remove centrioles in human iPSC-derived NSCs by using Centrinone-B treatment. The 
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Figure 1.
Centrosomes display MTOC function and Trim46 appearance during axon specifi cation
A. Schematic illustration of centrosomal MTOC function in neurodevelopmental stages 1, 2 and 3 in 
human iPSC-derived NSCs/neurons.
B. Typical examples of stage 1 (day 0), stage 2 (day 7) and stage 3 (day 12) human iPSC-derived 
NSCs/neurons immunostained for γ-Tubulin and Centrin. Cells were co-immunostained with Ki67 
(day 0) or Trim46 and MAP2 (day 7 and 12) to defi ne their neuronal stages. Scale bars: 10 µm in 
overview, 2 µm in zooms.
C. Quantifi cations of normalized γ-Tubulin fl uorescent intensities at centrosomes in stage 1, 2 and 3 
human iPSC-derived neurons. N=2, n=46-51 cells. 
D. Human iPSC-derived NSCs (day 0) immunostained for Trim46, γ-Tubulin and Centrin. Zoom 
represents centrosome structure. Scale bars: 5 µm in overview, 2 µm in zooms.
E. Centrosomes of human iPSC-derived NSCs (day 0) with STED imaging of Trim46 and Centrin 
immunostaining, and confocal imaging of γ-Tubulin immunostaining. Merged images show different 
examples of centrosome structures. Scale bar: 1 µm.
F. Typical examples of stage 2 and stage 3 human iPSC-derived neurons immunostained for Trim46 
and MAP2. Inserts represent centrosomes. Zooms on the right represent a non-polarized neurite or 
a developing axon in stage 2 or stage 3 neurons, respectively. Scale bars: 20 µm in overview, 1 µm 
in insert, 10 µm in zoom.
Data information: Data represent mean ± SEM. One-way ANOVA including post-hoc analysis with 
Bonferroni correction (B, C). *** p<0.001, ns p>0.05

effi cient and robust centriole loss by Centrinone-B treatment has previously been validated
in various other cell types (Wong et al. 2015). Centrinone-B is a PLK4-inhibitor that blocks 
centriole duplication during cell division in proliferating cells, thereby generating a mixed 
population of cells containing 0, 1 or 2 centrioles. We treated human iPSC-derived NSCs 
for 0, 2 or 5 days with Centrinone-B prior to neuronal induction and quantifi ed the number 
of centrioles per cell. Centrioles were defi ned as puncta with overlapping staining of 
Pericentrin and Centrin (Fig 2A). We observed successful removal of either 1 or 2 centrioles 
in ~50% of the NSCs after 2 days of Centrinone-B treatment, which was not signifi cantly 
enhanced after a prolonged 5 day treatment (Fig 2B). Additionally, Centrinone-B treatment 
increased the number of cells with a characteristic neuron-like morphology, even before 
inducing neuronal differentiation. This premature neuronal differentiation phenotype 
is a well-described hallmark of centrosome dysfunction in various in vivo or 3D in vitro 
systems, as it underlies microcephaly and other neurodevelopmental disorders (Lancaster 
et al. 2013). We found signifi cantly more neurons upon 2 days of Centrinone-B treatment, 
measured as the relative number of cells that were positive for neuron differentiation 
markers MAP2 or -3-Tubulin, or proliferation marker Ki67 (Fig S2A-E). Together, these data 
show that Centrinone-B treatment results in successful depletion of centrioles in human 
iPSC-derived neuronal cells, and that it recapitulates neuronal developmental phenotypes 
that are broadly associated with centrosome defects. 
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Figure 2.
Centriole loss in NSCs perturbs subsequent axonal Trim46 targeting and action potential 
maturation
A. Typical examples of Centrinone-B treated or control human iPSC-derived NSCs immunostained for 
Pericentrin and Centrin. Inserts represent centriole(s). Scale bar: 5 µm in overview, 2 µm in inserts.
B. Quantifi cations of the percentage of cells with 0, 1 or 2 centrioles per cell after 0 (control), 2 or 5 days 
Centrinone-B treatment. N=2, n=48-51 cells.
C. Typical examples of Centrinone-B treated or control human iPSC-derived neurons (12-15 days) 
immunostained for AnkG, Trim46, MAP2 and Centrin. Inserts represent centrosomes, zooms on the 
right represent AIS structures. Scale bars: 20 µm in overview, 2 µm in insert, 10 µm in zooms.
D. Quantifi cations of percentage of human iPSC-derived neurons (12-15 days) treated with Centrinone-B 
containing a Trim46-positive or Trim46-negative process. Neurons are subdivided in populations 
containing 2 centrioles, or less than 2 centrioles, based on Centrin immunostaining. N=3, n=31-53 cells. 
E. Quantifi cations of percentage of human iPSC-derived neurons (12-15 days) treated with Centrinone-B 
containing an AnkG-positive or AnkG-negative process. Neurons are subdivided in populations 
containing 2 centrioles, or less than 2 centrioles, based on Centrin immunostaining. N=2, n=27-32 cells. 
F. Quantifi cations of percentage human iPSC-derived neurons (12-15 days) treated with Centrinone-B 
containing AnkG-positive processes that are Trim46-positive or Trim46-negative. Neurons are subdivided 
in populations containing 2 centrioles, or less than 2 centrioles, based on Centrin immunostaining. N=2, 
n=27 cells. 
G. Top: Schematic illustration of the experimental electrophysiology setup. To determine action potential 
(AP) frequency, somatic current injections from -10 pA to 50 pA (steps of 5 pA, 400 ms) were applied. 
Bottom: Representative example of evoked AP fi ring in a Centrinone-B treated human iPSC-derived 
neuron, response to hyperpolarizing and fi rst two depolarizing current steps, recorded at day 13.
H. Neuronal excitability was recorded in 54/61 control cells and 53/54 Centrinone-B treated cells. 
Percentage of cells fi ring zero, one or multiple APs in control (N=4; no AP: n=2, single AP: n=32, 
multiple APs: n=22) versus Centrinone-B treated cultures (N=3; no AP: n=9, single AP: n=34, multiple 
APs: n=10).
I. Scatter plots of AP amplitude versus AP half-width grouped by days after plating for Centrinone-B 
treated (10-11 days: n=14 cells, 13-14 days: n=28 cells) and control (7 days: n=7 cells, 10-11 days: 
n=15 cells, 13-14 days: n=36 cells) human iPSC-derived neurons.
J. Phase plots of a representative AP of a human iPSC-derived neuron treated with Centrinone-B and 
a control neuron of 13 and 14 days, respectively.
K. AP half-width recorded in Centrinone-B treated (n=43 cells) and control human iPSC-derived neurons 
(n=59 cells). 
L. AP threshold, amplitude and after-hyperpolarization recorded in Centrinone-B treated (n=43 cells) 
and control human iPSC-derived neuron cultures (n=59 cells). 
M. Left top: Schematic representation of the voltage ramp protocol used to determine maximum 
sodium current; membrane potential was changed from -100 mV to 200 mV in 400 ms. Left bottom: 
Representative example of maximum sodium peak recorded of a control neuron at day 13. Right: 
Maximum sodium peak in Centrinone-B treated (n=52 cells) and control human iPSC-derived neurons 
(n=48 cells). 
Data information: Data represents mean ± SEM. Chi-square-test including post-hoc analysis with 
Bonferroni correction (B, D, E, F); Mann Whitney test (K, L: after-hyperpolarization, M), Student’s t test 
(L: AP amplitude). *** p<0.001, ** p<0.01, * p < 0.05, ns p>0.05
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Centriole loss perturbs axonal targeting of Trim46
We next asked whether these prematurely differentiated neurons upon Centrinone-B 
treatment follow normal developmental timing and grow functional axons. To investigate 
the role of centrosomes during axon specifi cation, we assessed if the development of 
early-stage axons was affected by centriole loss. An important aspect of early-stage axon 
development is the specifi c sorting of axonal proteins, including AIS proteins such as 
Trim46 and AnkG. Thus, we tested if the axon-specifi c localization of Trim46 and AnkG 
was affected by Centrinone-B induced centriole removal. We divided the neurons treated 
with Centrinone-B into subpopulations containing 2 or <1 centriole(s), as defi ned by Centrin 
immunostaining (Fig 2C). Cells were co-immunostained with Trim46 and AnkG to quantify 
the number of cells containing a Trim46-positive and/or AnkG-positive process (Fig 2C). 
We observed a marked ~50% reduction of cells with a Trim46-positive process in the 
subpopulation containing <1 centriole(s) compared to cells still containing 2 centrioles, 
whereas no changes were observed for AnkG (Fig 2D,E). Consistently, cells containing <1 
centriole(s) showed reduced Trim46 co-localization at AnkG-positive axonal structures (Fig 
2F). Together, these data imply that centrosomes are required for the targeting of Trim46, 
but not AnkG, to axons during early stages of neuronal development.

Centriole loss leads to immature action potential fi ring
The axonal targeting of Trim46 and AnkG is required to assemble the AIS, the highly 
specialized structure essential for mature and effi cient AP fi ring. Thus, we assessed if the 
observed differential effects on axon protein targeting upon centriole depletion correlate with 
changes in AP properties. We performed whole-cell patch clamp recordings of control or 
Centrinone-B treated neurons of 7-14 days, which coincides with early axon development. 
To measure neuronal excitability, we determined the number of APs fi red with increasing 
somatic current injection (steps of 5 pA; 400 ms) (Fig 2G, Fig S2F). In Centrinone-B treated 
cultures, ~17% of neurons did not fi re APs, whereas this was only ~3% in control cultures 
(Fig 2H). Of the fi ring neurons, there were less Centrinone-B treated neurons that fi red 
multiple APs compared to control. Neurons that did not fi re APs did generate small peaks 
upon current stimulation, indicating the opening of sodium channels, but no positive feedback 
to rapidly increase the membrane potential as is characteristic of APs. In addition, neurons 
treated with Centrinone-B did not display a progressive maturation of AP properties from 
day 10 to day 14, as was observed in control neurons (Fig 2I). APs fi red by Centrinone-B 
treated neurons appeared more immature, as they were wider, had smaller amplitudes and 
smaller after-hyperpolarizations (Fig 2J-L, S2G,H). In Centrinone-B treated neurons the input 
resistance was also higher, but membrane potential did not differ from control (Fig S2I,J). 
Although AP threshold was not affected by Centrinone-B treatment (Fig 2L), maximum sodium 
currents were signifi cantly smaller in Centrinone-B treated neurons (Fig 2M). Together, the 
electrophysiology recordings from Centrinone-B treated neurons show more immature 
AP fi ring and reduced sodium currents, thereby highlighting the functional relevance of 
centrosome-mediated control mechanisms during early stages of neuronal development.
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Centriole depletion results in reduced expression of growth cone proteins
The centriole-depleted NSCs develop into neurons with structural and functional 
perturbations in axon development. Next, we aimed to quantify effects of centriole 
depletion during axon specifi cation with unbiased profi ling. Therefore, we performed 
mass spectrometry based quantitative proteomics analysis on days 1, 3, and 7, which 
roughly corresponds with developmental stage 1, onset of stage 2, and onset of stage 
3, respectively. We compared the proteome dynamics during early neurodevelopment of 
replicates of Centrinone-B treated and control neurons (Fig S3A, Table 1). Centrinone-B 
treatment did not markedly alter the relative protein expression over time (Fig 3A). 
The protein expression profi le of control neurons showed a developmental shift, which 
corresponds to the transitions from stage 1 to stage 2, and from stage 2 to stage 3 (Fig 
S3B). Protein expression of centriole-depleted neurons largely follows the same trend (Fig 
S3C). In both populations, proteins considered specifi c for NSCs are downregulated at 
days 3 and 7 (e.g. Ki67, Nestin, Otx, Notch1), whereas neuronal proteins are upregulated 
(e.g. Stathmin1, Map2, Doublecortin, Tubß3) (Fig S3D). The onset of stage 3 marks axon 
specifi cation and indeed we observed strong upregulation of the axonal proteins Trim46 
and Tau at day 7, which was not affected by Centrinone-B treatment (Fig 3B). Expression 
of the growth cone proteins Basp1, Gap43, and Marcks was increased at day 3 in controls 
as well as Centrinone-B treated neurons. This upregulation was even stronger at day 7 
in control neurons, but was markedly suppressed in the centriole-depleted neurons (Fig 
3C, Fig S3D). Together, the quantitative proteome analysis shows that treatment with 
Centrinone-B does not dramatically alter the protein expression profi le during early stages 
of neurodevelopment. However, these results indicate a specifi c effect on growth cone 
proteins upon loss of centrioles.

Centriole loss affects neurite growth cone morphology 
Next, we examined if the reduced expression of growth cone proteins resulted in defects of 
axonal growth cone morphology. We found that in control neurons the size of growth cones 
is relatively large early in development and decreases over time (Fig 3D,E). Growth cones 
of centriole-depleted neurons remained smaller at day 5, and their size decreased even 
further later in development. As microtubules are essential components to shape growth 
cones, we investigated whether manipulation of the microtubule cytoskeleton mimicked the 
effect of centriole depletion on growth cone size (Dent, Gupton, and Gertler 2011). Indeed, 
treatment with Nocodazole, a microtubule destabilizer, also resulted in smaller growth 
cones already at day 5 (Fig 3D,E). Interestingly, Nocodazole treatment did not show an
additional effect on growth cone size in centriole depleted neurons, which suggests similar 
underlying mechanisms. To study the effect of centriole depletion on growth cones more 
specifi cally, we categorized three subtypes: fan-like, torpedo-like, and bulb-like (Fig 3F) 
(van der Vaart et al. 2013). We found a majority of fan-like growth cones at day 5, which
shifted to more torpedo-like and bulb-like growth cones as axons matured (Fig 3G). Neither 
Centrinone-B nor Nocodazole treatment altered the relative abundance of these types
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Figure 3.
Centriole loss in NSCs is accompanied with changes in neurite growth cone morphology
A. Correlative plot of changes in protein abundance between control neurons and neurons treated 
with Centrinone-B (day7/day3). Pearson correlation R=0.5716, p<0.001. Specifi c, signifi cantly 
changing growth cone proteins highlighted in red.
B. Protein abundance profi le over time for axon-related proteins Trim46 and Tau in control neurons 
and neurons treated with Centrinone-B (+C).
C. Protein abundance profi le over time for growth cone-related proteins Basp1, Gap43 and Marcks 
in control neurons and neurons treated with Centrinone-B (+C).
D. Representative images of fan-like growth cones at day 5 of control and Centrinone-B treated 
neurons in untreated, or nocodazole-treated conditions. Growth cone visualized by immunostaining 
for phalloidin. Scale bar = 5µm.
E. Quantifi cations of the average area (µm²) of growth cones of control and Centrinone-B treated 
neurons in untreated, or nocodazole-treated conditions at different time points. N=3, n=25-83. 
F. Representative images of different growth cone morphological categories: fan-like, torpedo-like 
and bulb-like. Scale bar = 5µm.
G. Quantifi cations of the ratios of different subtypes (fan-like, torpedo-like, bulb-like) of growth 
cones of control and Centrinone-B treated neurons in untreated, or nocodazole-treated conditions at 
different time points.
H. Quantifi cations of the average area (µm²) of different subtypes (fan-like, torpedo-like, bulb-like) 
of growth cones of control and Centrinone-B treated neurons in untreated, or nocodazole-treated 
conditions at different time points. N=3, n=5-55. 
Data information: Data represent mean ± SEM. One-way ANOVA including Tukey’s post-hoc analysis 
(E), Chi-square-test including post-hoc analysis with Bonferroni correction (G), One-way ANOVA 
including Sidak’s post-hoc analysis (H). *** p<0.001, ** p<0.005, ns p≥0.05

of growth cones. However, Centrinone-B as well as Nocodazole treatment did result in 
signifi cantly smaller fan-like growth cones at day 5, which in control neurons are considerably 
larger than torpedo- and bulb-like growth cones (Fig 3H). This effect was distinct for fan-
like growth cones, as the sizes of torpedo-like and bulb-like growth cones were unaffected, 
which suggests that the observed decrease of growth cone size is specifi cally due to 
affected fan-like growth cones (Fig 3E,H). The actin cytoskeleton is another important 
cytoskeletal component at growth cones, and was previously found to be controlled by 
microtubules as well as centrosome activity in dissociated rodent neurons (Zhao et al. 
2017; Meka et al. 2019). Here, we observed no changes in local levels of F-actin at growth 
cones, suggesting that the reduced size of fan-like growth cones is not caused by changes 
in F-actin levels in growth cones (Fig S3E). Together, these results indicate that centriole 
depletion causes growth cone morphology defects during axon outgrowth, presumably by 
perturbing the underlying microtubule network.
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Figure 4.
Centriole loss restrains microtubule remodeling during early axon development
A. Schematic illustration of stage 3 human iPSC-derived neurons. Different locations of the neurons 
that are imaged have been outlined and annotated.
B. Kymographs and schematic representations of time-lapse recordings as shown in S4B, for 
different positions (proximal axon; distal axon), time points (day 7; day 13) and conditions (control; 
Centrinone-B). Scale bar: 5 µm.
C. Quantifi cations of the ratios of comets pointing in anterograde (green) or retrograde (blue) direction 
in the proximal axon. N= 3, n= 7-11 cells.
D. Quantifi cations of the percentage of neurons exhibiting uniform, or not uniform comet orientations 
in the anterograde direction in the proximal axon. N= 3, n= 7-11 cells.
E. Quantifi cations of the ratios of comets pointing in anterograde (green) or retrograde (blue) direction 
in the distal axon. N= 3, n= 8-12 cells.
F. Quantifi cations of the percentage of neurons exhibiting uniform, or not uniform comet orientations 
in the anterograde direction  in the distal axon. N= 3, n= 8-12 cells.
G. Schematic representation of microtubule laser-severing (LS) experiments.
H. Kymographs and schematic representations of time-lapse recordings as shown in S4Q following 
LS, for different positions (proximal axon; distal axon), time points (day 7; day 13) and conditions 
(control; Centrinone-B). Red line and red arrowhead denote location and time  of LS. Scale bars: 5 
µm.
I. Quantifi cations of the ratios of comets pointing in anterograde (green) or retrograde (blue) direction 
in the proximal axon following LS. N=3 , n=19-30 cells.
J. Quantifi cations of the percentage of neurons exhibiting uniform, or not uniform comet orientations 
in the anterograde direction  in the proximal axon following LS. N= 3, n= 19-30 cells.
K. Quantifi cations of the ratios of comets pointing in anterograde (green) or retrograde (blue) direction 
in the distal axon following LS. N=3 , n=19-30 cells.
L. Quantifi cations of the percentage of neurons exhibiting uniform, or not uniform orientations in the 
anterograde direction  in the distal axon following LS. N= 3, n= 19-30 cells.
Data information: Data represent mean ± SEM. Chi-square-test including post-hoc analysis with 
Bonferroni correction (D,F,J,L); *** p<0.001, ** p<0.005, * p<0.05, ns p≥0.05

Centriole loss perturbs microtubule reorganization in developing axons 
To gain more insight into the potential role of centrosomes on the organization of the 
axonal microtubule cytoskeleton, we studied the effect of centriole loss on the microtubule 
remodeling processes during development. We systematically analyzed plus-end 
dynamics and orientations of microtubules at different cellular compartments on day 7 and 
13, which coincide with the onset of stage 3 and late stage 3, respectively, in control and 
Centrinone-B treated neurons (Fig 4A). We used two-color live-cell imaging to visualize 
neurite morphology and microtubule plus-end tracking proteins (MT+TIPs) (Fig 4B, S4B, 
Movie S1). In control neurons, we observed the characteristic adoption of a unidirectional, 
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plus-end out organization of microtubules in axons over time, in a distal-to-proximal fashion 
(Fig 4C-F). This shift towards a uniform orientation between day 7 and 13 corresponded 
to a decrease of retrogradely moving comets in most control neurons (Fig S4C-F). 
This developmental shift is less prevalent upon centriole loss, as shown by a decrease 
in neurons with uniform anterogradely moving comets (Fig 4D-F). Moreover, this was 
accompanied by a less distinct decrease in the number of retrograde comets over time 
compared to control (Fig S4C-F). The reorganization of microtubules corresponded with 
trends towards a decrease in the comet growth speed in control but not in Centrinone-B 
treated neurons, whereas comet run length was not changed over time in both conditions 
(Fig S4J-O, Table2,3). Imaging of MT+TIPs only provides information about the dynamic 
ends of microtubules, but does not account for stabilized microtubules. Thus, we next aimed 
to analyze the microtubule orientations of the total axonal microtubule network, including 
both sTable and dynamic microtubules. This was addressed by combining our approach 
with laser-severing to generate new microtubule ends by cutting microtubules with a short-
pulsed laser, which triggers newly formed MT+TIPs (Fig 4G,H, S4Q, Movie S2) (Yau et 
al. 2016). Following laser severing of microtubules in axons, we observed an increase in 
the total number of mostly retrograde comets, which refl ects the sTable pool of minus-end 
out microtubules (Fig S4D,F,S,U). In line with previous results, we found that the impaired 
shift towards uniform anterogradely moving comets in Centrinone-B treated neurons was 
more profound following laser-severing (Fig 4I-J, S4R-U). This is most strikingly observed 
at distal axon regions of day 13 neurons, the most mature axonal stage, as ~90% of the 
axons of control neurons showed a uniform plus-end out microtubule whereas this is ~50% 
in Centrinone-B treated neurons (Fig 4L). In dendrites, a shift towards a mixed microtubule 
network is observed in both control and Centrinone-B treated neurons (Fig S4A,G-I,P,V-X). 
Together, these data suggest that centriole loss is important for the unique axon-specifi c 
reorganization towards uniform plus-end out microtubules. 

