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Chapter 1

The brain is an incredibly complex organ that is central to the nervous system in 
all vertebrates and most invertebrate animals. It processes the information from the 
sensory organs, stores this to form memories and controls motor functions. Neurons 
are the fundamental units of the brain. These highly specialized cells are connected 
via synapses to form a gigantic network to pass on and store information. There are 
around 100 billion neurons in the human brain (Azevedo et al., 2009) each having 
1000 synapses on average, illustrating the enormous complexity of this organ.

Neurons have specialized regions to receive or send information called dendrites and 
axons, respectively. Neurons typically possess several dendrites and a single long 
and thin axon (Figure 1). Signals from other neurons are received by the synapses in 
the dendrites and subsequently transferred to the soma and then to the axon. There 
is a specialized region at the proximal axon, called axon initial segment (AIS), that 
contains a high density of ion channels (Huang and Rasband, 2018). Here, a neuron 
can generate an action potential that travels along the axon to propagate signaling 
to the distal axon. An action potential enables the release of neurotransmitters at 
synapses, which in turn activates postsynaptic receptors.

Neurons critically rely on their cytoskeletal filaments to acquire and maintain 
their specialized morphology and for proper neuronal functioning. Microtubules 
are the major cytoskeletal components of neurons, which serve as tracks for long 
distance transport, support neuronal morphology, and control local signaling events 
(Kapitein and Hoogenraad, 2015). Recent studies show that microtubule associated 
proteins (MAPs) participate in the establishment and maintenance of the neuronal 
microtubule architecture and mutations in these proteins are associated with various 
neurodevelopmental and neurodegenerative diseases (Tortosa et al., 2016).  To date, 
our knowledge on MAPs and their function in neuronal microtubule organization 
is still limited. This thesis aims to investigate the function of several MAPs on the 
microtubule organization during neuronal development. For this we used primary 
cultured rat hippocampal neurons, which have been extensively used as a model 
to study neuronal microtubule organization and polarized transport, and mouse 
organotypic slice cultures to study neuronal migration. Advanced fluorescent 
imaging techniques have been used to study cytoskeleton dynamics in neurons. For 
example, spinning disk confocal microscopy was used to visualize live neurons 
and stimulated emission depletion microscopy (STED) to image fixed samples (in 
detail). The application of these imaging techniques in MAPs study will be discussed 
in more detail in the subsequent chapters. 
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Figure 1. Schematic representation of a typical neuron.
Neurotransmitters (green dots) from a neighboring neuron activate the postsynaptic receptors 
(blue and purple proteins on the membrane) at the postsynapse and initiate an electrical 
response (brown box). The electrical signals generated at the postsynapses in the dendrite are 
transferred to the soma and axon. At the AIS an action potential is initiated and propagated 
towards the distal axon, which triggers the release of neurotransmitters at the presynapse 
(yellow box). The released neurotransmitters will activate the postsynaptic receptors of the 
next cell. 

THE NEURONAL CYTOSKELETON
The cytoskeleton is a complex and dynamic network composed of three main 
components: the actin, microtubule, and intermediate filaments (Wickstead and 
Gull, 2011). The major function of the cytoskeleton is to maintain the cell shape, 
provide mechanical resistance to deformation and ensure the stability of cells and 
tissues (Herrmann et al., 2007). It is also involved in many cellular activities, like 
migration, signaling pathways, cell division and intracellular transport. In neurons, 
the cytoskeleton is important for neuronal functioning (Kevenaar and Hoogenraad, 
2015). 

Microtubules
Microtubules are filaments assembled from α/β-tubulin heterodimers (Janke, 
2014). They are relatively stable and participate in many processes during neuronal 
development, such as neurogenesis, migration and differentiation (Kapitein and 
Hoogenraad, 2015). At the structural level, α- and β-tubulin are very similar. Both 
consist of three parts, a GTP-binding N-terminal domain, a middle domain and a 
C-terminal domain (Manka and Moores, 2018a). During polymerization, α/β-tubulin 
dimers are added to the microtubule end, after which the GTP from the β-tubulin 
is hydrolyzed to GDP (Figure 2). Aligned dimers form protofilaments with a ‘head 
to tail’ association. Afterwards, the protofilaments are linked together via lateral 
connections (Manka and Moores, 2018b) and form a polarized, hollow cylindrical 
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microtubule, typically of 13 protofilaments (Akhmanova and Steinmetz, 2015). 
The end with β-tubulin exposed is the microtubule plus-end and the other end with 
α-tubulin exposed is the minus-end.