DISCUSSION
Multiple studies attempted to address the possible role of centrosomes during axon 
development. Early reports suggested that microtubule nucleation is important for axon 
formation and outgrowth in dissociated rodent neurons, and proposed that centrosomes 
could play an important role in axon development (Ahmad et al. 1994). Indeed, in Drosophila 
neurons, centrosome dysfunction affected axon formation and outgrowth (de Anda et 
al. 2005). In dissociated rodent neuron cultures, centrosome positioning was found to 
correlate with sites of newly emerging axons (Zmuda and Rivas 1998; de Anda et al. 2005). 
However, centrosome removal in polarized neurons did not affect further axon outgrowth in 
dissociated rodent neurons (Stiess et al. 2010). Nevertheless, the role of centrosomes in 
axon specifi cation remained largely unexplored. This is mostly due to technical challenges 
that prevent investigation of the very early molecular processes that drive axon specifi cation. 
Here, we used human iPSC-derived neurons to investigate centrosome function during axon 
specifi cation. We uncovered that centrosomes are important for microtubule remodeling 
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during early axon development, thereby setting-up the foundation for subsequent axon 
maturation and functioning. 

Trim46 localizes at the centrosome and AIS at different stages of neuronal 
development
Trim46 was identifi ed as a microtubule-associated protein localizing to the proximal 
part of the AIS, where it locally binds and stabilizes parallel microtubule bundles (van 
Beuningen et al. 2015). In this study we report the uncharacteristic localization of Trim46 
near centrosomes in unpolarized neurons, which is shifted towards axons during neuronal 
polarization. Interestingly, a similar developmental shift was previously reported for NDEL1, 
a dynein regulating protein (Kuijpers et al. 2016). It remains unknown if there are additional 
microtubule associated proteins showing the developmental translocation from centrosomes 
to axons. Remarkably, the axonal accumulation of Trim46 was perturbed upon centriole 
removal, likely signifying a differentially organized axonal microtubule network. Consistent 
with this idea, we observed less parallel plus-end out microtubules in axons upon centriole 
loss. Previous in vitro reconstitution assays revealed that Trim46 binding favors bundles 
of parallel oriented microtubules (Freal et al. 2019). High resolution imaging showed 
that Trim46 appeared as small punctae surrounding the outer layer of the pericentriolar 
material and did not coincide with previously resolved structures of centrosomal proteins 
(Mennella et al. 2012). Considering that Trim46 is a microtubule-associated protein 
favoring parallel microtubule bundles, we speculate that Trim46 localizes to the starting 
points of centrosomal microtubule arrays nucleated from yTuRCs at the PCM (Freal et al. 
2019). Hence, centrosomes are likely to represent the site with the highest occurrence of 
parallel oriented microtubules in cells with a radial microtubule network. The function of 
centrosome-associated Trim46 remains elusive, although it is tempting to speculate that 
it plays a role in stabilizing the parallel oriented microtubules, consistent with its previous 
reported function in axons (van Beuningen et al. 2015). 

Dissecting the mechanistic role of centrosomes in axon development
Our data indicates that the centrosome is a critical regulator of axonal microtubule 
organization during early neuronal development. First, we show that centrosomes display 
microtubule organizing functions during the process of axon specifi cation, and not in 
polarized neurons. This illustrates the potential of centrosomes, as main MTOCs, to 
contribute to microtubule remodeling during onset of axon development. Second, centriole 
loss had distinct effects on AIS assembly and function, as illustrated by the absence of 
microtubule binding Trim46 proteins, and more immature AP fi ring and reduced sodium 
currents. It is likely that the perturbed centrosome-mediated microtubule remodeling 
underlies the observed functional defects. Third, at earlier developmental stages, centriole 
loss affected growth cone formation, which was mimicked by drug treatments that cause 
microtubule destabilization. Fourth, we found that centriole loss results in a marked delay in 
the axon-specifi c uniform plus-end out microtubule reorganization. The precise mechanism 
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of how centrioles mediate axonal microtubule rearrangements in human iPSC-derived 
neurons remains largely unclear. Developmental decline of centrosomal microtubule 
nucleation is a controlled process occurring after axon specifi cation (Stiess et al. 2010). 
Perturbing this controlled timing by removing centrioles prior to axon specifi cation may 
result in a differentially organized microtubule network in young neurons. Interestingly, 
a relative increase in acentrosomal microtubules was found in epithelial cells subjected 
to Centrinone-B induced centriole loss (Martin et al. 2018). We speculate that premature 
centriole loss may promote acentrosomal microtubule nucleation in axons and thereby 
increase minus-end out microtubules. Alternatively, centrosomes were also found to 
play a role in non-microtubule functions that are relevant for neurodevelopment, such as 
intracellular signaling, protein homeostasis and organizing the actin cytoskeleton (Conduit, 
Wainman, and Raff 2015; Farina et al. 2016; Vora and Phillips 2016; Meka, Scharrenberg, 
and Calderon de Anda 2020). However, it remains unknown to what extent these functions 
contribute to axon formation. Altogether, our data show that centrosomes are critical for 
setting-up the correct microtubule organization during axon specifi cation, which is important 
for subsequent microtubule remodeling in growing axons.

Centrosome dysfunction results in premature differentiation and repressed 
axon development
Neurodevelopment is orchestrated by a highly temporal controlled sequence of events. 
Centrosome dysfunction signifi cantly perturbs this coordinated timing, resulting in 
microcephaly disorders (Nano and Basto 2017). These reduced brain sizes are mostly 
attributed to a reduction of the NSC pool, due to premature differentiation and cell death 
(Nano and Basto 2017). Here we show that NSCs prematurely differentiate into neurons 
when centrosome function is impaired, consistent with previous reports in human iPSC-
derived cerebral organoids (Lancaster et al. 2013). However, previous studies did not reveal 
whether these prematurely differentiated neurons subsequently follow normal developmental 
timing and are able to grow functional axons. Here we found reversed timing effects on axon 
development in prematurely differentiated neurons, as centriole loss perturbed microtubule 
remodeling during axon formation. The structural axon developmental defects were also 
accompanied by compromised axon function, as demonstrated by impaired AP fi ring and 
reduced sodium currents with centrosome dysfunction. Presumably, the observed functional 
axon defects are the result of a perturbed organization of the axonal microtubule network 
in centriole-depleted neurons. Setting-up the distinct microtubule organization in axons 
and dendrites is an important aspect of neuron polarity, and altering this process might 
have severe consequences for polarized cargo transport and further neurodevelopment 
(van Beuningen and Hoogenraad 2016). In the brain, correct timing of axonal outgrowth 
during neurodevelopment is key, as axon pathfi nding is steered by gradients of chemical 
attractants or repellents that are highly spatiotemporally controlled (Stoeckli 2018). We 
therefore speculate that centrosome-mediated alterations in axon development may 
signifi cantly affect axon targeting and neuronal innervation in vivo. To this end, it would be 
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interesting to direct future research in addressing the long-term functional consequences 
of an altered axonal microtubule network due to centrosome dysfunction. 
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MATERIAL AND METHODS
Human iPSC-derived neuron culture
Human iPSC-derived neuronal stem cells (ax0016, Axol Bioscience) were purchased, 
expanded and subjected to neuronal differentiation and maintenance as previously 
prescribed (Lindhout et al. 2020). In brief, for expansion of human iPSC-derived NSCs, 
cells were plated on SureBond-coated plastic wells of a six-wells plate, and kept in 
Neuronal Plating-XF medium (ax0033, Axol Bioscience) at  37°C with 5% CO2. On the 
next day, medium was replaced by Neuronal Expansion-XF Medium supplemented with 
EGF (20 ng/ml; AF-100-15, Peprotech) and FGF (20 ng/ml; 100-18B, Peprotech), which 
was refreshed every two days. For cell passaging, cells were washed once with PBS, 
dissociated with Unlock (ax0044, Axol Bioscience), and plated and maintained on pre-
coated wells as described above. For neuronal differentiation, human iPSC-derived NSCs 
were plated on ReadySet/SureBond-coated glass coverslips and kept in Neuronal Plating-
XF medium (ax0033, Axol Bioscience) at  37°C with 5% CO2. Cells were plated at a density 
of ~40k cells per well for control and ~60k cells per well or Centrinone-B-treated conditions, 
to compensate for the decreased proliferating rates caused by dysfunctional centrosomes. 
Neuronal induction was induced two days after plating by gradually replacing the medium 
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to Neuron Differentiation-XF Medium (ax0032, Axol Bioscience), and differentiated neurons 
were next maintained in Neuronal Maintenance-XF Medium (ax0034, Axol Bioscience).

Primary rat hippocampal neuron, HeLa and IMCD3 cell culture
Dissociated rat hippocampal neuron cultures were prepared as previously described 
(Lindhout et al. 2019). In brief, neurons were obtained from embryonic day 18 rat pups, 
plated on poly-l-lysine/laminin-coated coverslips (100k/well), and kept in Neurobasal 
medium (NB) supplemented with 2% B27, 0.5 mM glutamine, 16.6 μM glutamate, and 1% 
penicillin/streptomycin at 37°C with5% CO2. HeLa or IMCD3 cells were plated on plastic for 
expansion and 18 mm coverslips for experiments, and kept in DMEM/Ham’s F10 (50%/50%) 
medium supplemented with 10% FCS and 1% penicillin/streptomycin at 37°C with 5% CO2.
 
Pharmacological treatments
For centriole loss experiments, cells were treated with Centrinone-B (500 nM; HY-18683, 
MedChemExpress) 1 hour after plating and treatment was continued with every following 
medium change to prevent unintentional wash-out. For growth cone experiments, if 
indicated, cells were treated for 24h with 20 nM Nocodazole (Sigma-Aldrich, M1404) prior 
to fi xation. 
 
Lentiviral infection
Constructs expressed by lentiviral infections in this study are FUGW-GFP (Addgene 
#14883, (Lois et al. 2002)) and Marcks-tagRFP-T-pIres-GCN4-MacF18. Cloning of Marcks-
tagRFP-T-pIRES-GCN4-MacF18 is described previously (Yau et al. 2014). In short, the 
construct was subcloned into the lentiviral vector pSIN-TRE-mSEAP-hPGK-rtTA2sM2 
(kind gift from Dr. Didier Trono, Ecole Polytechnique Fédérale de Lausanne, Lausanne, 
Switzerland) in which the PGK promotor was substituted by the neuron-specifi c synapsin 
promotor. Lentiviral particles were generated as described previously (Yau et al. 2014). 
Cells were transduced with lentivirus 2 hours after plating. The tetracycline-dependent 
expression was induced two days before imaging by supplementing the medium with 500 
ng/ml doxycycline.
 
Antibodies
The following primary antibodies were used in this study: mouse-IgG1 anti-γ-Tubulin (1:500; 
T6557, Life Technologies), mouse-IgG2a anti-Centrin (1:300; 20H5, Millipore), rabbit 
anti-Ki67 (1:500; ab92742, Abcam), chicken anti-MAP2 (1:2000; ab5392, Abcam), rabbit 
anti-Trim46 (1:500; homemade, (van Beuningen et al. 2015)), mouse-IgG1 anti-Nestin 
(1:200; MAB5326, Millipore), mouse-IgG1 anti-α-Tubulin (1:1000; T-5168, Sigma), rabbit 
anti-pericentrin (1:500; 923701, BioLegend), mouse-IgG1 anti-AnkG (1:200; 33-8800, 
Life Technologies), mouse-IgG2b anti-β3-Tubulin (1:400; T8660, Sigma). The following 
secondary antibodies were used in this study: anti-chicken Alexa 405 (ab175675, Abcam), 
anti-rabbit Alexa 488 (A11034, Life Technologies), anti-chicken Alexa 488 (A11039, Life 
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Technologies), anti-mouse Alexa 488 (A11029, Life Technologies), anti-mouse-IgG1 Alexa 
488 (A21121, Life Technologies), anti-rabbit Alexa 568 (A11036, Life Technologies), anti-
mouse Alexa 568 (A11031, Life Technologies), anti-mouse-IgG1 Alexa 594 (A21125, Life 
Technologies), anti-mouse-IgG2a Alexa 594 (A21135, Life Technologies), anti-chicken 
Alexa 647 (A21449, Life Technologies), anti-rabbit Alexa 647 (A21245, Life Technologies) 
anti-mouse Alexa 647 (A21236, Life Technologies), anti-mouse-IgG2a Alexa 647 (A21241, 
Life Technologies), phalloidin Alexa 647 (A22287, Life Technologies).
 
Immunofl uorescence
For centrosomal stainings, cells were fi xed for 10 min in methanol at -20°C. For all other 
experiments, cells were fi xed for 10 min in PBS with 4% formaldehyde/4% sucrose 
(for neurons) or 10 min in PBS with 4% formaldehyde (for non-neuronal cells) at room 
temperature. After fi xation, cells were washed three times with PBS. Next, fi xed cells were 
sequentially incubated with primary and secondary antibodies diluted in gelate dilution 
buffer (GDB; 0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4). 
Cells were washed three times with PBS after every antibody incubation, and coverslips 
were mounted using Vectashield mounting medium (Vector laboratories) with or without 
DAPI.
 
Microscopy
Confocal microscopy of fi xed cells was performed on a LSM700 confocal laser-scanning 
microscope (Zeiss) equipped with the following objectives: 1) a Plan-Apochromat 63x NA 
1.4 oil DIC; 2) a EC Plan-Neofl uar 40x NA 1.3 Oil DIC; and 3) a Plan-Apochromat 20x 
NA 0.8 objective. Dual-color gated STED (gSTED) imaging was performed on a Leica 
TCS SP8 STED 3X microscope using a HC PL APO 100x/ N.A. 1.4 oil immersion STED 
WHITE objective. The 488, 590 and 647 nm wavelengths of pulsed white laser (80MHz) 
were used to excite Alexa 488-labeled γ-Tubulin, Alexa 594-labeled Centrin and Alexa647-
labeled Trim46, respectively. Alexa 594 and Alexa 647 were depleted with the 775 nm 
pulsed depletion laser and an internal Leica HyD hybrid detector (100% gain) with a time 
gate of 0.3 ≤ tg ≤ 6 ns was used. Spinning-disk confocal microscopy for live-cell imaging 
was performed on an inverted microscope Nikon Eclipse Ti-E, which was equipped with 
a spinning disk-based confocal scanner unit (CSU-X1-A1, Yokogawa), an ASI motorized 
stage with the piezo plate MS-2000-XYZ (ASI), and the perfect focus system (Nikon). We 
used the following cameras: 1) a Photometric Evolve Delta 512 EMCCD camera controlled 
by the MetaMorph 7.8 software (Molecular Devices), or 2) a Photometric PRIME BSI 
sCMOS camera (version USB 3), controlled by the MetaMorph 7.10 software (Molecular 
Devices). We used the 491 nm 100mW Calypso (Cobolt) and 561 nm 100mW Jive (Cobolt) 
lasers as light sources. For imaging of GFP-tagged proteins we used an ET-GFP fi lter set 
(49002, Chroma), for imaging of proteins with tag-RFP we used an ET-mCherry fi lter set 
(49008, Chroma). For live-cell imaging with photoablation, we used an ILas system (Roper 
Scientifi c France/PICT-IBiSA, Institut Curie, currently Gataca Systems) mounted on the 
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Nikon Eclipse microscope described above. We used a 355 nm passively Q-switched pulsed 
laser (Teem Photonics) for the photoablation, together with the S Fluor 100x 0.5-1.3 NA oil 
objective (Nikon). To cut several microtubules simultaneously, we moved the same laser 
beam along the line positioned perpendicular to several microtubules. All live-cell imaging 
experiments were performed in full conditioned differentiation (day 5) or maintenance (days 
7 and 13) medium for human iPSC-derived neuron cultures (Axol). To keep cells at 37°C 
with 5% CO2 we used a stage top incubator (model INUBG2E-ZILCS, Tokai Hit).
 
Image quantifi cation and analysis
Determining centrosomal γ-Tubulin levels: Centrosomal γ-Tubulin levels were quantifi ed 
in stage 1 (day 0; Ki67-positive), stage 2 (day 7; MAP2-positive and axonal Trim46-
negative) and stage 3 neurons (day 12; MAP2-positive and axonal Trim46-positive). 
Centrosomes were identifi ed by co-localization of γ-Tubulin and Centrin. A region of interest 
was manually drawn around centrosomes defi ned by the Centrin signal, and the average 
γ-Tubulin immunofl uorescence intensity within this region was measured and corrected 
for background intensities. The mean intensities of each neurodevelopmental stage were 
normalized to the mean intensity of stage 1 neurons.
Measuring development of neuronal differentiation: To determine the effect of Centrinone-B 
treatment on neuronal differentiation over time, cells were identifi ed using DAPI staining 
and scored to be positive or negative for Ki67, MAP2 or β3-Tubulin.
Quantifying growth cone morphologies: Growth cone size was measured by manually 
drawing a region of interest based on phalloidin signal and measuring the area in µm². 
Growth cones were categorized as fan-like, torpedo-like or bulb-like based on shape.
 
Live-cell imaging
For microtubule dynamics experiments without laser severing, time-lapse acquisition 
was performed using the 491 nm 100 mW Calypse (200 ms exposure) and 561 nm 100 
mW Jive (200 ms exposure) with 1 frame per second (fps) for 5 minutes, with a Plan Apo 
VC 60x NA 1.4 oil immersion objective (Nikon). 16-bit images were projected onto the 
EMCCD chip with intermediate lens 2.0X (Edmund Optics) at a magnifi cation of 0.111 µm/
pixel at 60x, or onto the sCMOS chip with no intermediate lens at a magnifi cation of 0.150 
µm/pixel at 60x. For microtubule dynamics experiments with laser severing, Time-lapse 
acquisition was performed using the 491 nm 100 mW Calypse (50-200 ms exposure) and 
561 nm 100 mW Jive (50-200 ms exposure) with 1 fps for 3 minutes. Selected regions 
were subjected to photoablation between frame 30 and 31. 16-bit images were projected 
onto the sCMOS chip with no intermediate lens at a magnifi cation of 0.063 µm/pixel at 
100x. For analysis of microtubule plus-end dynamics, kymographs were generated with the 
FIJI plugin KymoResliceWide v.0.4 (https://github.com/ekatrukha/KymoResliceWide), and 
tracing microtubule growth events were manually traced.
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Electrophysiology
Before the start of each experiment, a 12 mm coverslip with Centrione-B treated or control 
human iPSC-derived neurons (paired cultures of 7–14 days after plating) was placed under 
the microscope. In the recording chamber, carbogenated (95% O2, 5% CO2) artifi cial 
cerebrospinal fl uid (ACSF, in mM: 126 NaCl, 3 KCl, 2.5 CaCl2, 1.3 MgCl2, 26 NaHCO3, 
1.25 NaH2PO4, 20 glucose; with an osmolarity of ~310 mOsm/L) was continuously 
perfused at a rate of approximately 1 ml/min. An extra medium refreshment was conducted 
one day before recording, to prevent changes in excitability due to acute differences in 
extracellular osmolarity (Pasantes-Morales 1996). ACSF was warmed before entering the 
bath and the temperature was maintained at 30-32 °C. Recording pipettes pulled from 
thick-walled borosilicate glass capillaries (World Precision Instruments) had a resistance 
of 4-7 MΩ and were fi lled with internal solution (in mM: 140 K-gluconate, 4 KCl, 0.5 EGTA, 
10 HEPES, 4 MgATP, 0.4 NaGTP, 4 Na2-Phosphocreatine; with pH 7.3 and osmolarity 295 
mOsm/L). To facilitate visualization of cells during the experiment and post hoc, the internal 
solution was supplemented with 30 µM Alexa 568 (Thermo Fisher Scientifi c) and biocytin, 
respectively. We selected individual neurons with a 60x water immersion objective (Nikon 
NIR Apochromat; NA 1.0) and performed whole-cell somatic patch clamp recordings. During 
the recordings in both voltage and current clamp, cells were kept at a holding potential of 
-60 mV. Recordings were acquired with an Axopatch 200B amplifi er (Molecular Devices) 
using pClamp 10 software. Data was analyzed with Clampfi t 10.7 software and custom-
written MATLAB scripts.
 
Mass spectrometry
To obtain sample preparations for mass spectrometry (TMT labeling), biological replicates 
of control and Centrinone-B treated human iPSC-derived neurons were harvested at 
three different time points (days 1, 3, and 7) of differentiation with lysis buffer (8 M urea, 
50 mM ammonium bicarbonate (Sigma), EDTA-free protease inhibitor cocktail (Roche)). 
Lysates were sonicated on ice using Bioruptor (Diagenode) and cleared by centrifugation 
at 2500g for 10 minutes. Protein concentration was determined using Bradford assay. From 
each condition 100 µg of proteins were reduced (5 mM DTT, 55˚C, 1 hour), alkylated (10 
mM Iodoacetamide, 30 minutes in the dark) and sequentially digested by LysC (Protein-
enzyme ratio 1:50, 37˚C, 4 h) and trypsin (Protein-enzyme ratio 1:50, 37˚C, overnight). 
After overnight digestion, samples were acidifi ed with formic acid (fi nal concentration 
3%) and resulting peptides were then desalted using Sep-Pak C18 columns (Waters). 
Samples were subjected to sTable isotope TMT-6plex labeling according to manufacturer’s 
instruction (Thermo Fisher Scientifi c). In brief, peptides were resuspended in 80 µl of 50 
mM HEPES buffer, 12.5% ACN with pH 8.5 while TMT reagents were dissolved in 50 µl 
anhydrous ACN. For labeling, 25 µl of each dissolved TMT reagent were added to the 
correspondent sample according to the following scheme:
Control human iPSC sample, day 1 = TMT-126  /  Centrinone-B human iPSC sample, day 1 = TMT-129 
Control human iPSC sample, day 3  = TMT-127  /  Centrinone-B human iPSC sample, day 3 = TMT-130 
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Control human iPSC sample, day 7 = TMT-128  /  Centrinone-B human iPSC sample, day 7 = TMT-131 
Following incubation at room temperature for 1 hour, the reaction was quenched using 5% 
hydroxylamine. Differentially TMT-labeled peptides were mixed in equal ratios and dried in a 
vacuum concentrator. Peptide fractionation, MS analysis, data processing, and bioinformatic 
analysis of the samples were performed as described before (Lindhout et al. 2020).The mass 
spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 
via the PRIDE partner repository with the dataset identifi er PXD020227 (Perez-Riverol et 
al. 2019).

Statistical analysis
All statistical analyses were performed using Prism GraphPad (version 8.0) software. 
Statistical tests are described in the corresponding Figure legends. P-values are annotated 
as follows: * p<0.05, ** p<0.01, *** p<0.001, and ns p≥0.05.
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Supplementary Figure 1.
Centrosomes display MTOC function and local Trim46 appearance during axon specifi cation
A. Typical examples of human iPSC-derived NSCs (day 0), HeLa cells, primary dissociated rat 
neurons (day 0) and mouse IMCD3 cells immunostained for Trim46 and Centrin, and co-immunos-
tained with Nestin or α-Tubulin if indicated. Inserts represent centrosomes. Scale bars: 10µm in 
overview, 2 µm in inserts.
B. Typical examples of mature human iPSC-derived glia cells (day 17) immunostained for Trim46, 
Centrin and α-Tubulin. Zooms represent centrosomes. Scale bars: 20 µm in overview, 1 µm in 
zooms
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Supplementary Figure 2.
Centriole loss perturbs axonal Trim46 targeting and action potential maturation
A. Typical examples of human iPSC-derived NSCs/neurons (day 3) with 0 (control) or 3 days 
Centrinone-B treatment, and immunostained for Ki67, β3-Tubulin and MAP2. Scale bar: 15 µm in 
overview.
B. Quantifi cations of the ratio MAP2-positive/Ki67-positive Centrinone-B treated or control human 
iPSC-derived NSCs/neurons at day 1, 3 and 5. N=2, n=54-110 cells.
C. Quantifi cations of the ratio β3-Tubulin-positive/Ki67-positive Centrinone-B treated or control 
human iPSC-derived NSCs/neurons at day 1, 3 and 5. N=2, n=49-104 cells.
D. Quantifi cations of the percentage of MAP-positive Centrinone-B treated or control human iP-
SC-derived neurons at day 1, 3 and 5. N=2, n=121-165 cells. 
E. Quantifi cations of the percentage β3-Tubulin-positive Centrinone-B treated or control human 
iPSC-derived neurons at day 1, 3 and 5. N=2, n=121-165 cells. 
F. Representative examples of evoked AP fi ring in Centrinone-B treated human iPSC-derived neu-
rons recorded at day 11. Shown is the response to a single depolarizing current step of a neuron 
that fi res no APs, a neuron that fi res a single AP and a neuron that fi res multiple APs. The offset 
current (Ihold) was adjusted to keep the baseline membrane potential at approximately −60 mV 
(dashed lines).
G. AP amplitude recorded in Centrinone-B treated and control human iPSC-derived neurons of 
10-11 days (control: n=15 cells, +Centrinone-B: n=14 cells) and 13-14 days (control: n=36 cells, 
+Centrinone-B: n=27 cells).
H. AP half-width recorded in Centrinone-B treated and control human iPSC-derived neurons of 
10-11 days (control: n=15 cells, +Centrinone-B: n=14 cells) and 13-14 days (control: n=36 cells, 
+Centrinone-B: n=27 cells).
I. Resting membrane potential of Centrinone-B treated (n=54 cells) and control (n=64 cells) human 
iPSC-derived neurons.
J. Input resistant of Centrinone-B treated (n=54 cells) and control (n=63 cells) human iPSC-derived 
neurons.
Data information: Data represent mean ± SEM. Chi-square-test including post-hoc analysis with 
Bonferroni correction (D, E); Student’s t test (F, G: control 10-11 vs 13-14 days); Mann Whitney test 
(G: control vs Centrinone-B, I). *** p<0.001, ** p<0.01, * p < 0.05, ns p>0.05
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Supplementary Figure 3.
Developmental proteome dynamics upon centriole loss
A. Correlative matrix of biological replicas of control neurons or Centrinone-B (Cent-B) treated neu-
rons used for proteome analysis.
B. Correlative analysis of relative protein expression in control neurons at day 7 to day 3 and day 1. 
Specifi c stem cell markers (blue), neuron markers (yellow), and axon markers (red) are highlighted.
C. Correlative analysis of relative protein expression in Centrinone-B treated neurons at day 7 to 
day 3 and day 1. Specifi c stem cell markers (blue), neuron markers (yellow), and axon markers 
(red) are highlighted.
D. Relative protein expression over time for stem cell proteins, neuron proteins, and axon proteins.
E. Quantifi cation of the total phalloidin intensity in a fan-like growth cone at day 5 and day 9.
Data information: Data represent mean ± SEM.
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Supplementary Figure 4.
Centriole loss restrains microtubule remodeling during early axon development
A. Kymographs and schematic representations of time-lapse recordings of dendrites, for different time 
points (day 7; day 13) and conditions (control; Centrinone-B). Scale bars, 5 µm.
B. Example stills from a spinning-disk time-lapse recording of a neurite transfected with mRFP and 
GFP-MT+TIP. The top panel is a still of a neurite in mRFP, showing neurite morphology. The other panels 
show moving GFP-MT+TIP comets pointing in either an anterograde direction (green arrowheads) or 
retrograde direction (blue arrowheads). P indicates the proximal direction and D the distal direction of the 
neurite. Timestamp in minutes:seconds given on bottom right. Scale bars, 5 µm.
C. Quantifi cations of the number of comets per minute pointing in the anterograde direction in the proximal 
axon. N= 3, n= 7-11 cells.
D. Quantifi cations of the number of comets per minute pointing in the retrograde direction in the proximal 
axon. N= 3, n= 7-11 cells.
E. Quantifi cations of the number of comets per minute pointing in the anterograde direction in the distal 
axon. N= 3, n= 8-12 cells.
F. Quantifi cations of the number of comets per minute pointing in the retrograde direction in the distal axon. 
N= 3, n= 8-12 cells.
G. Quantifi cations of the ratios of comets pointing in anterograde (green) or retrograde (blue) direction in 
the dendrite. N=3, n=7-10 cells.
H. Quantifi cations of the number of comets per minute pointing in the anterograde direction in the dendrite. 
N=3, n=7-10 cells.
I. Quantifi cations of the number of comets per minute pointing in the retrograde direction in the dendrite. 
N=3, n=7-10 cells.
J-L. Quantifi cations of the growth speed of comets in the dendrite (J), proximal axon (K), and distal axon 
(L). N=3 , n=9-2406 traces in 7-10 cells.
M-O. Quantifi cations of the distance of run length of comets in the dendrite (M), proximal axon (N), and 
distal axon (O). N=3 , n=n=9-2406 traces in 7-10 cells.
P. Kymographs and schematic representations of time-lapse recordings of laser severing (LS) experiments 
of dendrites, for different time points (day 7; day 13) and conditions (control; centrinone-B).  Red line and 
red arrowhead denote location and time  of LS. Scale bars, 5 µm.
Q. Example stills from a spinning-disk time-lapse recording of a neurite transfected with mRFP and 
GFP-MT+TIP. Red line denotes the location of LS. Scale bars, 5 µm.
R. Quantifi cations of the number of comets per minute pointing in the anterograde direction in the proximal 
axon following LS. N=3 , n=19-30 cells.
S. Quantifi cations of the number of comets per minute pointing in the retrograde direction in the proximal 
axon following LS. N=3 , n=19-30 cells.
T. Quantifi cations of the number of comets per minute pointing in the anterograde direction in the distal 
axon. N=3 , n=19-30 cells.
U. Quantifi cations of the number of comets per minute pointing in the retrograde direction in the distal 
axon. N=3 , n=19-30 cells.
V. Quantifi cations of the ratios of comets pointing in anterograde (green) or retrograde (blue) direction in 
the dendrite following LS. N=3, n=19-30 cells.
W. Quantifi cations of the number of comets per minute pointing in the anterograde direction in the dendrite 
following LS. N=3, n=19-30 cells.
X. Quantifi cations of the number of comets per minute pointing in the retrograde direction in the dendrite 
following LS. N=3, n=19-30 cells.
Data information: Data represent mean ± SEM. One-way ANOVA including Sidak’s post-hoc analysis 
(C-F,H-O,R-U,W,X); *** p<0.001, ** p<0.005, * p<0.05, ns p≥0.05
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ABSTRACT
In neurons, the continuous and dynamic endoplasmic reticulum (ER) network extends 
throughout the axon, and its dysfunction causes various axonopathies. However, it 
remains largely unknown how ER integrity and remodeling modulate presynaptic function 
in mammalian neurons. Here, we demonstrated that ER membrane receptors VAPA 
and VAPB are involved in modulating the synaptic vesicle (SV) cycle. VAP interacts with 
secernin-1 (SCRN1) at the ER membrane via a single FFAT-like motif. Similar to VAP, loss 
of SCRN1 or SCRN1-AP interactions resulted in impaired SV cycling. Consistently, SCRN1 
or VAP depletion was accompanied by decreased action potential-evoked Ca2+ responses. 
Additionally, we found that VAP-SCRN1 interactions play an important role in maintaining 
ER continuity and dynamics, as well as presynaptic Ca2+ homeostasis. Based on these 
fi ndings, we propose a model where the ER-ocalized VAP-SCRN1 interactions provide 
a novel control mechanism to tune ER remodeling and thereby modulate Ca2+ dynamics 
and SV cycling at presynaptic sites. These data provide new insights into the molecular 
mechanisms controlling ER structure and dynamics, and highlight the relevance of ER 
function for SV cycling.

INTRODUCTION
The continuous and dynamic ER network is one of the most abundant organelles in cells. 
In neurons, somatodendritic domains contain both rough and smooth ER, whereas axons 
exclusively exhibit smooth ER. The smooth ER lacks ribosomes and is not involved in 
translation; instead, it is important for Ca2+ homeostasis, lipid synthesis and delivery, 
and signaling. The relevance of axonal ER in particular is highlighted by various human 
axonopathies caused by mutations in different generic ER proteins. More specifi cally, 
dysfunction of ER-shaping proteins such as atlastin-1, reticulon-2, receptor expression-
enhancing protein 1 (REEP1), and receptor expression-enhancing protein 2 (REEP2) leads 
to hereditary spastic paraplegia (HSP), whereas mutations in ER receptor VAMP-associated 
protein B (VAPB) cause amyotrophic lateral sclerosis (ALS; Hazan et al, 1999; Zhao et al, 
2001; Nishimura et al, 2004; Zuchner et al, 2006; Montenegro et al, 2012; Esteves et al, 
2014; Yalcin et al, 2017). Together, these pathologies hint for an increased sensitivity for 
proper ER structure and function in axons.

Recent ultrastructural three-dimensional analysis revealed that the ER in axons is comprised 
of a conserved and unique organization (Wu et al, 2017; Yalcin et al, 2017; Terasaki, 2018). 
The axonal ER structure consists of narrow ER tubules, which occasionally form cisternae 
at tubular branch points with comparably small lumen (Wu et al, 2017; Yalcin et al, 2017; 
Terasaki, 2018). This distinctive ER network extends throughout all axon branches with a 
relative constant density of only 1–2 narrow tubules per diameter, while remaining continuous 
with the rest of the ER network (Wu et al, 2017; Yalcin et al, 2017; Terasaki, 2018). At 
presynaptic terminals, the ER forms a local tubular network opposing the active zone. This 
presynaptic ER structure often wraps around mitochondria and is in close proximity to the 

Proefschrift Feline Lindhout_17x24_20200908.indd   110 08-09-20   20:20



VAP–SCRN1 interaction regulates dynamic endoplasmic reticulum remodeling and presynaptic function

111

4

plasma membrane, and it regularly forms tight membrane contact sites with these structures 
(Wu et al, 2017; Yalcin et al, 2017). Moreover, fast dynamics of axonal ER was observed 
in Drosophila neurons using fl uorescent recovery after photo-bleaching (FRAP) analysis, 
suggesting that the neuronal ER network likely undergoes dynamic remodeling (Wang et al, 
2016; Yalcin et al, 2017). However, the precise role of the dynamic ER network in axons and 
at presynaptic sites remains poorly understood.

Emerging evidence implies that the presynaptic ER is engaged in modulating the tightly 
controlled Ca2+-induced SV cycle (Summerville et al, 2016; De Gregorio et al, 2017; de 
Juan-Sanz et al, 2017). In Drosophila neurons, it was reported that homologues of the 
HSP-associated ER-shaping proteins atlastin-1 and reticulon-1 are implicated in controlling 
neurotransmitter release at neuromuscular junctions, as loss of these proteins resulted in 
a marked decrease in SV cycling (Summerville et al, 2016; De Gregorio et al, 2017). In 
mammalian neurons, recent reports showed that presynaptic Ca2+ levels in the ER are locally 
elevated during evoked neuronal transmission, suggesting that the presynaptic ER buffers 
Ca2+ to modulate SV cycling (de Juan-Sanz et al, 2017).

Moreover, the ER transmembrane protein VAP was originally identifi ed as regulator of synaptic 
transmission in Aplysia californica, where it was specifi cally expressed in neuronal tissue 
(Skehel et al, 1995). Conversely, mammalian VAPA and VAPB are ubiquitously expressed in 
different cell types and its intracellular localization is restricted to ER membranes. VAPs act as 
key players in facilitating tight membrane contact sites between the ER and other intracellular 
membranes, which represent functional interactions through which Ca2+ exchange and lipid 
transfer occur (Muallem et al, 2017; Wu et al, 2018). VAP contains a C-terminal transmembrane 
domain which is inserted into the ER membrane, and a cytoplasmic N-terminal tail with a 
coiled-coil domain and a major sperm protein (MSP) domain. The MSP domain exhibits a 
FFAT(-like) binding site, which is unique for VAP proteins. Many VAP-associated proteins 
(> 100) with such a FFAT(-like) motif have been described (Murphy & Levine, 2016). This 
includes the cytoplasmic protein SCRN1, which contains a N-terminal C69 domain and a 
C-terminal coiled-coil domain and was predicted to have FFAT(-like) motifs (Murphy & Levi-e, 
2016). The large number of FFAT-containing proteins typically localize to distinct subcellular 
structures, which has led to the general idea that VAP may act as a key ER receptor.

In this study, we demonstrated that ER membrane protein VAP and cytoplasmic VAP-
associated protein SCRN1 are important for Ca2+-driven SV cycling. We found that VAP 
interacts with SCRN1 at the ER membrane through a single FFAT-like motif. Decreasing 
these ER-localized VAP-SCRN1 interactions was accompanied by a number of phenotypes, 
including discontinuous ER tubules, impaired ER dynamics, elevated basal presynaptic Ca2+ 
levels, and decreased SV cycling. Together, these data point toward a model where ER 
remodeling, mediated by VAP-SCRN1 interactions is engaged in modulating Ca2+ dynamics 
and SV cycling at presynaptic sites.
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RESULTS
ER proteins VAPA and VAPB are involved in regulating SV cycling
To determine whether the ER proteins VAPA and VAPB could be involved in modulating 
presynaptic function, we fi rst mapped their subcellular localization in primary rat 
hippocampal neurons. Similar as reported previously in Drosophila neurons, we found 
that endogenous VAPA and VAPB appeared as punctae present along ER structures in 
axons which often co-localized with presynaptic marker synaptotagmin (Syt; Pennetta et al, 
2002). At somatodendritic regions, endogenous VAPA and VAPB revealed a more diffuse patchy 
staining pattern that co-localized with expressed ER membrane protein Sec61β  (Fig 1A).
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Figure 1.
VAP and VAP-associated protein SCRN1 modulate SV cycling
A. Endogenous localization of VAPA or VAPB and Syt in hippocampal neurons (DIV16) expressing 
GFP-Sec61β. Zooms represent (1) an axonal structure with presynaptic boutons (arrowheads), and 
(2) a dendritic structure. Scale bars: 10 μm (full size) and 5 μm (zoom).
B. Schematic illustration of the Syt antibody uptake assay: live neurons were stimulated with 
bicuculline and incubated with primary Syt antibodies, and next neurons were fi xed and stained with 
secondary antibodies.
C. Representative image of Syt antibody uptake at axons of hippocampal neurons (DIV18) co-
expressing RFP and pSuper empty vector or VAPA/B shRNAs. Yellow and gray arrowheads mark 
presynaptic boutons with and without internalized Syt, respectively. Zooms represent typical boutons. 
Scale bars: 5 μm (full size) and 2 μm (zoom).
D. Quantifi cations of fl uorescence intensity of internalized endogenous Syt at single presynaptic 
boutons of hippocampal neurons (DIV18) co-expressing RFP and pSuper empty vector or VAPA/B 
shRNAs. N = 2, n = 288–541 boutons.
E. Western blot of endogenous SCRN1 expression in indicated adult rat neuronal and non-neuronal 
tissues. Cereb., cerebellum. Hippoc., hippocampus. Spin., spinal.
F. Pull-down assay of HEK293T cells co-expressing Myc-VAPA with BioGFP or BioGFP-SCRN1.
G. Pull-down assay of HEK293T cells co-expressing Myc-VAPB with BioGFP or BioGFP-SCRN1.
H. Scaled representation of SCRN1-associated proteins identifi ed with pull-down assay followed by 
mass spectrometry analysis of purifi ed BioGFP or BioGFP-SCRN1 from HEK293T cell lysates with 
adult rat brain extracts. All candidates showed > 10 enrichment of PSM compared to control.
I. Endogenous localization of SCRN1 and Syt in cortical neurons (DIV18) expressing GFP. Zoom 
represents an axon structure with presynaptic boutons (arrowheads). Scale bars: 10 μm (full size) 
and 5 μm (zoom).
J. Representative image of Syt antibody uptake at axons of hippocampal neurons (DIV18) co-
expressing RFP and pSuper empty vector, SCRN1 shRNA, or SCRN1 shRNA with GFP-SCRN1. 
Yellow and gray arrowheads mark presynaptic boutons with and without internalized Syt, respectively. 
Zooms represent typical boutons. Scale bars: 5 μm (full size) and 2 μm (zoom).
K. Quantifi cations of fl uorescence intensity of internalized endogenous Syt at single presynaptic 
boutons of hippocampal neurons (DIV18) co-expressing RFP and pSuper empty vector, SCRN1 
shRNA alone, or SCRN1 shRNA with GFP-SCRN1. N = 2, n = 201–300 boutons.
Data information: Data represent mean ± SEM; ***P < 0.001, by Mann–Whitney U-test. Source data 
are available online for this Figure.

Exogenous HA-VAPA and HA-VAPB were observed at ER structures throughout neurons 
and also partially co-localized with presynaptic boutons (Fig S1A). Thus, VAP is abundantly 
present at ER structures throughout the cell including at presynaptic sites. To test whether 
VAP could be engaged in regulating synaptic functions, we next investigated whether VAPA 
and VAPB are engaged in modulating the SV cycle. This was addressed using the Syt 
antibody uptake assay, which provides a quantifi able read-out of exo- and endocytosis 
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recognizing the luminal side of SV membrane protein Syt, while neurons were briefl y 
stimulated by bicuculline. Subsequently, neurons were fi xed and the fl uorescence intensity 
of internalized Syt at individual presynaptic boutons was measured. VAP was depleted from 
neurons by expressing shRNAs targeting VAPA and VAPB, which we have validated in the 
previous studies (Teuling et al, 2007; Kuijpers et al, 2013). Co-depletion of VAPA and VAPB 
showed a marked decrease (~ 50%) in Syt internalization compared to control cells (Fig 
1C,D). In addition, VAPA and VAPB knockdown resulted in a slight decrease in bouton size 
and bouton density (Fig 1C, S1B,C). In summary, we observed that loss of function of ER 
proteins VAPA and VAPB was accompanied by decreased SV cycling and defects in bouton 
maintenance.