The microtubule ends are dynamic and both ends can grow and shrink (Tran et 
al., 1997). The property of microtubules to switch between growing and shrinking 
phases is known as ‘dynamic instability’ (Mitchison and Kirschner, 1984). The 
switching from microtubule growth to shrinkage is called ‘catastrophe’ and the 
opposite is called ‘rescue’ (Figure 2). Microtubule plus-ends are highly dynamic 
and undergo fast growth and frequent catastrophe in vitro and in vivo (Akhmanova 
and Steinmetz, 2015). Unlike the plus-ends, microtubule minus-ends are relatively 
stable, grow slower and undergo catastrophe less frequently, especially in vivo (Feng 
et al., 2019; Jiang et al., 2014). The dynamic instability of microtubules is partly 
caused by the different characteristics of GTP- and GDP-bound β-tubulin. The 
hydrolysis of GTP to GDP leads to a conformational change of the tubulin dimer 
(Yajima et al., 2012). Growing microtubule plus-ends are capped by GTP-tubulin 
and exhibit a slightly curved flattened structure, as discovered by cryogenic electron 
microscopy studies. It is thought that the loss of this more stable GTP-tubulin cap, 
leaving the GDP-tubulin exposed, leads to microtubule depolymerization with 
strongly curved and peeling protofilaments (Akhmanova and Steinmetz, 2010).

Microtubules are subject to a remarkable number of post-translational modifications 
(PTMs) (Song and Brady, 2015). Most PTMs target the outer surface of the 
microtubule, where the C-terminal tail of tubulin is exposed, and those PTMs do 
not change the intrinsic properties of microtubules. A wide range of PTMs, such as 
detyrosination, glutamylation, glycylation, Δ2-tubulin and Δ3-tubulin, take place 
on the C-terminal tail of tubulins by adding side chains or removing amino acids 
(Song and Brady, 2015). There are also tubulin PTMs that occur in the lumen of 
microtubules, for example acetylation (Gadadhar et al., 2017). Microtubules tend to 
accumulate PTMs over time, which thus can be used to distinguish different subsets 
of microtubules, e.g. acetylation for long-lived, stable, microtubules (Portran et 
al., 2017) and microtubules with a C-terminal tyrosine on α-tubulin for dynamic 
microtubules (Peris et al., 2006).

Microtubules are critical for intracellular transport. There are two classes of 
molecular motors, Kinesins and Dynein, that walk along microtubules and 
directionally transport cargos, protein complexes and mRNAs (Hirokawa et al., 
2009). There are 45 Kinesins in mammals, that can be further divided into 14 
subfamilies. Most Kinesins walk and transport cargoes toward microtubule plus-
ends, while dynein and Kinesin14 family proteins move towards the minus-ends. 
Compared to most other motors, Kinesin14 family proteins are poorly studied in 
neurons. There are 3 members in Kinesin14 family, KIFC1, KIFC2 and KIFC3. In 
this thesis we found that KIFC3 is involved in dendritic microtubule organization 
and details will be further discussed in Chapter 2. The microtubule binding and 
recognition of Kinesins can be further regulated by tubulin PTMs and MAPs. In 
Chapter 3, we describe MAP7D2 and its regulation on Kinesin1-driven transport in 
neurons.
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Figure 2. Microtubule assembly and disassembly. 
During polymerization α/β-tubulin dimers assemble ‘head to tail’ to form protofilaments, 
after which the GTP from the β-tubulin is hydrolyzed into GDP. 10 to 15 protofilaments 
(usually 13 in mammalian cells) are linked together via lateral connections to form a hollow 
cylindrical microtubule. The end with β-tubulin exposed is the microtubule plus-end and 
the other end with α-tubulin exposed is the minus-end. During depolymerization α/β-tubulin 
dimers are dissociated from microtubule plus-ends. Catastrophe: The transition from 
shrinking phase to growing phase; Rescue: The transition from growing phase to shrinking 
phase; Stall: Paused microtubule exhibiting neither growth nor shrinkage. The figure is 
adapted from the following references (Akhmanova and Steinmetz, 2015).