VAPA and VAPB associate with brain-enriched SCRN1 proteins
VAPs function as ER receptors for a large number of VAP-associated proteins containing a 
FFAT or FFAT-like motif (Murphy & Levine, 2016). To gain more insight into the underlying 
mechanism of VAP at presynaptic sites, we sought to identify the VAP interactor(s) that could 
be involved in controlling this function. In a recent study, many new VAP-associated proteins 
were identifi ed by pull-down and mass spectrometry analysis, including the cytoplasmic 
protein SCRN1 (Murphy & Levine, 2016). Western blot analysis of lysates from different rat 
tissues using two different antibodies revealed that SCRN1 is abundantly enriched in brain 
tissues (Fig 1E, S1D). This is consistent with the reported enriched expression of SCRN1 
in the brain as described in various online expression databases (Protein Atlas, Expression 
Atlas, Alan Brain Atlas). We confi rmed the association between VAP and SCRN1 with various 
biochemical assays. First, we conducted a pull-down experiment on lysates of HEK293T 
cells co-expressing biotinylated GFP (BioGFP) or GFP-SCRN1 (BioGFP-SCRN1) and Myc-
VAPA or Myc-VAPB. Both Myc-VAPA and Myc-VAPB effi ciently co-precipitated with BioGFP-
SCRN1 (Fig 1F, G). Next, we examined the SCRN1 interactome using a more unbiased 
approach and performed BioGFP-SCRN1 pull-downs followed by mass spectrometry 
analysis using HEK293T cell lysates and adult rat brain extracts. The associations between 
SCRN1 and the VAPs were identifi ed in both HEK293T lysates and brain extracts (Fig 1H, 
S1E). Of all potential SCRN1-interacting proteins, both VAPA and VAPB showed the highest 
peptide-spectrum match (PSM) values in both datasets. Together, these biochemical data 
indicated that VAPs are associated with SCRN1.

VAP-associated protein SCRN1 is involved in modulating SV cycling
We next tested whether SCRN1 was present at presynaptic sites and if this protein could 
be engaged in modulating SV cycling. Similar to VAP, immunostaining for endogenous 
SCRN1 revealed a punctate pattern throughout the neuron and regularly co-localized with 
presynaptic marker Syt (Fig 1I). Exogenous GFP-SCRN1 showed a diffuse cytoplasmic 
signal, which also co-localized with presynaptic boutons (Fig S1F). To conduct loss-of-
function experiments, we next generated and validated three shRNA targeting SCRN1 and 
continued our depletion experiments with a single shRNA (Fig S1G–J). We tested the role of 
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SCRN1 in SV cycling by conducting the Syt uptake assay in neurons depleted from SCRN1. 
SCRN1 knockdown also showed a marked decrease (~40%) in relative Syt internalization 
compared to control cells, thereby phenocopying the effect of VAP knockdown (Fig 1J,K). 
The presynaptic phenotype in SCRN1 knockdown neurons was rescued by expressing 
wild-type GFP-SCRN1 (Fig 1J, K). Together, these results illustrate that SCRN1 depletion, 
similarly to VAP depletion, results in impaired SV cycling.

SCRN1 does not exhibit autolytic protease activity
To better understand the molecular function of VAP-associated protein SCRN1, we next 
tested whether its conserved proteolytic domain could be involved. Like all SCRN family 
members, SCRN1 contains a C69 protease domain and therefore belongs to the N-terminal 
nucleophile (Ntn) aminohydrolases superfamily (Pei & Grishin, 2003). Proteolytic activity 
in this superfamily relies on autolytic cleavage of the auto-inhibitory N-terminal of the 
precursor protein by the mature protein (Fig S2A). This cleavage occurs right before the 
catalytic site of the protein, which is a cysteine residue in the SCRN family. Sequence 
alignment of the SCRN proteins revealed that the position of the predicted catalytic cysteine 
including the fl anking residues is shared in SCRN2 and SCRN3, but not in SCRN1 (Fig 
S2B). We analyzed N-terminal SCRN cleavage by conducting Western blotting of lysates 
from HEK293T cells expressing wild-type GFP-SCRN1, GFP-SCRN2, or GFP-SCRN3 (Fig 
S2C). In lysates of GFP-SCRN2 and GFP-SCRN3 expressing cells, we identifi ed a low 
molecular weight band corresponding to the predicted size of GFP fused to the N-terminal 
cleavage product. Conversely, this cleavage product was not observed in lysates of GFP-
SCRN1 expressing cells. Moreover, mutant SCRN1, SCRN2, and SCRN3 constructs in 
which the predicted catalytic cysteine was replaced by a non-catalytic alanine residue also 
did not show a cleavage product (Fig S2C). These data suggest that SCRN1, unlike its 
family members SCRN2 and SCRN3, does not exhibit autolytic protease activity.

SCRN1 is recruited to VAP at the ER membrane
To further examine the function of VAP-associated protein SCRN1, we next assessed 
whether the subcellular localization of SCRN1 could be controlled by VAP. This was 
addressed by conducting co-expression experiments of GFP-SCRN1 and HA-VAPA 
or HA-VAPB in cultured neurons and COS7 cells. In COS7 cells, the ER structures are 
relatively less compact and easier to visualize than in neurons. GFP-SCRN1 expression 
alone in neurons or COS7 cells showed a diffuse cytoplasmic distribution, which only partly 
coincided with ER structures (Fig 2A and B). In neurons, co-expression of GFP-SCRN1 
with either HA-VAPA or HA-VAPB resulted in the formation of dense VAP/SCRN1-positive 
clusters at neurites (Fig 2C). COS7 cells co-expressing GFP-SCRN1 and HA-VAPA or HA-VAPB
showed marked differences in SCRN1 localization, as it induced abundant SCRN1 
recruitment to VAP at the ER membrane (Fig 2D) This observation suggests that 
enhancing the number of VAPs at the ER membrane allows for increased SCRN1 
binding, presumably because it decreases the competition with other FFAT(-
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Figure 2.
SCRN1 is recruited to VAP at the ER membrane
A. Localization of GFP-SCRN1 and TagRFP-ER in hippocampal neurons (DIV16–18). Scale bars: 10 
μm (bottom panel, full size) and 5 μm (top panel; bottom panel, zoom).
B. Localization of GFP-SCRN1 and ssRFP-KDEL in COS7 cells with normalized intensity plot of 
indicated line (dotted). Scale bars: 10 μm (full size) and 5 μm (zoom).
C. Hippocampal neurons (DIV16) co-expressing GFP-SCRN1 with HA-VAPA or HA-VAPB. Scale 
bars: 10 μm (full size) and 5 μm (zoom).
D. COS7 cells co-expressing GFP-SCRN1 with HA-VAPA or HA-VAPB with normalized intensity plot 
of indicated line (dotted). Scale bars: 10 μm (full size) and 5 μm (zoom).
E. Schematic illustration of SCRN1 recruitment to ER membranes upon increasing VAP levels.
F. COS7 cells co-expressing HA-VAPB with GFP-SCRN2 or GFP-SCRN3 with normalized intensity 
plot of indicated line (dotted). Scale bars: 10 μm (full size) and 5 μm (zoom).
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like)-containing proteins for the VAP-binding pockets (Fig 2E). Next, we assessed
whether the observed recruitment to VAP at ER structures is shared within the SCRN 
family. Contrarily, we observed no change in GFP-SCRN2 or GFP-SCRN3 localization 
when co-expressed with HA-VAPB in COS7 cells (Fig 2F). Together, these data indicate 
that SCRN1, and not SCRN2 and SCRN3, is recruited to VAP at the ER membrane.

SCRN1 interacts with VAP through a single FFAT-like motif
Next, we sought to determine the specifi c domains responsible for the interaction between 
VAP and SCRN1. We found that the C-terminal coiled-coil region of SCRN1 and the 
N-terminal major sperm protein (MSP) domain of VAPB are the minimal binding domains 
required for this interaction, as shown by co-expression experiments in COS7 cells and 
pull-down analysis of HEK293T lysates (Fig S2D–I, 3A,E, S3B). The MSP domain of VAP 
contains a FFAT(-like) motif binding site, and FFAT(-like) motifs are found in the majority 
of the VAP-interacting proteins (Loewen et al, 2003; Murphy & Levine, 2016). Indeed, we 
found that the FFAT binding motif in VAP is responsible for the interaction with SCRN1. The 
VAP mutant VAP-K87D/M89D, in which FFAT binding is disrupted, was no longer able to 
recruit GFP-SCRN1 (Fig 3A,B,E) (Kaiser et al, 2005). Next, we searched for FFAT(-like) 
motifs in SCRN1 using a previously reported algorithm and identifi ed four potential FFAT-
like motifs (Fig S3A) (Murphy & Levine, 2016). We generated SCRN1 constructs with single-
point mutations for each single FFAT-like motif (Fig 3A). VAP association was disrupted 
when mutating the most C-terminal FFAT-like motif in SCRN1 (GFP-SCRN1-F402A), but 
not the other motifs, as shown by pull-down assays and co-expression experiments (Fig 
3C–F, S3B–D). Sequence alignment of the SCRN family members revealed that this newly 
identifi ed FFAT-like motif in SCRN1 is not shared with the other two SCRN family members, 
which is consistent with our observation that exogenous VAP is unable to recruit GFP-
SCRN2 and GFP-SCRN3 (Fig 2F, 3G). Together, these data show that the MSP domains 
of VAPA and VAPB interact with a single FFAT-like motif in the C-terminal region of SCRN1.

SCRN1 and VAP are required for proper ER morphology
Previously, it was shown that VAP interactions with FFAT-containing proteins are engaged 
in maintaining ER morphology (Kaiser et al, 2005). Next, we aimed to investigate whether 
its interaction with SCRN1 at the ER membrane could be important for this function. Similar 
to previously reported results, we found that COS7 cells expressing VAP-K87D/M89D, VAP 
mutant lacking proper FFAT binding, showed a robust phenotype that was characterized by
non-reticular VAP structures throughout the cytosol (Fig 3B, 4A, S4A) (Kaiser
et al, 2005). Likewise, similar aberrant VAP-positive structures were found in COS7 cells
expressing wild-type HA-VAP and GFP-SCRN1-F402A or GFP-SCRN1-N, both lacking 
a functional FFAT-like motif (Fig 3C, S3C, 4A, S4A,B). These observed phenotypes were 
also detected with ER luminal marker TagRFP-ER, indicating that the non-reticular VAP
signals represent affected underlying ER structures (Fig S4C,D). Similarly, both in VAP and
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Figure 3.
VAP-SCRN1 interaction at the ER is mediated by a single FFAT-like motif
A. Schematic overview of SCRN1 and VAP constructs (asterisks represent mutations). Indicated is 
if expressed VAP/SCRN1 proteins co-localize in both hippocampal neurons and COS cells, and co-
precipitate in pull-down assays.
B. COS7 cells co-expressing GFP-SCRN1 with HA-VAPB-K87D/M89D. Normalized intensity plot 
represents indicated line (dotted). Scale bars: 10 μm (full size) and 5 μm (zoom).
C. COS7 cells co-expressing HA-VAPB with GFP-SCRN1-Y40A, GFP-SCRN1-F144A, GFP-SCRN1-
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F153A, or GFP-SCRN1-F402A. Normalized intensity plot represents indicated line (dotted).Scale 
bars: 10 μm (full size) and 5 μm (zoom).
D. Hippocampal neurons (DIV16) co-expressing HA-VAPB with GFP-SCRN1-Y40A, GFP-SCRN1-
F144A, GFP-SCRN1-F153A, or GFP-SCRN1-F402A. Scale bars: 10 μm (full size) and 5 μm (zoom).
E. Quantifi cations of SCRN1 recruitment to VAPB-positive structures in COS7 cells (%). Left graph: 
co-expression of GFP-SCRN1 with HA-VAPB or HA-VAPB-K87D/M89D (N = 2–3, n = 44–46). Right 
graph: co-expression of HA-VAPB with GFP or GFP-SCRN1-FL, GFP-SCRN1-N, GFP-SCRN1-C, 
GFP-SCRN1-Y40A, GFP-SCRN1-F144A, GFP-SCRN1-F153A, or GFP-SCRN1-F402A (N = 2–3, n 
= 41–64).
F. Pull-down assay of HEK293T cells co-expressing Myc-VAPB with GFP, GFP-SCRN1-WT, GFP-
SCRN1-Y40A, GFP-SCRN1-F144A, GFP-SCRN1-F153A, or GFP-SCRN1-F402A.
G. Sequence alignment of the C-terminal human SCRN1, SCRN2, and SCRN3. Amino acid position 
3 (asterisk) in FFAT-like motif (orange) of SCRN1 is not shared in SCRN2 and SCRN3.
Data information: ***P < 0.001, by chi-square test with post hoc analysis including Bonferroni 
correction. Source data are available online for this Figure.

in SCRN1 knockdown neurons, as well as in neurons expressing GFP-SCRN1-F402A, 
ER morphology was severely disrupted (Fig 4B). Notably, in these neurons we observed 
dense ER patches surrounded by less dense or absent ER structures. On the other hand, 
neurons overexpressing wild-type SCRN1 also showed dense ER patches; however, these 
did seem properly connected to the rest of the ER structure. Thus, structural disruptions 
in ER morphology were consistently observed when the VAP-SCRN1 interactions were 
abrogated (Fig 4A). As such, expression of SCRN1-F402A showed the same phenotype 
on ER morphology as SCRN1 depletion, suggesting that SCRN1-F402A may act as 
a dominant-negative. As SCRN1-F402A is cytoplasmic, it could recruit and capture 
endogenous SCRN1 to the cytoplasmic pool, thereby preventing it from binding to VAP 
and execute its function at the ER. Indeed, oligomerization is a common feature of the Ntn 
aminohydrolases superfamily, and pull-down assays showed that both SCRN1 and SCRN1-
F402A were associated with other SCRN1 proteins (Fig S4E,F). These results confi rm 
that SCRN1 undergoes oligomerization and that SCRN1-F402A could act as a dominant-
negative. Together, these data indicate that both SCRN1 and VAP are required for proper 
ER morphology, which is mediated by VAP-SCRN1 interactions at the ER membrane.

SCRN1 and VAP are engaged in maintaining ER continuity and dynamics
The ER structure undergoes constant remodeling while remaining continuous for proper 
functioning. Thus, next we sought to determine the effect of VAP and SCRN1 on both 
ER continuity and dynamics. We used live-cell imaging to map ER dynamics in cells 
expressing luminal ER marker TagRFP-ER. We observed fast remodeling of ER structures 
in both neurons and COS7 cells, ranging from ER tubule growth events and structural ER 
“wiggling” events (Fig 4C,D, S4G). The dense ER patches observed when expressing wild-
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Figure 4.
VAP and SCRN1 control ER continuity and remodeling
A. Summary of observed phenotypes on SCRN1 recruitment and ER morphology in cells co-
expressing indicated SCRN1 and VAP constructs (asterisks represent mutations).
B. Live hippocampal neurons (DIV17–18) co-expressing TagRFP-ER with GFP, GFP-SCRN1, GFP-
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SCRN1-F402A, SCRN1 shRNA, or VAPA/B shRNAs. Scale bars: 5 μm (full size) and 2 μm (zoom).
C. Time-lapse of TagRFP-ER dynamics in hippocampal neurons (DIV16–18) co-expressing GFP, 
GFP-SCRN1, GFP-SCRN1-F402A, SCRN1 shRNA, or VAPA/B shRNAs. Intact and sTable ER 
structures (dark arrowheads), intact and dynamic ER structures (light arrowheads), and impaired 
non-dynamic ER structures (arrows) are indicated. Scale bars: 5 μm (full size) and 2 μm (zoom).
D. Schematic illustration of the effect of VAP-SCRN1 interactions on ER structure and dynamics.
E. ER nanostructures visualized with GFP-Sec61β in axons of hippocampal neurons (DIV18) 
immunostained for α-tubulin and co-expressed with pSuper empty vector, SCRN1 shRNA, or VAPA/B 
shRNAs, and subjected to expansion microscopy. Scale bars: 2 μm (full size) and 500 nm (zoom).
F. FRAP experiment of TagRFP-ER in hippocampal neurons (DIV17–18) co-expressing GFP, GFP-
SCRN1, and GFP-SCRN1-F402A. Scale bar: 2 μm.
G. Average normalized fl uorescent TagRFP-ER recovery after photo-bleaching in hippocampal 
neurons (DIV17–18) co-expressing GFP, GFP-SCRN1, and GFP-SCRN1-F402A. N = 2, n = 9 
neurons.
H. Normalized fl uorescent TagRFP-ER recovery after photo-bleaching at T = 60 s in hippocampal 
neurons (DIV17–18) co-expressing GFP, GFP-SCRN1, and GFP-SCRN1-F402A. N = 2, n = 9 
neurons.
I. Average normalized fl uorescent TagRFP-ER recovery after photo-bleaching in hippocampal 
neurons (DIV18) co-expressing pSuper empty vector, SCRN1 shRNA, and VAPA/B shRNAs. N = 4, 
n = 6–12 neurons.
J. Normalized fl uorescent TagRFP-ER recovery after photo-bleaching at T = 60 s in hippocampal 
neurons (DIV18) co-expressing pSuper empty vector, SCRN1 shRNA, and VAPA/B shRNAs. N = 4, 
n = 6–12 neurons.
Data information: Data represent mean ± SEM; n.s.: not signifi cant; *P < 0.05; **P < 0.01, by Mann–
Whitney U-test.

type SCRN1 represented stabilized ER structures (Fig 4C,D, S4G). On the other hand, 
decreasing SCRN1 or VAP levels, or expressing dominant-negative SCRN1-F402A mutant, 
resulted in overall impaired dynamics of the dense ER patches that seemed partially 
discontinuous with the remaining ER structures (Fig 4C,D, S4G). To gain more detailed 
insights into the role of VAP-SCRN1 interactions on ER morphology, we next sought to 
visualize ER nanostructures in neurons using the recently developed expansion microscopy 
(ExM) technique (Tillberg et al, 2016). This ExM approach allows for a ~4.5-fold physical 
sample magnifi cation by isotropic chemical expansion and has been validated to preserve the 
nanoscale organization within different biological specimens (reviewed in Wassie et al, 
2019). Here, we successfully rtesolved the dense neuronal ER structures, which enabled 
us to distinguish individual ER tubules and sheets in neurons expressing ER membrane 
marker GFP-Sec61β (Fig 4E, S4H,I). Consistent with reported EM studies, we observed
that the axonal ER network was comprised of 1 or 2 ER tubules per diameter and regularly   
formed tubular structures (Fig 4D; Terasaki, 2018; Wu et al, 2017; Yalcin et al, 2017). 
VAP or SCRN1 knockdown neurons showed marked differences on ER nanostructures. 
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Figure 5.
VAP and SCRN1 control Ca2+ homeostasis and presynaptic release
A. Representative image of Syt antibody uptake at axons of hippocampal neurons (DIV18) co-
expressing RFP and pSuper empty vector, SCRN1 shRNA, or SCRN1 shRNA with GFP-SCRN1-
F402A. Yellow and gray arrowheads mark presynaptic boutons with and without internalized Syt, 
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respectively. Zooms represent typical boutons. Scale bars: 5 μm (full size) and 2 μm (zoom).
B. Quantifi cations of fl uorescence intensity of internalized endogenous Syt at individual presynaptic 
boutons of hippocampal neurons (DIV18) co-expressing RFP and pSuper empty vector, SCRN1 
shRNA, or SCRN1 shRNA with GFP-SCRN1-F402A. N = 2, n = 201–300 boutons.
C. Representative time-lapse of cytosolic GCaMP6f upon electric fi eld stimulation (50 APs, 20 Hz) in 
axons of hippocampal neurons (DIV21) co-expressed with RIM1a-mCherry to visualize presynaptic 
sites (arrowheads). Scale bar: 5 μm.
D. Time-lapses of cytosolic GCaMP6f upon electric fi eld stimulation (50 APs, 20 Hz) in axons of 
hippocampal neurons (DIV21) co-expressing pSuper control, SCRN1 shRNA, or VAPA/B shRNAs. 
Scale bar: 5 μm.
E. Average normalized response of GCaMP6f fl uorescent intensity at presynaptic boutons upon 
stimulation (50 APs, 20 Hz) in hippocampal neurons (DIV21) co-expressing pSuper empty vector, 
SCRN1 shRNA, or VAPA/B shRNAs. N = 5–6, n = 15–27.
F. Average normalized peak response of GCaMP6f at presynaptic boutons upon stimulation (50 APs, 
20 Hz) in hippocampal neurons (DIV21) co-expressing pSuper empty vector, SCRN1 shRNA, or 
VAPA/B shRNAs. N = 5–6, n = 15–27.
G. Representative time-lapse of cytosolic GCaMP6f before (F0) and after (F0)) ionomycin treatment 
at axons of hippocampal neurons (DIV18) co-expressed with mRFP and pSuper empty vector or 
VAPA/B shRNAs. Arrowheads mark presynaptic boutons. Scale bar: 5 μm.
H. Basal GCaMP6f fl uorescence (F) normalized to the maximum GCaMP6f fl uorescence (F max) 
after ionomycin treatment at presynaptic boutons of hippocampal neurons (DIV18) co-expressing 
mRFP with pSuper empty vector or VAPA/B shRNAs. N = 2, n = 47–50.
I.  Average basal GCaMP6f fl uorescence (F0) normalized to the max GCaMP6f fl uorescence 
intensity (Fmax) after ionomycin treatment at presynaptic boutons of hippocampal neurons (DIV18) 
co-expressing mRFP with pSuper empty vector or VAPA/B shRNAs. N = 2, n = 47–50.
J.  Representative time-lapse of cytosolic R-GECO1 before (F0) and after (Fmax) ionomycin treatment 
at axons of hippocampal neurons (DIV18) co-expressing GFP, GFP-SCRN1, or GFP-SCRN1-F402A. 
Arrowheads mark presynaptic boutons. Scale bar: 5 μm.
K.  Basal R-GECO1 fl uorescence (F) normalized to the maximum R-GECO1 fl uorescence (Fmax) after 
ionomycin treatment at presynaptic boutons of hippocampal neurons (DIV18) co-expressing GFP, 
GFP-SCRN1, or GFP-SCRN1-F402A. N = 3, n = 70–89.
L.   Average basal R-GECO1 fl uorescence (F0) normalized to the maximum R-GECO1 fl uorescence 
intensity (Fmax) after ionomycin treatment at presynaptic boutons of hippocampal neurons (DIV18) 
co-expressing GFP, GFP-SCRN1, or GFP-SCRN1-F402A. N = 3, n = 70–89.
Data information: Data represent mean ± SEM; n.s.: not signifi cant; *P < 0.05; **P < 0.01; ***P < 
0.001, by Mann–Whitney U-test.

More specifi cally, these neurons showed severe discontinuity of ER tubules in axons, and 
overall less dense and irregular ER structures in axons, dendrites, and soma (Fig 4E, 
S4H,I). To quantitatively validate the role of VAP-SCRN1 interactions on ER continuity and 
dynamics, we conducted FRAP experiments on the previously observed characteristic 
dense ER patches in TagRFP-ER expressing neurons. Consistent with previous indications, 
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photo-bleached TagRFP-ER co-expressed with either GFP or GFP-SCRN1 showed full 
recovery within 60 s of the ER patches (Fig 4F–H). This suggests rapid and complete 
redistribution of luminal ER content consistent with an intact ER structure. In contrast, 
the recovery of TagRFP-ER at ER patches was markedly reduced by ~45% in neurons 
expressing either GFP-SCRN-F402A, SCRN1 shRNA, or VAPA/B shRNAs, which implies 
incomplete redistribution of the luminal ER marker due to discontinuity (Fig 4F,I,J). Together, 
these data indicate that loss of VAP and SCRN1 results in discontinuous ER structures and 
impaired ER dynamics in neurons, which is mediated by VAP-SCRN1 interactions.

SCRN1-VAP interaction controls SV cycling
Next, we aimed to test whether the VAP-SCRN1 interactions at the ER membrane may be 
engaged in regulating the SV cycle, as we previously observed that VAP or SCRN1 depletion 
resulted in decreased SV cycling (Fig 1B–D,J,K). To test this, we conducted the Syt uptake 
assay in neurons depleted from SCRN1 and expressing SCRN1-F402A, thereby abolishing 
VAP-SCRN1 interactions. Unlike wild-type SCRN1 expression, exogenous mutant SCRN1-
F402A was unable to rescue the effect of SCRN1 knockdown on SV cycling (Fig 5A,B). 
These data imply that the VAP-SCRN1 interactions, which we identifi ed as regulators of ER 
remodeling, are engaged in modulating SV cycling at presynaptic sites.

VAP and SCRN1 are engaged in regulating evoked presynaptic Ca2+ responses
Neurotransmitter release is induced by a local cytoplasmic Ca2+ infl ux upon neuronal 
stimulation. Thus, to further investigate the phenotype of VAP and SCRN1 on SV cycling, 
we next assessed whether they are engaged in regulating evoked Ca2+ infl ux. To test this, 
we measured Ca2+ dynamics at single boutons with the genetically encoded Ca2+ indicator 
GCaMP6f and triggered trains of action potentials (50 APs, 20 Hz) using electric fi eld 
stimulation (Fig 5C). Presynaptic boutons were identifi ed as GCaMP6f-positive swellings 
along axons, which were shown to co-localize with the presynaptic active zone marker 
RIM1a-mCherry (Fig 5C). Loss of VAP or SCRN1 both resulted in a marked ~ 25% 
decreased peak amplitude of evoked Ca2+ transients (Fig 5D–F). These results indicate 
that both the ER receptor VAP and the VAP-interacting protein SCRN1 are involved in 
modulating presynaptic Ca2+ infl ux and thereby could affect SV cycling.

VAP-SCRN1 interactions modulate Ca2+ homeostasis at presynaptic sites
To better understand the effects of VAP and SCRN1 on evoked Ca2+ infl ux, we next sought 
to determine whether these proteins could interfere with ER-mediated Ca2+ homeostasis. 
Maintaining basal Ca2+ levels is one of the key functions of smooth ER, which is the only 
type of ER that is present in axons. Thus, we hypothesized that the observed structural 
ER defects with abolished VAP-SCRN1 interactions could perturb ER-mediated Ca2+ 
homeostasis and thereby affect Ca2+-mediated SV cycling. We compared relative basal Ca2+ 
levels at presynaptic sites in neurons expressing Ca2+ indicators GCaMP6f or R-GECO1, 
as well as mRFP or GFP to identify transfected cells and presynaptic boutons. Relative 
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basal Ca2+ levels were obtained by determining the ratio (F0/Fmax) of fl uorescent GCaMP6f 
or R-GECO1 signals before (F0) and after (Fmax) ionomycin treatment. Ionomycin is an 
ionophore which induces Ca2+ permeability at membranes, thereby enables effectively 
saturating Ca2+ indicators to determine F max. In VAP knockdown neurons, relative basal 
Ca2+ levels at single boutons were markedly elevated (~2.5-fold) compared to control (Fig 
5G–I). This is in line with the observed decreased evoked Ca2+ infl ux, as higher basal 
Ca2+ levels will result in a lower extracellular-cytoplasmic Ca2+ concentration gradient. 
Consistently, presynaptic Ca2+ levels were signifi cantly increased (~2-fold) with dominant-
negative SCRN1-F402A expression, but not with SCRN1 wild-type expression, indicating 
that the observed effect is mediated by VAP-SCRN1 interactions (Fig 5J–L). Together, 
these data imply that ER-localized VAP-SCRN1 interactions are engaged in modulating 
basal Ca2+ levels at presynaptic sites.

DISCUSSION
The dynamic and continuous ER network extends throughout the axon, and evidence for 
its role in controlling presynaptic neurotransmitter release begins to emerge (Summerville 
et al, 2016; De Gregorio et al, 2017; de Juan-Sanz et al, 2017). In this study, we identifi ed 
novel control mechanisms for ER remodeling, presynaptic Ca2+ homeostasis, and Ca2+-
induced SV cycling, which are mediated by ER receptor VAP together with VAP-interacting 
protein SCRN1. Together, these data point toward a model where VAP-SCRN1 interactions 
tune ER integrity and dynamics, and thereby could modulate basal Ca2+ levels and 
subsequently SV cycling at presynaptic sites.

SCRN1 is a VAP-interacting protein
Here, we demonstrated that loss of ER membrane receptor VAP results in discontinuous 
ER structures, impaired ER dynamics, and decreased SV cycling. This is in line with 
previous studies which already hinted for a role of VAP in maintaining ER morphology and 
regulating synaptic function (Skehel et al, 1995; Kaiser et al, 2005; Gomez-Suaga et al, 
2019). To gain further mechanistic insights into the VAP-mediated phenotypes, we sought 
to identify a VAP-associated protein involved in this function. Hence, we selected SCRN1 
as a potential candidate for several reasons. First, SCRN1 was abundantly expressed 
in brain tissue, as indicated by various expression databases (Protein Atlas, Expression 
Atlas, Alan Brain Atlas) and confi rmed by our Western blot analysis of different rat tissues. 
Second, in non-neuronal cells, SCRN1 was found to play a role in regulating Ca2+-controlled 
exocytosis, which is also a key process of the SV cycle (Way et al, 2002; Lin et al, 2015). 
We confi rmed the interaction between VAP and SCRN1, and identifi ed a single FFAT-like 
motif responsible for the interaction. Consistent with our hypothesis, we found that either 
SCRN1 depletion or dominant-negative SCRN1-F402A expression phenocopied the effect 
of VAP depletion on both ER remodeling and SV cycling. The dominant-negative effect 
was consistently more potent than the shRNA knockdown effect, similar to what is often 
observed when comparing dominant-negative and shRNA silencing expression constructs 
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of proteins. Here, the difference could be explained by incomplete depletion of endogenous 
SCRN1 during the SCRN1 shRNA silencing period, whereas on the other hand dominant-
negative SCRN1-F402A actively recruits and captures endogenous SCRN1 proteins and 
thereby impairs its function. Nevertheless, we cannot exclude that additional functions of 
SCRN1-F402A might be at play. Together, our data indicate that SCRN1-VAP interactions 
are engaged in controlling the VAP-associated phenotypes, and further investigations are 
required to examine whether additional VAP-interacting proteins could also be involved in 
modulating SV cycling.

VAP-SCRN1 interactions control ER continuity and dynamics
The ER network is composed of a well-maintained interconnected structure that undergoes 
continuous remodeling for proper functioning. Here, we identifi ed the VAP-SCRN1 
interactions as critical regulators for maintaining ER structure and dynamics. Considering 
that VAPs are best known to act as major ER receptors by facilitating tight membrane 
contact sites between the ER and other organelles, it is tempting to speculate that these 
membrane contact sites might be engaged in controlling VAP-mediated functions on ER 
integrity and dynamics (Muallem et al, 2017; Wu et al, 2018). One plausible mechanism 
could be that these membrane contact sites may act as “anchor points” which locally stabilize 
the ER network. These VAP-facilitated membrane contact sites are abundantly present 
throughout the cell and can thus stabilize local spots within the large interconnected and 
highly dynamic ER network. As such, this hypothesis follows the assumption that proper 
ER integrity relies on a defi ned balance between ER dynamics and stability. In line with this, 
it was previously shown that depleting either ER-forming protein atlastin or ER-stabilizing 
protein reticulon resulted in ER tubule fragmentation, which could remarkably be rescued 
by depleting both proteins simultaneously (Wang et al, 2016). Alternatively, VAP-mediated 
membrane contact sites could control ER remodeling by enabling fast lipid delivery. We 
showed that ER remodeling in neurons is a fast process and that ER tubule growth events 
can occur in a few seconds. This fast ER remodeling requires the continuous and rapid 
rearrangement of lipids. This may be accomplished via fast lipid transfer at membrane 
contact sites between ER and other organelles, rather than via the relatively slower lipid 
synthesis and redistribution at the ER membrane. Note worthily, considering that VAPs 
are implicated in a wide range of functions, various other possible direct or indirect VAP-
mediated mechanisms to control ER remodeling might be at play.

Maintaining axonal ER structures is important to preserve presynaptic function
In recent EM studies, it was reported that ER structures in axons show specifi c adaptations, 
characterized by small ER lumen and low density of 1–2 tubules per axon diameter. These 
adaptations likely allow the axonal ER to extend throughout all axon branches while remaining 
continuous with the remaining ER network, which is typically more dense and branched. In 
this study, we found that VAP and SCRN1 depletion affected ER structures throughout the 
cell, though axonal ER structures seemed most severely disrupted. Interestingly, mutations 
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in generic structural ER proteins such as atlastin-1, reticulon-2, REEP1, and REEP2 are 
causative for the axonopathy HSP (Hazan et al, 1999; Zhao et al, 2001; Nishimura et al, 
2004; Zuchner et al, 2006; Montenegro et al, 2012; Esteves et al, 2014; Yalcin et al, 2017). 
Together, these fi ndings indicate that the delicate ER network in axons is more sensitive 
to maintenance defects. Therefore, ubiquitous ER disruptions may result in more profound 
phenotypes on particularly axonal functions. Here, we demonstrated that the observed ER 
abrogations with decreased VAP-SCRN1 interactions were accompanied with impaired 
SV cycling at presynaptic sites. Consistent with this, recent studies in Drosophila neurons 
showed that loss of ER-shaping protein atlastin or reticulon also resulted in impaired ER 
structures as well as decreased neurotransmitter release (Summerville et al, 2016; De 
Gregorio et al, 2017). Together, these fi ndings imply that ER structure and function are 
engaged in modulating SV cycling. Notably, investigating the direct relation between these 
phenotypes is challenging, as it is not feasible to specifi cally isolate the local function of 
ER at presynaptic sites since all ER membranes and lumen in the cell are continuous. 
Nevertheless, considering that the neuronal ER network remains fully continuous despite 
its complex cellular morphology may actually highlight the functional relevance of this 
continuity for its role at presynaptic sites. Toward this end, it would be interesting to direct 
future work on investigating whether the continuity of the neuronal ER network is important 
for the reported ER-mediated functions at presynaptic sites.

VAP-SCRN1 interactions modulate presynaptic Ca2+ dynamics and SV cycling
In this study, we reported that the ER defects observed with VAP or SCRN1 depletion 
are accompanied with reduced presynaptic Ca2+ infl ux and SV cycling. Considering that 
axonal ER structures are exclusively comprised of smooth ER, we hypothesized that 
defects in maintaining Ca2+ homeostasis, which is a key function of smooth ER, could 
provide a mechanistic link between the observed phenotypes on ER integrity and SV 
cycling. Previous reports already hinted for a correlation between ER-mediated Ca2+ 
homeostasis and neurotransmitter release. In a recent study, a feedback loop between ER 
Ca2+ concentration, presynaptic Ca2+ infl ux, and SV exocytosis was identifi ed in dissociated 
rodent neurons (de Juan-Sanz et al, 2017). Additionally, in Drosophila HSP models, both 
impaired ER integrity and affected SV cycling were rescued upon Ca2+ bath application 
(Summerville et al, 2016). In this report, we found that loss of VAP-SCRN1 interactions 
in neurons results in elevated basal Ca2+ levels at presynaptic sites. This implies that the 
cytoplasmic-extracellular Ca2+ concentration gradient is reduced, which could explain the 
reduction in evoked Ca2+ response and subsequent decreased SV cycling. Consistently, 
previous reports in non-neuronal cells showed that VAP-mediated membrane contact sites 
regulate Ca2+ homeostasis and that SCRN1 controls Ca2+-dependent processes (Way 
et al, 2002; Lin et al, 2015; Paillusson et al, 2017). It remains poorly understood how 
prolonged increase in basal Ca2+ levels leads to reduced SV cycling. We speculate that 
chronic elevation of basal Ca2+ levels could result in compensatory responses that may 
lead to downscaled synaptic strength. This could be accomplished at different levels, e.g., 
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by decreasing bouton size, lower number of synapses and SVs, and downregulation of 
proteins involved in the SV cycle machinery. Consistent with this idea, we observed less 
and smaller boutons in VAP knockdown neurons. In addition to the Ca2+-mediated effects, 
the smooth ER in axons could also modulate SV cycling by controlling lipid homeostasis. 
The presynaptic membrane is comprised of a unique presynaptic lipid composition that 
is required for proper overall presynaptic function (Lauwers et al, 2016). Possibly, this 
presynaptic lipid composition could be facilitated and maintained by enabling lipid delivery 
at VAP-mediated membrane contact sites. Taken together, it would be interesting to direct 
future research in exploring the possible roles of VAP-SCRN1 interactions in controlling 
Ca2+ homeostasis and presynaptic lipid composition, and on how this could modulate the 
tightly spatiotemporal controlled SV cycle.

Molecular function of VAP-interacting protein SCRN1
It remains unclear how the SCRN1 interaction with VAP at the ER membrane may control 
the observed phenotypes on ER integrity. The C69 protease domain of SCRN1 did not show 
proteolytic activity, whereas this was observed for family members SCRN2 and SCRN3. 
Thus, it is unlikely that the observed VAP-mediated functions involve enzymatic activity of 
SCRN1. However, we did observe oligomerization of SCRN1, which may hint for a scaffolding 
function of SCRN1. Possibly, as scaffolding protein, SCRN1 could promote stabilization of 
VAP interactions at membrane contact sites. Consistent with this, we observed increased 
stabilization of ER structures upon wild-type SCRN1 expression. This highlights the importance 
of controlling the endogenous levels of SCRN1 at the ER membrane in order to balance 
between ER dynamics and stability. This is supported by the observation that endogenous 
SCRN1 proteins were not robustly localized at ER structures, whereas SCRN1 proteins were 
fully recruited to VAP at the ER membrane upon elevating VAP and SCRN1 levels. Similarly, 
it was previously shown that many other proteins containing a FFAT(-like) motif also did not 
fully coincide with ER structures (Murphy & Levine, 2016). Together, these fi ndings imply 
that SCRN1, as well as many other FFAT(-like) proteins, undergoes continuous cycles of 
competitive binding and unbinding to the limited available VAP-binding pockets. As such, we 
propose that controlling endogenous intracellular SCRN1 levels, and thus competition with 
other VAP interactors, could be a novel mechanism to tune ER dynamics and subsequently 
presynaptic function. Moreover, unlike the ubiquitously expressed VAPs, SCRN1 expression 
is highly enriched in brain tissue. Therefore, SCRN1 may be engaged in controlling VAP-
mediated functions in brain tissue specifi cally.

In summary, we propose that VAP-SCRN1 interactions act as a novel control mechanism for 
dynamic ER remodeling, and consequently Ca2+ homeostasis and SV cycling. Future work is 
required to better understand the molecular function of VAP-SCRN1 interactions in mediating 
ER integrity and Ca2+-driven SV cycling. Finally, investigating additional ER-mediated control 
mechanisms that are engaged in modulating presynaptic function is required to obtain more 
insights into the precise function of the dynamic and continuous neuronal ER network in 
controlling SV cycling.
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MATERIAL AND METHODS
Animals
All animal experiments were approved by the Animal Ethical Review Committee (DEC) of Utrecht 
University and performed in accordance with the guidelines for the welfare of experimental 
animals issued by the Dutch law and following European regulations (Guideline 86/609/EEC).

Primary rat neuron culture and transfection
Dissociated hippocampal and cortical neuron cultures were prepared from embryonic day 
18 rat pups of mixed gender. Cells were plated on 18-mm glass coverslips coated with 
poly-l-lysine (37.5 mg/ml) and laminin (1.25 mg/ml) in a 12-well plate at a density of 100k/
well for hippocampal neurons and 50k/well for cortical neurons. Cultures were maintained 
in Neurobasal medium (NB) supplemented with 2% B27, 0.5 mM glutamine, 16.6 μM 
glutamate, and 1% penicillin/streptomycin at 37°C in 5% CO2.

Neuron cultures were transfected using a mixture of 3.3 μl lipofectamine 2000 (Invitrogen), 
1.5–3.0 μg DNA, and 200 μl NB per coverslip. For knockdown experiments, a total of 1.5 
μg DNA of shRNA construct(s) was used per coverslip. The transfection mixture was added 
to the coverslips, which were placed in fresh NB supplemented with 0.5 mM glutamine, 
and incubated for 45–90 min. Next, coverslips were washed once in prewarmed NB and 
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transferred back to their original medium. Cells were maintained for 4 days (for knockdown 
experiments) or 24–48 h (for other experiments) prior to fi xation or live-cell imaging.

Cell line culture and transfection
COS7 and HEK293T cells were cultured on plastic at 37°C in 5% CO2 in DMEM/Ham’s 
F10 (50%/50%) medium supplemented with 10% FCS and 1% penicillin/streptomycin. 
COS7 and HEK293T cells were plated on, respectively, 18-mm glass coverslips or plastic 1 
day prior to transfection with MaxPEI (Polysciences). In brief, MaxPEI/DNA (3:1 ratio) was 
mixed in fresh serum-free DMEM or Ham’s F10 medium, incubated for 20 min, and added 
to the cell culture. After 24 h, cells were either processed for biochemistry, fi xed, or used 
for live-cell imaging.

DNA plasmids
The following plasmids are described previously: Myc-VAPA, Myc-VAPB, HA-VAPA (with 
E178G mutation), HA-VAPB, HA-VAPB-K87D/M89D, GFP-VAPB-TM, GFP-VAPB-MSP-
CC, and VAPB-MSP-GFP (with E6I single nucleotide polymorphism and K139R mutation; 
Teuling et al, 2007); pGFPC1-Sec61β (Hradsky et al, 2011); HA-BirA (de Boer et al, 2003); 
BioGFP (Jaworski et al, 2009); GW1-RFP and pGW1-GFP (Hoogenraad et al, 2005); 
pSuper vector (Brummelkamp et al, 2002); ssRFP-KDEL (Addgene plasmid #62236, gift 
from Dr. Erik Snapp; Snapp et al, 2006), TagRFP-ER (Schatzle et al, 2018), HA-Erlin1, and 
HA-Erlin2 (gift from Dr. Richard J.H. Wojcikiewicz; Pearce et al, 2007, 2009); GCaMP6f 
(Addgene plasmid #58514, gift from Prof. Adam E. Cohen; Venkatachalam & Cohen, 2014); 
and R-GECO1 (Addgene plasmid #45494, gift from Prof. Robert E. Campbell; Wu et al, 
2013).

The cDNAs of SCRN1a (AAH_40492.1), SCRN2 (AAH_10408.2), and SCRN3 
(AAI_19685.1) were obtained from a human cDNA library kindly provided by Dr. Mike 
Boxem. All wild-type SCRN1, SCRN1-N (1–293), SCRN1-C (293–414), SCRN2, and 
SCRN3 constructs were generated using PCR-based cloning strategies and inserted into 
β-actin (for HA-SCRN1) or GW1 (for all other constructs) vectors. Constructs with single-
point mutations were generated using site-directed mutagenesis. SCRN1 FFAT-like mutant 
constructs were obtained for each predicted FFAT-like motif identifi ed by a previously 
reported algorithm (Murphy & Levine, 2016). More specifi cally, SCRN1-Y40A, SCRN1-
F144A, SCRN1-F153A, and SCRN1-F402A were generated by replacing the conserved 
hydrophobic phenylalanine or tyrosine residue for an alanine residue. Proteolytic dead 
mutant constructs SCRN1-C9A, SCRN2-C12A, and SCRN3-C6A were generated by 
replacing the predicted proteolytic cysteine residue, as identifi ed by the online MEROPS 
database, by a non-catalytic alanine residue. The RIM1a-mCherry construct was obtained 
by exchanging the HA-tag of the previously reported pAJ14063-pFUGW-RIM1aWT-HA 
construct (de Jong et al, 2018). The following shRNAs inserted in pSuper vectors were used 
in this study: VAPA shRNA #1 (5′-GCATGCAGAGTGCTGTTTC-3′; Teuling et al, 2007), 
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VAPA shRNA #2 (5′-GGAAACTGATGGAAGAGTG-3′; Teuling et al, 2007), and VAPB 
shRNA #1 (5′-GGTGATGGAAGAGTGC-3′; Teuling et al, 2007); and SCRN1 shRNA #1 
(5′-GATCCTTCCAGGTCCATAT-3′), SCRN1 shRNA #2 (5′-GCACTTACATCTCAATTGA-3′), 
and SCRN1 shRNA #3 (5′-CAGGCTTGGTTTAGAACGA-3′).