Actin
Actin filaments are polymers of actin proteins. The actin cytoskeleton is important 
for cell shaping and cell morphology maintenance, and it is also involved in 
various cellular functions, including cell motility, cell division, cell signalling and 
intracellular transport (Pollard and Cooper, 2009). Actin undergoes fast growth and 
disassembly, which allows it to rapidly remodel itself in response to the environment 
or to the internal signals. In neurons, actin additionally contributes to spine 
remodelling (Figure 3), growth cone motility (Gomez and Letourneau, 2014) and 
neuronal plasticity. Apart from that, several new actin-based structures were recently 
discovered in neurons, such as actin patches, longitudinal actin fibres and actin 
rings. Actin patches are regions enriched with branched F-actin in dendrites (Willig 
et al., 2014), which is important for filopodia outgrowth (Konietzny et al., 2017) and 
dendritic spine morphogenesis (Korobova and Svitkina, 2010). Longitudinal actin  
fibres are long and loosely aligned F-actin bundles (Bar et al., 2016; D'Este et al., 
2015). Their properties and functions are not clear yet. Actin rings are long-lasting 
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Figure 3. Schematic representation of the neuronal cytoskeleton. 
Actin comes in various organizations in axons and dendrites. For simplicity, only the 
periodic actin and branched F-actin in spines are shown here, and longitudinal actin fibres 
and actin patches in dendrites are not indicated in the figure (Konietzny et al., 2017). 
Neurofilaments are more abundant in axon and less abundant in dendrite and are important 
for the maintenance of axon calibre. 

periodic cytoskeletal structures (Figure 3) in both dendrites and the axons (Han et 
al., 2017; Xu et al., 2013), which are thought to be important for long-term axon and 
dendrite maintenance (Vassilopoulos et al., 2019), axonal microtubule regulation 
(Qu et al., 2017) and dendritic spine shaping (Bar et al., 2016). 

Neurofilaments
Intermediate filaments (IFs) are important cytoskeletal structural components and 
include 6 different types that are expressed in different types of cell and tissues 
(Kurup et al., 2018). IFs, that are specifically expressed in the nervous system, are 
Neurofilaments, which belong to type IV intermediate filaments (Herrmann et al., 
2007; Yuan et al., 2012). Neurofilaments are composed of Neurofilament protein 
L, Neurofilament protein M, Neurofilament protein H and Internexin. They are 
abundant in axons (Figure 3) and important for the maintenance of axon calibre 
(Friede and Samorajski, 1970; Kelemen, 2017). Neurofilaments are suggested to 
play a role in regeneration upon neuron injury, but further research to elucidate this 
function is needed (Wang et al., 2012).

MICROTUBULE-ASSOCIATED PROTEIN IN NEURON
MAPs are proteins that can associate with microtubules. Over the past decades, 
numerous functions of MAPs have been revealed. Based on their function, MAPs 
can be roughly divided into five groups: the structural/classical MAPs, microtubule 
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post-translation modification enzymes, motor proteins, microtubule plus-end 
binding proteins, and minus-end binding proteins. Structural MAPs can bind the 
microtubules lattice, and they can also couple microtubules to actin, neurofilaments 
or the membrane. Post-translation modification enzymes can target specific sites 
on microtubules and regulate microtubule modifications. Motor proteins regulate 
intracellular transport of cargoes, such as organelles, protein complexes and mRNAs. 
Microtubule plus-end and minus-end binding proteins are important for microtubule 
assembly and dynamic instability (Akhmanova and Steinmetz, 2010, 2019). The 
MAPs that are within the scope of this thesis are discussed below: structural MAPs, 
plus-end binding proteins, and minus-end binding proteins.