Antibodies
The following primary antibodies were used for this study: rabbit anti-VAPA (homemade 
#1006-04; Teuling et al, 2007) and anti-VAPB (homemade #1006-00; Teuling et al, 2007); 
mouse anti-synaptotagmin (SySy, 105311, clone 604.2); rabbit anti-SCRN1 (SySy, 289003; 
used in Fig 1E), rabbit anti-SCRN1 (Abcam, ab105355; used in Fig S1D), and rabbit anti-
SCRN1 (Sigma, HPA024517, RRID:AB_2184811; used for all other experiments; validation 
SCRN1 antibodies in Fig S1G–J); guinea pig anti-vGlut (Millipore, ab5095); rat anti-HA 
(Roche, 1867423; used for immunostainings); mouse anti-HA (BioLegend, mms-101p, 
clone 16B12; used for immunoblots); mouse anti-actin (Chemicon, MAB1501R, clone 
C4); rabbit anti-GFP (Abcam, ab290); mouse anti-Myc (Santa Cruz, SC40, clone 9E10); 
and mouse α-Tubulin (Sigma, T5168, clone B-5-1-2, RRID:AB_477579). The following 
secondary antibodies were used for this study: anti-rabbit Alexa 488 (Life Technologies, 
A11034), anti-rabbit Alexa 568 (Life Technologies, A11036), anti-rat Alexa 568 (Life 
Technologies, A11077), anti-guinea pig Alexa 568 (Life Technologies, A11075), anti-mouse 
Alexa 647 (Life Technologies, A21236), anti-mouse anti-HRP (Dako, P0260), anti-rabbit 
anti-HRP (Dako, P0399), anti-mouse IRDye 680LT (Li-Cor, 926-68020), and anti-rabbit 
IRDye 800CW (Li-Cor, 926-32211).

Tissue extracts, cell extracts, and immunoblotting
To generate tissue extracts for Western blot and mass spectrometry analysis, different 
brain regions (cerebellum, cortex, hippocampus, midbrain, brainstem, and spinal cord) 
or whole brains were dissected from adult female rats. Samples were homogenized in 
ice-cold homogenization buffer (150 mM NaCl, 50 mM Tris, 0.1% SDS, 0.2% NP-40, pH 
7.8) supplemented with 1× complete protease inhibitor cocktail (Roche), sonicated, and 
centrifuged (15 min, 900 g, 4°C). Protein concentrations of supernatant were measured 
using a BCA protein assay (Pierce). Next, 20 μg protein per sample was resuspended in 
SDS sample buffer and boiled for 5 min at 95°C. To generate cell extracts for Western blot 
analysis, transfected HEK293T cells were washed and harvested in ice-cold PBS. Cells 
were centrifuged (5 min, 300 g, 4°C), and the pellet was resuspended in ice-cold lysis 
buffer (100 mM Tris, 150 mM NaCl, 1% Triton, pH 7.5) supplemented with 1× complete 
protease inhibitor cocktail (Roche). Cell lysates were centrifuged (5 min, 20,000 g, 4°C), 
and supernatant was resuspended in SDS sample buffer and boiled for 10 min at 100°C. 
Samples were resolved on SDS–page gels and transferred to nitrocellulose membranes 
(Bio-Rad) or polyvinylidene difl uoride membranes (Millipore). Membranes were blocked 
for 30 min with PBS-T (PBS with 0.05% Tween) with 2% BSA. Next, membranes were 
sequentially incubated with primary and secondary antibodies diluted in PBS-T with 2% 

Proefschrift Feline Lindhout_17x24_20200908.indd   131 08-09-20   20:20



132

4

BSA, and washed three times with PBS-T after each antibody incubation step. Proteins 
resolved on the membranes were visualized using Odyssey Infrared Imaging (Li-Cor 
Biosciences) or enhanced chemiluminescence.

Pull-down assays and mass spectrometry analysis
For biotin–streptavidin pull-down assays, HEK293T cells were co-transfected with BirA, 
BioGFP(-fusion) plasmids (used as bait), and an additional plasmid (used as prey). After ~ 
24 h, cells were washed once with ice-cold PBS, harvested in ice-cold PBS supplemented 
with 0.5× complete protease inhibitor cocktail (Roche), and centrifuged (5 min, 300 g, 4°C). 
Cell pellets were resuspended in ice-cold lysis buffer (100 mM Tris, 150 mM NaCl, 1% 
Triton, pH 7.5) supplemented with 1× complete protease inhibitor cocktail, incubated for 10 
min on ice, and centrifuged (5 min, 20,000 g, 4°C). Supernatant was used for the binding 
assay and for generating input samples by boiling for 5 min at 100°C in SDS sample buffer. 
Beads were pretreated before the binding assay. For regular pull-down assays with cell 
culture extracts, magnetic Dynabeads M-280 Streptavidin (Thermo Fisher Scientifi c) were 
prewashed once with normal washing buffer (20 mM Tris HCl, 150 mM KCl, 0.5% Triton, 
pH 7.5), incubated for 30 min at room temperature with blocking buffer (20 mM Tris, 150 
mM KCl, 0.2 μg/μl CEA, pH 7.5), and washed twice with normal washing buffer. Binding of 
HEK293T cell lysates and beads was performed for 1 h at 4°C. Beads were subsequently 
washed fi ve times using normal washing buffer and boiled for 5 min at 100°C in lysis buffer 
with SDS sample buffer to elute proteins and generate pull-down samples. Alternatively, for 
pull-down assays with whole brain extracts for mass spectrometry analysis, beads were 
prewashed twice with low salt buffer (100 mM KCl, 0.1% Triton X-100, 20 mM Tris, pH 7.6), 
twice with high salt buffer (500 mM KCl, 0.1% Triton X-100, 20 mM Tris, pH 7.6), and twice 
again in low salt buffer. Binding of HEK293T cell lysates and beads was performed for 1 h at 
4°C in presence of whole rat brain extract (prepared as described above), and beads were 
subsequently washed fi ve times using normal washing buffer. Mass spectrometry analysis 
of samples was conducted as described before (Cunha-Ferreira et al, 2018). All the mass 
spectrometry proteomics data have been deposited to the Pride database (http://www.ebi.
ac.uk/pride) with the dataset identifi er PXD014534.

Immunofl uorescence staining
Cells were fi xed for 10 min in 4% formaldehyde and 4% sucrose (neurons) or in 4% 
formaldehyde (COS7 cells) at room temperature and washed three times with PBS. Fixed 
neurons were sequentially incubated with primary and secondary antibodies diluted in GDB 
(0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4). Fixed COS7 
cells were fi rst permeabilized for 10 min in PBS with 0.1% Triton-X, blocked for 30 min 
in PBS with 2% BSA, and sequentially incubated with primary and secondary antibodies 
diluted in PBS with 2% BSA. Cells were washed three times with PBS after each antibody 
incubation step.
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Expansion microscopy sample preparation
Expansion microscopy was performed according to proExM protocol (Tillberg et al, 2016). 
Briefl y, immunostained cells on 18-mm glass coverslips were incubated overnight in PBS 
with 0.1 mg/ml Acryloyl-X (Thermo Fisher, A20770) and 0.002% of 0.1 μm yellow–green 
Fluorospheres (Thermo Fisher, F8803). These bright fl uorescent microspheres adhered 
to cell surfaces, thereby this cell boundary marker simplifi ed the localization of cells in 
the expanded samples. Cells were washed three times with PBS and transferred to a 
gelation chamber (13 mm diameter, 120 μl volume) made of silicone molds (Sigma-
Aldrich, GBL664107) on a parafi lm-covered glass slide. The chamber was prefi lled with 
monomer solution (PBS, 2 M NaCl, 8.625% (w/w) sodium acrylate, 2.5% (w/w) acrylamide, 
and 0.15% (w/w) N,N′-methylenebisacrylamide) supplemented with 0.4% (w/w) 
tetramethylethylenediamine (TEMED) accelerator and 0.2% (w/w) ammonium persulfate 
(APS) initiator. The gelation proceeded for 1 h at 37°C in a humidifi ed incubator. Gels were 
further immersed into 2 ml of 8 units/ml proteinase-K in digestion buffer (pH 8.0, 50 mM 
Tris, 1 mM EDTA, 0.5% Triton X-100, 0.08 M guanidine HCl) solution for 4 h at 37°C for 
digestion. Gels were transferred to 50 ml deionized water for overnight expansion, and 
water was refreshed once to ensure the expansion reached plateau. Plasma-cleaned #1.5 
coverslips for gel imaging were incubated in 0.1% poly-l-lysine to reduce gel’s drift during 
acquisition. Gels were mounted using custom-printed imaging chambers (https://www.
tinkercad.com/things/7qqYCygcbNU). Expansion factor was calculated as a ratio of a gel’s 
diameter to the diameter of gelation chamber and was in the range of 4.0–4.1.

Confocal microscopy
Confocal microscopy of fi xed samples on glass coverslips was performed with a LSM 700 
confocal laser-scanning microscope (Zeiss) equipped with a Plan-Apochromat 63x NA 
1.40 oil DIC, EC Plan-Neofl uar 40x NA1.30 Oil DIC, and a Plan-Apochromat 20x NA 0.8 
objective. Each confocal image represents a maximum intensity projection of a z-series 
covering the region of interest. For fl uorescence intensity measurements, settings were 
kept the same for all conditions. Confocal microscopy of fi xed samples on expanded gels 
was performed with a Leica TCS SP8 STED 3X microscope using a HC PL APO 63×/1.20 
W CORR CS2 water immersion objective. Images were acquired with lateral pixel size in 
the range of 70–80 nm and axial of 180 nm using internal HyD detector. If necessary, a 
drift correction of Z-stack was performed in Huygens Professional version 17.04 (Scientifi c 
Volume Imaging, The Netherlands) using cross-correlation between adjacent slices. All 
images were deconvolved in the same program, using the CMLE algorithm, with SNR:7 
and 20 iterations. Movies of 3D reconstructions of z-stacks were performed in Blender 
version 2.79b (Blender Institute, Amsterdam).

Syt uptake assay
Hippocampal neurons were pretreated with 50 μM bicuculline (Sigma, 14340) in their 
original NB medium for 10 min at 37°C in 5% CO2. Next, neurons were directly incubated 
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for 10 min with Syt antibodies targeting the luminal side of the synaptic vesicle protein, which 
were diluted (1:200) in the same original NB medium supplemented with 50 μM bicuculline 
at 37°C in 5% CO2. Next, cells were fi xed, stained with secondary antibodies, and subjected 
to image quantifi cations and analysis.

Image quantifi cation and analysis
Quantifi cations of fl uorescent Syt intensity at presynaptic boutons: Presynaptic boutons 
were identifi ed by swellings along the axon using expressed RFP as fi ll, similar as described 
previously (Bamji et al, 2003; Leal-Ortiz et al, 2008; Spangler et al, 2013). Fluorescent 
intensity of internalized Syt at each bouton was measured using a circular region of interest 
with a fi xed size of ø 1.39 μm/ø 7 pix.
SCRN1 knockdown quantifi cations: SCRN1 knockdown effi ciency was analyzed in cortical 
neurons (DIV4) co-transfected with RFP and a single SCRN1 shRNA. The average 
fl uorescence intensity was measured of the somatic region without nucleus.
Quantifi cations of SCRN1 recruitment and ER morphology: For analyzing SCRN1 recruitment 
to ER in COS7 cells, the number of cells showing obvious enriched SCRN1 localization at 
ER structures was scored. For analyzing reticular ER structures in COS7 cells, the number 
of cells containing less than ~ 30% detecTable ER tubules in cytoplasm was scored as “non-
reticular ER localization”.

Live-cell imaging
Live-cell imaging (other than electric fi eld stimulation experiments) was conducted on an 
inverted microscope Nikon Eclipse Ti-E (Nikon), equipped with a Plan Apo VC 100x NA 1.40 
oil objective (Nikon), Plan Apo VC 60x N.A. 1.40 oil objective (Nikon), a Plan Apo VC 40x 
NA 1.40 oil objective (Nikon), a Yokogawa CSU-X1-A1 spinning disk confocal unit (Roper 
Scientifi c), a Photometrics Evolve 512 EMCCD camera (Roper Scientifi c), and an incubation 
chamber (Tokai Hit) mounted on a motorized XYZ stage (Applied Scientifi c Instrumentation), 
all controlled by MetaMorph (Molecular Devices) software. Cells were imaged in their original 
medium. During acquisition, the objective was kept at 37°C and the imaging chamber was 
kept at 37°C in 5% CO2.

Relative basal Ca2+ levels’ measurements
Hippocampal neurons were transfected with Ca2+ indicators GCaMP6f or R-GECO1, and 
mRFP or GFP to identify transfected neurons and presynaptic boutons. Field of views 
with axonal structures for all conditions were selected based on similar expression levels, 
while remaining blind for the expression levels of Ca2+ indicators. Duo-color time-lapses 
were acquired of 21 frames with 30-s time interval, with a Z-stack of three planes with 0.5-
μm interval for each frame, and cells were treated with 1–10 μM ionomycin (Santa Cruz, 
SC3592) prior to frame 13. Fluorescent intensities of GCaMPf or R-GECO1 at single 
boutons were measured for the maximum intensity projections of each frame using a fi xed 
ROI. Fluorescent values were corrected for background fl uorescence and normalized to 
the maximum fl uorescent intensity within seven frames after ionomycin treatment (F/F 
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max). Relative basal Ca2+ levels were determined by the F 0/F max ratio, where baseline 
values (F 0) were obtained by averaging the fl uorescent intensities of the fi ve frames prior 
to ionomycin treatment.

Fluorescent recovery after photo-bleaching
Fluorescent recovery after photo-bleaching experiments were conducted on the 
characteristic dense ER clusters in TagRFP-ER expressing hippocampal neurons showing 
this phenotype, or in regular dense ER structures for control conditions, using the ILas system 
(Roper Scientifi c; Fig 4E). Fluorescence recovery of TagRFP-ER in bleached regions can 
be interpreted as the result from two processes: (i) diffusion of TagRFP-ER within existing 
ER tubules (Yalcin et al, 2017) and (ii) local ER remodeling within the photo-bleached 
region. The FRAP area size and imaging settings were kept the same for all conditions. For 
analysis, fl uorescence intensity of the bleached region was corrected for background noise 
and for overall bleaching occurring during acquisition. Next, the post-bleaching fl uorescent 
recovery values were normalized to the baseline fl uorescence, which was defi ned by the 
average fl uorescent intensity of fi ve initial frames prior to onset of photo-bleaching.

Electric fi eld stimulation and real-time Ca2+ dynamics
All experiments were carried out in modifi ed Tyrode’s solution (pH 7.4, 25 mM HEPES, 
119 mM NaCl, 2.4 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 30 mM glucose). Objective was 
prewarmed to 37°C with objective heater (Tokai Hit). Hippocampal neurons were placed 
in a stimulation chamber (World Precision Instruments) and stimulated (50 Aps, 20 Hz) 
by electric fi eld stimulation (platinum electrodes, 10 mm spacing, 1 ms pulses of 50 mA, 
alternating polarity) applied by constant current stimulus isolator (WPI A 385, World Precision 
Instruments) in the presence of 10 μM 6-cyano-7 nitroquinoxaline-2,3-dione and 50 μM D,L-
2-amino-5-phosphonovaleric acid (CNQX/AP5; Tocris Bioscience). Imaging was performed 
on an inverted Nikon Eclipse TE2000 microscope equipped with mercury lamp (Nikon). 
Fluorescence emission was detected using a 40× oil-immersion objective [Nikon Apo, 
numerical aperture (NA) 1.3] and ET-GFP fi lter (GCaMP) or ET-mCherry (mCherry), together 
with a EMCCD camera (Evolve 512, Photometrics) controlled by MetaMorph 7.7 software 
(Molecular Devices). Images were acquired every 650 ms with exposure times between 
50 and 100 ms in 1 × 1 binning mode. Quantitative analyses of GCaMP experiments were 
performed with custom macros in Igor Pro (WaveMetrics) using an automated detection 
algorithm as described previously (Wienisch & Klingauf, 2006).

Statistical analysis
Statistical details are included in corresponding Figure legends. P-values are annotated as 
follows: *P < 0.05, **P < 0.01, and ***P < 0.001. Data processing and statistical analysis 
were conducted in Prism GraphPad (version 7.0) software. 
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Supplementary Figure 1.
VAPs modulate bouton maintenance and are associated with brain-enriched SCRN1 proteins
A. Localization of exogenous HA-VAPA or HA-VAPB in neurons (DIV18) co-expressing GFP-
Sec61β and immunostained for bassoon. Zooms represent (1) an axonal structure with bas-
soon-positive presynaptic boutons (arrowheads), and (2) a dendritic structure. Scale bars: 10 μm 
(full size) and 5 μm (zoom).
B. Quantifi cations of bouton density in hippocampal neurons (DIV18) co-expressing RFP and pSu-
per empty vector or VAPA/B shRNAs. N = 2, n = 80 boutons.
C. Quantifi cations of bouton size in hippocampal neurons (DIV18) co-expressing RFP and pSuper 
empty vector or VAPA/B shRNAs. N = 2, n = 380–400 boutons.
D. Western blot of endogenous SCRN1 expression in indicated adult rat neuronal and non-neuronal 
tissues. Cereb., cerebellum. Hippoc., hippocampus. Spin., spinal.
E. Scaled representation of SCRN1-associated proteins identifi ed with pull-down assay followed 
by mass spectrometry analysis of purifi ed BioGFP or BioGFP-SCRN1 from HEK293T cell lysates. 
Selected candidates all showed > 10 enrichment of PSM compared to control.
F. Localization of exogenous GFP-SCRN1 in hippocampal neurons (DIV18) immunostained for 
vGlut. Zoom represents an axon structure with presynaptic sites (arrowheads). Scale bars: 10 μm 
(full size) and 5 μm (zoom).
G. COS7 cells expressing BioGFP-SCRN1, BioGFP-SCRN2, or BioGFP-SCRN3 and immunostain-
ed for SCRN1. Scale bar: 10 μm.
H. Western blot of lysates from HEK293T cells expressing BioGFP-SCRN1, BioGFP-SCRN2, or 
BioGFP-SCRN2 and immunostained for indicated antibodies. Arrowheads represent (1) BioG-
FP-SCRN1 expression, (2) endogenous SCRN1 expression, (3) full-length BioGFP-SCRN proteins, 
and (4) N-terminal cleaved Bio GFP-SCRN2 and Bio GFP-SCRN3. Actin was used as loading 
control.
I. Cortical neurons (DIV4) co-expressing RFP with pSuper empty vector (control) or SCRN1 shRNA 
#1. Scale bar: 10 μm.
J. Quantifi cations of fl uorescence intensity of endogenous SCRN1 in cortical neurons (DIV4) co-ex-
pressing RFP with pSuper empty vector (control) or SCRN1 shRNA #1, #2, or #3. N = 2, n = 13–14 
cells.
Data information: Data represent mean ± SEM; **P < 0.01; ***P < 0.001, by Mann–Whitney U-test. 
Source data are available online for this Figure.
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Supplementary Figure 2.
SCRN1 does not exhibit proteolytic activity and its C-terminal is recruited to VAP MSP domain
A. Schematic illustration of autolytic protease activation of C69 family members.
B. Sequence alignment of predicted proteolytic sites of SCRN family members according to the 
MEROPS database.
C. Western blot of lysates from HEK293T cells expressing BioGFP-SCRN1-WT, BioGFP-SCRN1-
C9A, BioGFP-SCRN2-WT, BioGFP-SCRN2-C12A, BioGFP-SCRN3-WT, or BioGFP-SCRN3-C6A. 
Arrowheads represent (1) full-length BioGFP-SCRN proteins and (2) N-terminal cleaved BioGFP-
SCRN2 and BioGFP-SCRN3.
D. Pull-down assay of HEK293T cells co-expressing Myc-VAPA with BioGFP, BioGFP-SCRN1-WT, 
BioGFP-SCRN1-C9A, BioGFP-SCRN1-N, or BioGFP-SCRN1-C.
E. Pull-down assay of HEK293T cells co-expressing Myc-VAPB with BioGFP, BioGFP-SCRN1-WT, 
BioGFP-SCRN1-C9A, BioGFP-SCRN1-N, or BioGFP-SCRN1-C.
F. Hippocampal neurons (DIV16) co-expressing HA-VAPB with GFP-SCRN1-N or GFP-SCRN1-C. 
Scale bars: 10 μm (full size) and 2 μm (zoom).
G. COS7 cells co-expressing GFP-SCRN1-C with HA-VAPA or HA-VAPB. Scale bars: 10 μm (full 
size) and 5 μm (zoom).
H. COS7 cells co-expressing HA-SCRN1 with GFP-VAPB-TM, GFP-VAPB-MSP-CC, or GFP-VAPB-
MSP. Scale bars: 10 μm (full size) and 5 μm (zoom).
I. COS7 cells co-expressing GFP-SCRN1-N with HA-VAPA or HA-VAPB. Scale bars: 10 μm (full size) 
and 5 μm (zoom).
Source data are available online for this Figure.
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Supplementary Figure 3.
VAP-SCRN1 interaction at the ER is mediated by a single FFAT-like motif
A. Schematic representation of the four potential FFAT-like motifs in SCRN1. Amino acid position 
number 2 (orange) of the FFAT-like motifs was mutated to alanine residues.
B. Quantifi cations of SCRN1 recruitment to VAPA-positive structures in COS7 cells (%) co-expressing 
HA-VAPA with GFP or GFP-SCRN1, GFP-SCRN1-N, GFP-SCRN1-C, GFP-SCRN1-Y40A, GFP-
SCRN1-F144A, GFP-SCRN1-F153A, or GFP-SCRN1-F402A. N = 2–3, n = 39–59.
C. COS7 cells co-expressing HA-VAPA with GFP-SCRN1-Y40A, GFP-SCRN1-F144A, GFP-SCRN1-
F153A, or GFP-SCRN1-F402A. Scale bars: 10 μm (full size) and 5 μm (zoom).
D. Hippocampal neurons (DIV16) co-expressing HA-VAPA with GFP-SCRN1-Y40A, GFP-SCRN1-
F144A, GFP-SCRN1-F153A, or GFP-SCRN1-F402A. Scale bars: 10 μm (full size) and 5 μm (zoom).
Data information: ***P < 0.001, by chi-square test with post hoc analysis including Bonferroni 
correction.
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Supplementary Figure 4.
SCRN1 oligomerizes and regulates ER remodeling together with VAP
A. Quantifi cations of reticular localization of expressed VAPB in COS7 cells (%). Cells with non-re-
ticular ER structures contained < 30% detecTable ER tubules in cytoplasm. Gray bars represent 
non-reticular localization accompanied with impaired VAP-SCRN1 interaction. Left: co-expression 
GFP-SCRN1 with HA-VAPB or HA-VAPB-K87D/M89D (N = 2–3, n = 44–46). Right: co-expression 
of HA-VAPB with GFP or GFP-SCRN1, GFP-SCRN1-N, GFP-SCRN1-C, GFP-SCRN1-Y40A, GFP-
SCRN1-F144A, GFP-SCRN1-F153A, or GFP-SCRN1-F402A (N = 2–3, n = 41–64).
B. Quantifi cations of reticular localization in COS7 cells (%) co-expressing HA-VAPA with GFP or 
GFP-SCRN1, GFP-SCRN1-N, GFP-SCRN1-C, GFP-SCRN1-Y40A, GFP-SCRN1-F144A, GFP-
SCRN1-F153A, or GFP-SCRN1-F402A. Cells with non-reticular ER structures contained < 30% 
detecTable ER tubules in cytoplasm. Gray bars represent non-reticular localization accompanied 
with impaired VAP-SCRN1 interaction. N = 2–3, n = 39–62 cells.
C. Quantifi cations of reticular localization of TagRFP-ER co-expressed with GFP, GFP-SCRN1, 
GFP-SCRN1-N, GFP-SCRN1-C, GFP-SCRN1-F402A, or GFP-SCRN1-C9A in COS7 cells. Gray 
bars represent non-reticular localization accompanied with impaired VAP-SCRN1 interaction. Cells 
with non-reticular ER structures contained < 30% detecTable ER tubules in cytoplasm. N = 2–4, n = 
58–120.
D. Live COS7 cells co-expressing TagRFP-ER with GFP, GFP-SCRN1, or GFP-SCRN1-F402A. 
Scale bars: 10 μm (full size) and 2 μm (zoom).
E. Pull-down assay of HEK293T cells co-expressing HA-SCRN1-N with BioGFP and BioG-
FP-SCRN1.
F. Pull-down assay of HEK293T cells co-expressing HA-SCRN1-N with BioGFP, BioGFP-SCRN1-N, 
BioGFP-SCRN1-C, and BioGFP-SCRN1-F402A.
G. Time-lapse of COS7 cells co-expressing TagRFP-ER and GFP, GFP-SCRN1, or GFP-SCRN1-
F402A. Arrowheads mark ER tubule remodeling event, and arrows mark ER remodeling artifacts. 
Scale bar: 2 μm.
H. ER nanostructures in somatic structures of hippocampal neurons (DIV18) co-expressing GFP-
Sec61β with pSuper empty vector, SCRN1 shRNA, or VAPA/B shRNAs, and subjected to expan-
sion microscopy. Left panels show maximum intensity projections of all Z-planes. Individual ER 
tubules and perinuclear sheets are shown in zooms of Z-plane #1 and Z-plane #2, respectively. 
Scale bars: 5 μm (full size) and 500 nm (zoom).
I. ER nanostructures visualized with GFP-Sec61β in dendrites of hippocampal neurons (DIV18) im-
munostained for α-tubulin and co-expressed with pSuper empty vector, SCRN1 shRNA, or VAPA/B 
shRNAs, and subjected to expansion microscopy. Scale bars: 5 μm (full size) and 1 μm (zoom).
Data information: *P < 0.05; **P < 0.01; ***P < 0.001, by chi-square test (A–C) with post hoc analy-
sis including Bonferroni correction (A, B). Source data are available online for this Figure.
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Axons are unique structures that are fundamental for information processing in neuronal 
networks, as they facilitate neurotransmission and maintain neuronal polarity. To carry-
out these specialized functions, axons adopt extreme morphologies and characteristic 
substructures during development. The work in this thesis features new molecular insights 
in axon formation as well as axon functioning (Chapter 2, 3 and 4). To summarize, in 
Chapter 2 a new axon developmental stage is identifi ed in human neurons, which reveals 
that axon formation follows a global distal-to-proximal reorganization in the developing 
axon. The formation of an axon is driven by extensive remodeling of the microtubule 
cytoskeleton network, and Chapter 3 demonstrates that this process critically relies on 
centrosome function. Chapter 4 focuses on the functioning of mature axons, and unravels a 
new molecular interplay between the endoplasmic reticulum (ER) and the synaptic vesicle 
cycle at presynaptic sites. The implications of these fi ndings are largely discussed in their 
corresponding chapters. This chapter primarily focuses on discussing the key fi ndings of 
this thesis in a broader context, and provides future research questions and perspectives.

Novel insights in axon formation from human neurons
Axon development is a highly coordinated multistep process, and the onset of axon development 
marks the fi rst step in establishing neuronal polarity. Most insights in the molecular processes 
underlying axon development are obtained from non-human model systems, and in particular 
from the classical dissociated rodent neuron cultures (Dotti, Sullivan, and Banker 1988). 
However, it remains to be established to what extent the axon developmental processes 
identifi ed in non-human species are recapitulated in humans. Moreover, axon development 
in cultured dissociated rodent neurons likely entails a repolarization event rather than de 
novo polarization, as these dissociated neurons in culture are obtained from yet polarized 
neurons in vivo (Dotti, Sullivan, and Banker 1988). Chapter 2 and 3 address new biological 
questions regarding axon development in human neurons, using human induced Pluripotent 
Stem Cells (iPSC)-derived neuron cultures, which has resulted in new insights and updated 
views on axon developmental processes (Figure 1) (Lancaster et al. 2013). An important 
hallmark of human iPSC-derived neurons that signifi cantly contributed in obtaining these new 
insights, is their profound longer developmental trajectory compared to other species (Dotti, 
Sullivan, and Banker 1988; Petanjek et al. 2011; Shi, Kirwan, and Livesey 2012; Espuny-
Camacho et al. 2013; Nicholas et al. 2013; Otani et al. 2016; Sousa et al. 2017; Linaro et 
al. 2019) (Chapter 2). These species-specifi c differences in timing of neurodevelopment are 
consistently observed, also in more closely-related primate species such as humans and 
macaques (Otani et al. 2016). In fact, this prolonged human-specifi c developmental timing 
is even maintained when human neurons are transplanted in rodent brains or when human 
neurons are co-cultured with macaque neurons (Espuny-Camacho et al. 2013; Nicholas et 
al. 2013; Otani et al. 2016; Linaro et al. 2019). Together, this implies that neurodevelopmental 
timing in different species is orchestrated by robust and cell-intrinsic mechanisms. What 
controls this internal molecular clock in neuronal cells? It would be interesting to direct future 
studies in addressing this question, as mechanistic insights are still lacking at this point. 
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The prolonged development of human iPSC-derived neurons makes it a particularly 
interesting model system to study developmental processes that typically occur at relative 
fast rates, such as the fi rst steps of axon development. Specifi cally, the process of axon 
formation, involving axon specifi cation and axon initial segment (AIS) assembly, occurs 
after ~24-48 hours in dissociated rodent neurons, whereas this takes ~7-14 days in human 
iPSC-derived neurons (Dotti, Sullivan, and Banker 1988) (Chapter 2). This stretched time 
window of axon development in human neurons increases the temporal resolution to 
study this process in more detail. As such, Chapter 2 uncovers a previously unrecognized 
intermediate stage during early axon development, revealing that axon formation is fi rst 
initiated distally in the future axon which is next followed by proximal rearrangements 
(Fig 1). Specifi cally, this development in a distal-to-proximal fashion is observed for the 
reorganization towards the axon-specifi c microtubule network, as well as the appearance 
and structural assembly of AIS proteins. It remains to be explored how these distal-to-
proximal rearrangements are driven mechanistically over time. As indicated by their 
name, AIS proteins are originally defi ned by their collective localization at proximal axons, 
where they assemble into a highly specialized AIS structure (Leterrier 2018). Thus, their 
distal appearance at immature axons opens up new discussions, and follow-up studies 
are necessary to reassess the function of AIS proteins during early axon development. 
In conclusion, future studies may identify more novel axon developmental processes and 
dissect its molecular details, and the potential human iPSC-derived neuron cultures to 
address this is illustrated in Chapter 2 and 3.

Centrosomes, as microtubule-organizing organelles, are important for axon 
formation 
Axon formation starts with the by accelerated outgrowth of a single neurite, the future axon. 
These drastic morphological changes are driven by structural rearrangements of the local 
microtubule cytoskeleton. Chapter 3 reveals that this process critically depends on the 
centrosome, the organelle acting as the main microtubule-organizing center in cells (Figure 
1). Depleting neuronal stem cells of centrioles, the core components of centrosomes, 
results in impaired axon-specifi c microtubule remodeling at later stages. This is 
accompanied by additional axon developmental defects, including immature fi ring of action 
potentials, mistargeting of the axonal microtubule-associated protein Trim46, suppressed 
expression of growth cone proteins and impaired growth cone morphologies. Together, 
these data reveal that centrosomes are indispensable for microtubule remodeling during 
early axon development, which is important for setting-up the foundation for subsequent 
axon maturation and functioning. Previous studies reported contradicting results on the 
interplay between centrosomes and axon formation, resulting in an ongoing debate on the 
function of centrosomes during this developmental process (Zmuda and Rivas 1998; de 
Anda et al. 2005; Stiess et al. 2010; Meka, Scharrenberg, and Calderon de Anda 2020). 
Accumulating evidence revealed that centrosomes are positioned at sites were the new 
axon emerges, indicating that a possible mechanistic link between localized centrosome
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Figure 1. 
Updated views on molecular processes underlying axon formation and functioning
A. Centrosomes display microtubule-organizing center (MTOC) functions at early stages 1 and 2, 
which coincides with local presence of Trim46 proteins (I). The MTOC functions of centrosomes are 
markedly declined in stage 3a neurons (II), and transform into cilia during further neuronal maturation 
(III). 
B,C. The transformation of a non-polarized neurite in a stage 2 neuron (I) into an axon in a stage 3 
neuron (II and III) involves the reorganization of the microtubule (MT) cytoskeleton from a mixed to 
uniform plus-end out orientation, as well as the accumulation and assembly of axon initial segment 
(AIS) proteins (e.g. Trim46 and AnkyrinG). All these developmental processes occur fi rst at distal 
axons (C) in stage 3a neurons (II), followed by rearrangements at proximal axons (B) in stage 3b 
neurons (III).
D. Neurotransmitter (NT) release at presynaptic sites of mature axons (III) is mediated by the 
synaptic vesicle cycle, involving the local Ca2+-driven exocytosis and subsequent retrieval of synaptic 
vesicles (SVs). The dynamic ER structure plays an important role in synaptic vesicle recycling, which 
is mediated by molecular interactions between VAP proteins and VAP-interacting protein Secernin-1 
(SCRN1).
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functioning and axon development might be at play (Zmuda and Rivas 1998; de Anda 
et al. 2005). However, depleting centrosomes in young polarized neurons did not affect 
further outgrowth of the yet formed axon, which supported the idea that centrosomes 
were not important for axon development (Stiess et al. 2010). These contradicting fi ndings 
are likely explained by the different functions displayed by centrosomes throughout 
neurodevelopment, as centrosomes gradually lose their microtubule-organizing ability 
during the process of ciliogenesis (Stiess et al. 2010; Ishikawa and Marshall 2011). 
Importantly, this developmental process coincides with the time window in which axon 
outgrowth occurs (Stiess et al. 2010). Accordingly, microtubule-organizing functions of 
centrosomes are indispensable for neurodevelopmental processes prior to axon outgrowth, 
such as neurogenesis and the onset of axon formation (Tsai and Gleeson 2005; Lancaster 
et al. 2013; Nano and Basto 2017; Meka, Scharrenberg, and Calderon de Anda 2020; 
Stiess et al. 2010) (Chapter 3). These processes critically rely on extensive microtubule 
remodeling, as this supports the drastic morphological changes of the developing axon 
and establishes the different microtubule organization in axons and dendrites important 
for polarized cargo transport (van Beuningen and Hoogenraad 2016). The importance of 
centrosome function during these early neurodevelopmental processes is further illustrated 
by a wide range of neurodevelopmental disorders, including microcephaly, that are caused 
by mutations in centrosome proteins (Nano and Basto 2017). At later developmental stages, 
when the microtubule organization in axons and dendrites is established, the microtubule-
organizing functions of centrosomes become perhaps excessive, as indicated by declining 
MTOC functions of centrosomes after axon formation.

It remains an open question whether the coincident formation of the axon and gradual 
loss of microtubule-organizing centrosome functions are also mechanistically linked. 
To this end, new insights may come from studying proteins that show a developmental 
translocation from centrosomes to axonal microtubules during early axon development. 
This re-localization process is observed for NDEL proteins in a previous study and Trim46 
proteins in Chapter 3, and future studies may identify more candidates following this 
developmental transition (Kuijpers et al. 2016). The observed relocation of Trim46 and 
NDEL possibly hints for a common underlying mechanism linking centrosome function and 
axon development, although the precise function and mechanistic details remain elusive. 
Speculatively, the translocation of these proteins assists in axon specifi cation, the fi rst step 
in axon development that marks the important developmental switch from stage 2 to stage 
3 neurons. This process of axon specifi cation critically relies on extensive remodeling of the 
local microtubule network, and perhaps the presence of microtubule-associated proteins 
such as Trim46 and NDEL at future axons mediates this process. As such, the translocation 
of microtubule-organizing proteins from centrosomes to the specifi ed axon could thereby 
guide the neuron through the subsequent developmental stage. It remains unknown how 
the translocation of these proteins from centrosomes to axons is controlled. Considering 
that centrosomes are important sites for the recruitment of diverse signaling molecules, it 
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is plausible that this process is mediated by different local intracellular signaling pathways 
during the transition from stage 2 to stage 3 neurons (Conduit, Wainman, and Raff 2015). 
Alternatively, the presence of these proteins at both centrosomes and axons perhaps refl ect 
different isoforms of these proteins, which might be differentially expressed in stage 2 and 
stage 3 neurons. To this end, it is interesting to highlight that humans contain more Trim46 
isoforms with yet unknown functions compared to other species, and that the centrosome 
location of Trim46 is primarily observed in human cells (Chapter 3). In conclusion, the 
functional relevance of centrosomes during the onset of axon development is emerging, 
and future studies are necessary to unravel the underlying molecular mechanisms.  

Emerging roles of the endoplasmic reticulum for presynaptic function
Presynaptic boutons are crucial sites for neurotransmitter release. This is facilitated by 
the highly controlled synaptic vesicle cycle, in which neurotransmitter-containing synaptic 
vesicles proceed through cycles of exocytosis and retrieval at presynaptic sites. Many 
studies in the past decades focused on investigating this synaptic vesicle cycle, which has 
greatly advanced our understanding of the underlying molecular mechanisms. However, 
the contribution of abundant presynaptic organelles, such as the ER and mitochondria, 
in synaptic vesicle recycling is much less explored. The ER and mitochondria present 
throughout axons, including presynaptic sites, have adopted unique structures. The axonal 
ER network is marked by extremely narrow ER tubules, which form local networks of small 
cisternae at presynaptic boutons (Yalcin et al. 2017; Wu et al. 2017; Terasaki 2018). Axonal 
mitochondria also display a distinctive morphology marked by short and punctate structures, 
thereby differing from the long and tubular structures observed in dendrites and most other 
cell types (Chicurel and Harris 1992; Li et al. 2004; Popov et al. 2005; Dickey and Strack 2011; 
Kasthuri et al. 2015). Mitochondria at presynaptic sites occupy a large volume, up to one-
third, of the presynaptic bouton (Wilhelm et al. 2014). The presence and extreme adaptations 
of the ER and mitochondria at presynaptic boutons and throughout axons are indicative of 
their relevance for presynaptic function. Indeed, the fi ndings in Chapter 4 uncovered the 
importance of the ER structure and its dynamic remodeling for presynaptic function (Fig 
1). Here, a new molecular control mechanism for maintaining ER continuity is identifi ed, 
mediated by the interaction between ER receptor vesicle-associated membrane protein 
(VAMP)-associated protein B (VAPB) and VAP-interacting protein Secernin-1 (SCRN1). 
Perturbing ER structure and dynamics, by interfering with VAP-SCRN1 interactions, largely 
affected presynaptic function. More specifi cally, the comprised presynaptic function was 
marked by a reduction in synaptic vesicle recycling, a decrease in evoked Ca2+ responses 
and an increase in basal Ca2+ levels at presynaptic boutons. Together, these data imply 
that the dynamic ER structures are important to maintain local Ca2+ levels and facilitate 
Ca2+ infl uxes at presynaptic sites, thereby modulating synaptic vesicle recycling. This is 
consistent with the well-described key function of the ribosome-lacking smooth ER, the 
primary type of ER present in axons, in controlling Ca2+ homeostasis (Yalcin et al. 2017; Wu 
et al. 2017; Terasaki 2018). The important molecular interplay between ER and presynaptic 
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sites in mammalian neurons presented in Chapter 4 is further supported by studies in 
Drosophila neurons, where loss of important ER proteins was accompanied with structural 
ER perturbations as well as reduced neurotransmitter release (Summerville et al. 2016; 
De Gregorio et al. 2017). Additionally, in dissociated rodent neurons, intraluminal ER Ca2+ 
levels are reported to be elevated during evoked neurotransmission, thereby highlighting 
an important interplay between the ER and neurotransmitter release (de Juan-Sanz et 
al. 2017). Thus, Chapter 4 provides some fi rst molecular insights in the mechanistic link 
between ER and presynaptic function, and the results presented in this chapter initiated 
new discussions regarding the role of ER at the synaptic vesicle cycle (Bezprozvanny and 
Kavalali 2020; Ozturk, O’Kane, and Perez-Moreno 2020). In addition to the ER, the role 
of mitochondria for presynaptic function also emerges, as presynaptic mitochondria were 
found to control Ca2+ levels and neurotransmitter release at presynaptic sites (Kwon et al. 
2016; Vaccaro et al. 2017; Lewis et al. 2018; Lee et al. 2018). In conclusion, presynaptic 
organelles such as the ER and mitochondria are emerging as important presynaptic 
components regulating neurotransmitter release, thereby highlighting the relevance of 
further studying the role of these organelles in synaptic functioning.

Concluding remarks
Mapping the molecular machineries driving axon formation and functioning is key to 
gain an advanced understanding in axon biology, as this provides an important basis in 
understanding and ultimately resolving axonal pathologies (axonopathies). To date, most 
axonopathies (e.g. spinal cord injuries and spastic paraplegia) remain largely unresolved, 
despite the many studies focusing on understanding axons in health and disease. What are 
the main roadblocks preventing resolving these diseases? Although the answer remains 
elusive, a possible explanation may come from potential discrepancies between the biology 
of axons from humans and other species. The large majority of neurobiological studies, 
including those focusing on axons, are performed in non-human species, which is mostly 
due to the lack of a reproducible and readily accessible human neurobiological model 
system. This greatly changed with the development of human iPSC-derived neurons, 
which now for the fi rst time enables addressing neurobiological questions in human 
neurons. To date, human iPSC-derived neurons are most commonly used by clinical 
research groups for translational sciences. However, this model system also holds great 
potential in understanding the fundamentals of axon biology in humans, as illustrated by 
the discoveries presented in Chapter 2 and 3. Generally stated, in the fi eld of life sciences 
and beyond, important technical developments are often followed by a profound series 
of new discoveries and impactful insights. It will be exciting to see in the coming years 
how well the neurobiological processes identifi ed in non-human neurons, including those 
underlying axon formation and function, can be extrapolated to human neurons, in studies 
utilizing human iPSC-derived neurons. Moreover, studying neurobiology in a human model 
system may result in the discovery of human-specifi c processes that were previously 
undetecTable in other species, such as those described for axon formation in Chapter 2 and 
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3. Thus, human iPSC-derived neurons offers the great advantage of studying neurobiology 
on a human genetic background, which may contribute to new insights that will perhaps 
further our understanding of the development of  axonal pathologies and other neurological 
disorders. 

Another future challenge in the fi eld of axon biology is to unravel the precise coordination 
of the different molecular machineries that facilitate neuronal communication. More 
specifi cally, it would be interesting to gain an advanced understanding on how the functioning 
of presynaptic organelles, such as axonal ER and mitochondria, are integrated with 
neurotransmitter release. To this end, novel insights will likely come from newly developed 
tools that allow in-depth investigations of the structure and function of axonal organelles. 
Accordingly, high resolution imaging recently enabled resolving the nanostructures of the 
axonal ER network, thereby uncovering its unique organization and continuity with the 
remaining ER network (Yalcin et al. 2017; Wu et al. 2017; Terasaki 2018). What could be 
the functional implication of this unique axonal ER network? Is perhaps the continuity of 
the axonal ER with the somatodendritic ER network important for processes underlying 
axon functioning, such as neurotransmitter release? Future investigations with recently 
developed tools to measure organelle functions, e.g. by measuring intra-luminal Ca2+ levels 
in ER or mitochondria, will likely address these and other urgent questions (de Juan-Sanz 
et al. 2017). It will be exciting to learn in the coming years how the well-defi ned processes 
of the synaptic vesicle cycle can be mechanistically tweaked by axonal organelles. 

Taking together, a combination of multidisciplinary approaches, application of newly 
developed tools, and the accessibility of different neurobiological model systems, thereby 
carefully taking into consideration the strengths and limitations of each model system, now 
allows addressing new questions in the fi eld of axon biology. A thorough understanding of 
the basic principles of axon formation and function is key, as this might provide an important 
stepping stone in dissecting and ultimately resolving axonopathies.
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NEDERLANDSE SAMENVATTING VOOR NON-EXPERTS

Ons brein is één van de meest complexe organen in ons lichaam. Het reguleert hoe we 
bewegen, welke gedachten zich in ons vormen, de emoties die we voelen en het slaat 
onze herinneringen op. Het brein is opgebouwd uit biljoenen hersencellen die een complex 
netwerk met elkaar vormen. Hersencellen bestaan uit twee compartimenten: het cellichaam 
met enkele relatief korte en zeer vertakte uitlopers, de dendrieten, en één hele lange en 
tevens vertakte uitloper, het axon (Fig 1, Hoofdstuk 1). In menselijke hersencellen kan 
het axon wel tot 1 meter lang worden, terwijl de rest van de hersencel ongeveer duizend 
keer zo klein blijft. Naast de uitzonderlijke lengte heeft het axon ook de gespecialiseerde 
functie om effi ciënt informatie aan andere hersencellen in het zenuwstelsel door te geven. 
Het doorgeven van informatie vindt plaats volgens een eenrichtings-principe waarbij het 
axon van één hersencel signalen stuurt naar dendrieten van andere hersencellen. Deze 
signaaloverdracht tussen hersencellen vindt plaats via synapsen, de gespecialiseerde 
contacten tussen axonen en dendrieten. De functies van het axon worden gereguleerd door 
een serie van complexe moleculaire processen. Als het axon echter niet goed werkt doordat 
deze moleculaire processen verstoord zijn heeft dat grote gevolgen voor de functie van het 
zenuwstelsel. Tot op heden is er geen goede behandeling mogelijk voor aandoeningen 
die specifi ek geassocieerd zijn met het disfunctioneren van axonen, waaronder hereditary 
spastic paraplegias (HSP), Charcot-Marie-Tooth type 2 en dwarslaesies. Een belangrijke 
stap in het oplossen van deze ziektes is om eerst de basale moleculaire processen van 
het axon goed in kaart te brengen. Want de unieke vorm alsmede de gespecialiseerde 
functie van het axon roepen een aantal fundamentele vragen op. Hoe ontstaat een axon 
eigenlijk in een jonge hersencel? Hoe wordt bepaald welke uitloper het axon wordt en 
welke de dendrieten? Hoe kan een axon, dat tot duizendmaal langer kan zijn dan de rest 
van de hersencel, goed functioneren? En in hoeverre zijn alle bevindingen op het gebied 
van axon onderzoek, dat meestal in ratten- en muizen hersencellen wordt uitgevoerd, te 
vertalen naar menselijke hersencellen? Dit is een greep uit de vragen die een belangrijke 
drijfveer hebben gevormd voor het onderzoek beschreven in dit proefschrift. In deze 
samenvatting wordt verder ingezoomd op de moleculaire processen in het axon en worden 
de belangrijkste bevindingen van dit proefschrift nader toegelicht. 

Historisch gezien is veruit het meeste moleculair en cellulair neurowetenschappelijk 
onderzoek, door gebrek aan een geschikt menselijk modelsysteem, uitgevoerd in andere 
diersoorten dan de mens. Onder de klassieke modelsystemen vallen vooral muizen, ratten, 
vliegen en wormen. Het is echter onbekend in hoeverre de bevindingen die zijn opgedaan in 
deze klassieke modelsystemen te vertalen zijn naar de mens. Bovendien kunnen mogelijke 
mens-specifi eke processen niet bestudeerd worden in de klassieke modelsystemen. Hier 
is verandering in gekomen sinds recent onderzoek het nu mogelijk heeft gemaakt om 
menselijke stamcellen in kweekschaaltjes op het lab te laten uitgroeien tot hersencellen. 
Met dit nieuwe modelsysteem kan er reproduceerbaar, effi ciënt en ethisch verantwoord 
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onderzoek gedaan worden in menselijke hersencellen. In hoofdstuk 2 en 3 maken we 
gebruik van deze menselijke hersencellen om onderzoek te doen naar de ontwikkeling 
van het axon. In hoofdstuk 2 wordt dit modelsysteem uitvoerig gekarakteriseerd door 
gebruik te maken van diverse geavanceerde technieken. Hierbij observeerden we dat 
de verschillende ontwikkelingsfases van een groeiend axon, die eerder in klassieke 
modelsystemen geïdentifi ceerd waren, ook in menselijke hersencellen terug te vinden 
zijn. Een opvallende ontdekking was dat we een extra ontwikkelingsfase van het axon 
konden onderscheiden die nog niet eerder in niet-menselijke hersencellen is gedetecteerd. 
Het verder karakteriseren van deze unieke ontwikkelingsfase heeft ons nieuwe inzichten 
gegeven over hoe de ontwikkeling van het axon specifi ek plaatsvindt in menselijke 
hersencellen. Een belangrijke bevinding hierbij was dat het reorganiseren van structuren 
tijdens axon ontwikkeling eerst in de verste uiteinden van het axon plaatsvindt en pas later 
in het beginstuk van het axon. Dit is een belangrijke aanwijzing in het veel onderzochte 
vraagstuk over waar en hoe de identiteit van het axon voor het eerst wordt bepaald.  

In het midden van een jonge hersencel bevindt zich een zeer kleine en belangrijke 
structuur: het centrosoom. Het centrosoom is het knooppunt, en ook de voornaamste 
bron, van de vele microtubuli die zich in de cel bevinden (Fig 2, Hoofstuk 1). Microtubuli 
zijn sterke bundels die stevigheid aan de cel bieden en eveneens fungeren als een soort 
snelwegen voor effi ciënt transport van bouwstoffen. Er zijn aanwijzingen dat het mogelijk 
mens-specifi eke functies kan vertonen in hersencellen. Gedurende de ontwikkeling van 
hersencellen maakt het centrosoom plaats voor een andere structuur, het cilium, en 
daarbij gaan ook de functies van het centrosoom verloren. Dit proces vindt ongeveer 
tegelijkertijd plaats met het ontstaan van het axon. Een veelgestelde vraag is dan ook of 
het centrosoom een mogelijke rol speelt bij axon ontwikkeling en specifi ek bij het bepalen 
van de axon identiteit. Eerder onderzoek naar deze vraag dat in verschillende diersoorten 
is uitgevoerd laat tegenstrijdige resultaten zien. Een mogelijke verklaring hiervoor is dat 
centrosomen eventueel aangepaste functies in verschillende diersoorten kunnen hebben. 
Ook is het technisch lastig om de functie van het centrosoom in jonge dierlijke hersencellen 
te bestuderen, aangezien de ontwikkeling van hersencellen hier een stuk sneller gaat dan 
in menselijke hersencellen. In hoofdstuk 3 laten we voor het eerst zien dat het centrosoom 
een belangrijke rol speelt in de eerste ontwikkelingsfases van het axon in menselijke 
hersencellen. Het manipuleren van centrosomale functies leidt tot verstoring van specifi eke 
processen in axonen, waaronder het organiseren van de unieke axon-specifi eke organisatie 
van microtubuli. Bovendien vinden we dat Trim46, een belangrijke moleculaire regulator 
van axon ontwikkeling, zich op centrosomen bevindt in menselijke hersencellen maar niet 
in niet-menselijke hersencellen. Tijdens axonale ontwikkeling, dat gepaard gaat met het 
verdwijnen van centrosomen, verplaatst Trim46 zich van het centrosoom naar het axon. Dit 
is een belangrijk inzicht voor een mogelijk globaal mechanisme voor het begrijpen van de 
eerste stappen van axon ontwikkeling, en de rol van het centrosoom hierbij, in menselijke 
hersencellen.
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Wie een ontwikkeld axon ontleedt, vindt structuren terug die zich drastisch hebben 
aangepast aan de unieke vorm van het axon die vooral gekarakteriseerd wordt door de 
enorme lengte. Een belangrijke structuur, en tevens de grootste structuur in hersencellen 
en andere celtypen, is het endoplasmatisch reticulum (ER). Het ER heeft dezelfde 
spanwijdte als de hersencel zelf en loopt door tot in de kleinste en verste vertakkingen 
van het axon. Structurele defecten van het ER in axonen is specifi ek geassocieerd met 
HSP, een verzamelnaam voor verschillende genetische axonale aandoeningen, maar hoe 
dit precies op moleculair niveau werkt is nog onbekend. Wat is de rol van het ER voor het 
functioneren van axonen? In hoofdstuk 5 is een nieuwe moleculaire interactie ontdekt die 
cruciaal is voor het organiseren van de speciale ER structuur in axonen. Het blokkeren 
van deze moleculaire interactie leidt niet alleen tot defecte ER structuren in axonen, maar 
ook tot verstoring van neuronale communicatie bij de synapsen van het axon. Daarbij is dit 
een van de eerste onderzoeken die een directe link aantoont tussen de rol van het ER in 
axonen en neuronale communicatie.

Samenvattend heeft het onderzoek in dit proefschrift tot nieuwe inzichten geleid in de 
moleculaire processen die belangrijk zijn voor de ontwikkeling en functie van het axon. 
Daarbij zijn onder andere nieuwe mens-specifi eke ontwikkelingsprocessen in axonen 
ontdekt. Deze basale fundamentele kennis is van belang om het brein op moleculair 
niveau goed in kaart te brengen. Dit is een belangrijke stap in het begrijpen en uiteindelijk 
oplossen van hersenaandoeningen, die worden veroorzaakt door verstoringen van basale 
moleculaire processen.
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Casper and Lukas, and all the other group leaders, Harold, Corette, Ginny, Paul, Sabrina, 
Florian, for creating a scientifi c environment like this. Also thanks to Sander, Mike and the 
other members from the Developmental Biology department for even further expanding the 
scientifi c and social interaction during Monday lunch meetings, Friday afternoon borrels 
and lab outings. And it goes without saying that the department would not have ran this 
smooth without the great efforts of Phebe, Bart, Eugene, René, Ilya, Esther, Laurens, Jan-
Andries, Marjolein and Lena. Thank you all! 

All the great scientists from the Kapitein, Akhmanova, Wierenga, Farías, van Bergen en 
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Henegouwen and Oliveira groups, it was such a nice experience to work closely with all 
of you. I have sincerely enjoyed the collaborative atmosphere as well as all the nice social 
activities. Anna, ik bewonder je om je kennis, je ervaring en je wetenschappelijke inzichten. 
Bedankt voor alle feedback tijdens de werkdiscussies. Peter Jan, leuk om met jou bijna 
het hele PhD traject te hebben mogen doorlopen. Ik heb genoten van je vriendelijkheid, 
je humor en je interessante vragen tijdens werkdiscussies. York, thanks for all the fun and 
nice chats, wish you all the best for the future. Babet, succes met je toffe stamcelprojecten! 
Cyntha, bedankt voor alle gezelligheid en succes met je PhD. Dipti, it was great getting 
to know you, wish you all the best! Ankit, Funso, Joyce, Boris, Kyle, Ruben, Chiung-Yi, 
Fangrui, Milea, and Emma, good luck with your research and all the best for the future. 
Lukas, fantastisch om te zien wat je afgelopen jaren allemaal hebt bereikt. Bedankt voor 
de goede gesprekken en gezelligheid en veel succes met alle onderzoeken. Mithila, I just 
love the passion you have for science. I really enjoyed the many long and good scientifi c 
discussion we have had throughout the years. All the best and hope our paths will cross 
again in the future. Eugene, your kindness, curiosity, and your willingness to always help 
others makes it really nice to work with you. Thanks for the lovely collaboration and all the 
best for the future. Marijn, een lach, een nieuwsgierige blik en nooit te beroerd om iemand 
iets uit te leggen. Bedankt voor de leuke discussies en gezelligheid. Succes met je PhD en 
voor wat daarna mag komen! Wilco, aan gezelligheid geen gebrek, want we hebben wat 
afgekletst tijdens het kweken. Succes met alle mooie projecten! Klara, heerlijk recht door 
zee, eerlijk, vriendelijk en slim. Bedankt voor de gezelligheid, succes met het afronden 
van je PhD en met wat erna komt. Daphne, leuk om jou te hebben mogen leren kennen. 
Succes met het je PhD! HugoMalina, Giel, Josiah, good luck with your research and I wish 
you all the best. Corette, ooit als masterstudent bij jou begonnen en nu sluiten we af met 
jou in mijn leescommissie. Bedankt dat je mij als masterstudent een zetje in de goede 
richting hebt gegeven, dat was waardevol. Veel succes met alles! Lotte, ik heb genoten van 
onze samenwerking, evenals de gezelligheid aan de lunchtafel en bij borrels. Veel succes 
met je PhD en alles wat daarna komt, ik weet zeker dat dat helemaal goed gaat komen. 
Carlijn, goedlachs en vriendelijk, heerlijk om zo’n vrolijke noot te hebben rondlopen in de 
kweekkamer of bij sociale activiteiten. Veel succes met je PhD! René, bedankt voor alle 
gezelligheid! Jian and Ate, it was lovely meeting you and I wish you all the best. Ginny, it 
was great to have another ER enthusiast in the department, even better that you managed 
to start a research group on this topic. All the best with your research! Nazmiye, my dear 
offi ce mate, your kindness goes beyond extraordinary. Thanks for all the lovely chats. I 
wish you all the best for the future and hope our paths will cross again. Mai Dan and Derk, 
good luck with your PhD! Paul, Sabrina, Katerina, Sara, Thomanai, Vida, Irati, and Bárbara, 
thanks for the nice scientifi c discussions during the Monday lunch meetings and for all the 
fun during social activities. Katerina, it was really nice to start my PhD simultaneously with 
you. Thanks for all the nice conversations and great fun in the past years. I wish you all the 
best and hope our paths will cross again in the future. Marjolein, ik heb genoten van al je 
gezelligheid aan de lunchtafel en bij borrels. Veel succes met je PhD en al je fantastische 
werk op gebied van onderwijs.
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Also a shout out to the many people who moved on by now but were around at some point 
during my PhD. Dennis, wat leuk dat ik jou in ons eerste jaar al meteen goed leerde kennen 
tijdens het organiseren van de lab outing. De bromsnor werd een begrip dat nog vele jaren 
echoden in de gangen van het Kruyt gebouw. Ik heb genoten van de goede gesprekken 
en gezelligheid, altijd overgoten met een fl inke dosis Amsterdamse humor. Succes met 
je nieuwe baan in Amsterdam, ik ben er van overtuigd dat je het fantastisch gaat doen. 
Dieudonnée, mijn kantoorgenoot, schoenfanaat, en moeder van twee robotdieren, wat heb 
ik kan ik jou toch ontzettened waarderen. Een uniek talent in wetenschapscommunicatie, fi jn 
dat je zo goed je plek in Maastricht hebt gevonden. Anne, ik heb genoten van je gezelligheid, 
vrolijkheid en intelligente discussies. Ik kijk er naar uit dat onze paden weer gaan kruisen 
in Cambridge. Roderick, bij jou kon ik altijd terecht voor een vurige wetenschappelijke 
discussie, liefst onder het genot van een biertje. Heerlijk! Succes met je postdoc en al het 
beste voor de toekomst. Marina, Philipp, Elena, Gabriela, Eliana, Olga, Ines, Riccardo, 
Josta, Mariella, Petra, Joanna, Marleen, Bas, Cátia, Sam, Helma, Marta, Max and Ivar, 
you have made me felt very welcome when I fi rst started my PhD, thank you all. Josta, het 
was erg fi jn om in de eerste fase van mijn PhD meteen een doorstart te kunnen maken met 
een goed opgezet project. Ook ons gesprek aan het einde van mijn PhD heeft me mooie 
inzichten gegeven, bedankt daarvoor. Wie weet kruisen onze paden in de toekomst weer. 
Cátia, I admire your passion for science. Thanks for supervising me as a master student 
and all the best for the future. Max, dat je het even weet, de borrels zijn niet meer hetzelfde 
geweest sinds je weg bent. Fijn om tegen het eind van mijn PhD weer uitgebreid met je 
gesproken te hebben. Succes met alles! 

Wat is het fi jn om tijdens je promotietraject ook de support te voelen van familie en vrienden. 
Met de ontnuchterende blik van zoveel lieve mensen om me heen werd promoveren, op 
de momenten dat dat soms nodig was, even een belangrijke bijzaak. Lieve Roos, Sofi e, 
Vera, Myra, Tosca, Lisa, Laura, Floor, Marlouke, tien jaar vriendschap, tien jaar aan mooie 
herinneringen, tien jaar hoogtepunten vieren en elkaar tien jaar door dieptepunten heen 
trekken. Bedankt voor alle mooie momenten. Eva, Lisa, Naomi, Maaike en Sophie, al 
vriendinnen vanaf het moment dat je vriendschap voor het eerst foutloos kan spellen, dat 
is iets om te koesteren. Bedankt dat ik, waar ik ook naar uitvlieg, bij jullie altijd terug naar 
de roots van Tilburg kan. Lieve Sanne, mijn altijd terugkerende huisgenoot, bedankt dat je 
altijd paraat staat als er iets gevierd mag, nee, moet worden. Je geduld en support tijdens 
de laatste loodjes van mijn promotietraject waren fi jn, dankjewel! Marina en Karin, terwijl 
ik dit schrijf zit ik met jullie op een zeilboot in Sicilië. Living the good life, zoals het ons 
betaamt. Wat is het fi jn om jullie als cheerleaders te hebben, altijd oprecht geïnteresseerd 
in mijn onderzoek en in mijn leven. Hockeytoppers van Phoenix, elke woensdag en zondag 
een balletje slaan was altijd een heerlijke uitlaatklep voor mij, dankjewel!

Met wie anders kan ik het dankwoord afsluiten dan met mijn lieve familie. José en Roos, onze 
sterke zussenband koester ik enorm. Zo fi jn en waardevol om te weten dat we altijd bijlkaar 
terecht kunnen. Roos, bedankt voor je enorme inzet bij de opmaak van dit proefschrift.
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Het is extra speciaal om samen met jou de cover gemaakt te hebben. Maarten en Michiel, 
het is ontzettend fi jn om jullie bij het gezin te hebben. Goed om te zien hoe jullie opgaan 
in onze bijzondere gezinsdynamiek. Marcel en Maurits, bij jullie vind ik een tweede thuis. 
Maurits, dankjewel voor alle refl ecties, mooie gesprekken en adviezen. Bijzonder dat je altijd 
zo grenzeloos klaar staat voor dit clubje mensen. Tom, in een korte tijd zo’n berg aan steun 
kunnen bieden, dat voelt goed. Jij durft mij een duwtje in mijn rug te geven op de momenten 
dat ik net dat laatste zetje nodig heb en gaat vervolgens vol vertrouwen achter me staan. 
Dat is betekenisvol en geeft me bijzonder veel vertrouwen. Bedankt voor je dagelijkse steun 
tijdens de intensieve eindfase van het promotietraject. Oma, ik ben naar u vernoemd en dat 
is iets om trots op te zijn. Want als ik maar iets van uw avontuurlijke en dappere karakter in 
mij heb, dan mag ik daar meer dan tevreden mee zijn. Het doet me goed dat u mijn promotie 
kunt bijwonen. Lieve mama en papa, lieve Anke en Wim, “niet denken in problemen maar in 
creatieve oplossingen” is een van de vele levenslessen die jullie mij hebben mee gegeven. 
Deze wijsheid heeft mij niet alleen enorm geholpen tijdens mijn promotieonderzoek, maar 
heeft er bovenal voor gezorgd dat ik het promoveren als een fantastisch avontuur heb mogen 
ervaren. Ik prijs mijzelf dan ook gelukkig dat ik met deze instelling ben groot gebracht. Daarom, 
lieve papa, lieve mama, draag ik dit proefschrift op aan jullie.

Hora est!
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