Structural MAPs 
Structural MAPs were isolated from mammalian brains by co-purification with 
microtubules more than 20 years ago (Schoenfeld and Obar, 1994). They can bind 
along the microtubule lattice and regulate microtubule polymerization, stabilization 
(Al-Bassam et al., 2002; Kawachi et al., 2003), determine microtubule spacing and 
couple microtubules with other cytoskeleton components and organelles (Chen et al., 
1992). The binding of specific MAPs can also alter kinesin-binding affinity towards 
microtubules, and thus affect cargo transport in neurons. There are 7 structural 
MAP families, MAP1, MAP2, MAP3/4, MAP6, MAP7, MAP9 and Tau/MAPT 
(Bodakuntla et al., 2019; Schoenfeld and Obar, 1994; Tortosa et al., 2016). Though 
some of these MAPs are widely expressed in tissues, the structural MAPs are mainly 
studied in the nervous system, because they have proven to be of importance for 
neuronal development. Depletion of structural MAPs leads to neuron and brain 
function defects and some of these MAPs are also involved in neurodegenerative 
disorders, such as Alzheimer’s disease (Bodakuntla et al., 2019; Tortosa et al., 2016). 

The expression of MAPs during neuron development is under tight regulation. In 
general, MAPs that are important for axon formation appear during early stages 
of neuronal development, for example, MAP1B. MAPs that are important for 
dendritogenesis are usually expressed later, such as MAP1A, which regulates 
dendrite elongation (Tortosa et al., 2016). Most structural MAPs show a specific 
subcellular distribution, although this can vary in different types of neurons during 
development. For example, MAP1A (Liu et al., 2015; Szebenyi et al., 2005) and 
MAP6-E (Tortosa et al., 2017) are enriched in the AIS and the distal axon. Tau 
(Black et al., 1996; Kempf et al., 1996; Mandell and Banker, 1996) is also enriched 
in the axon, but it is excluded from the AIS. There are also MAPs that are present 
in all compartments, such as MAP2C (Albala et al., 1995; Meichsner et al.,  1993), 
MAP6-N (Baratier et al., 2006), MAP9 (Gumy et al., 2017; Venoux et al., 2008) 
and MAP1B (Gordon-Weeks and Fischer, 2000; Tortosa et al., 2011). Currently, 
much remains unknown about other MAPs, such as MAP4 (Tokuraku et al., 2010). 
There are also new MAPs found to have properties of “structural MAPs” that were 
not identified in the initial co-purification assays, such as TRIM46 (Tripartite Motif 
Containing 46), which localizes to the AIS (van Beuningen et al., 2015). In this 
thesis, we have analyzed the various MAP7 family members and found their specific 
localization in neurons. MAP7 family proteins can promote transport, through the 
interaction with Kinesin1 family proteins (Hooikaas et al., 2019). The details of 
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MAP7D2 (MAP7 Domain Containing 2) function on Kinesin1 mediated cargo 
transport in neurons will be further discussed in Chapter 3. 

The microtubule binding properties of structural MAPs are often regulated by 
phosphorylation (Ramkumar et al., 2018). In most cases, phosphorylation will 
reduce the microtubule binding of structural MAPs. For example, phosphorylation 
reduces the binding of MAP2 to microtubules (Murthy and Flavin, 1983; Tsuyama 
et al., 1987). Phosphorylation of Tau results in loss of its microtubule binding as 
well (Busciglio et al., 1995). Moreover, phosphorylated MAP6 cannot stabilize 
microtubules against cold treatment (Bosc et al., 2003; Job et al., 1983) and the 
phosphorylation of MAP6 promotes its translocation from microtubules to actin 
in synapses (Baratier et al., 2006). Studies show that structural MAPs can have a 
preference for different subsets of microtubules, but the exact mechanisms are still 
unclear, as reviewed in (Bodakuntla et al., 2019). The specialized microtubule-
binding domain of structural MAPs might explain this preference, and also local 
regulation of binding (e.g. phosphorylation) (Tymanskyj et al., 2018). MAP1S 
(Tegha-Dunghu et al., 2014), MAP7 (Tymanskyj and Ma, 2019) and MAP6 (Tortosa 
et al., 2017) are reported to bind to stable microtubules. MAP4 prefers dynamic 
microtubules, and may be important to maintain a dynamic microtubule pool 
(Tokuraku et al., 2010). For many years, it was believed that Tau prefers stable 
microtubules, but recent research found that Tau co-localizes with both stable and 
dynamic microtubules (Baas and Qiang, 2019; Biswas and Kalil, 2018; Qiang et 
al., 2018). One difficulty is that the regulation of microtubule dynamics by MAPs is 
concentration-dependent and MAP overexpression, which is used in most studies, 
can induce unnatural microtubule stabilization. The potential artificial effect of Tau 
overexpression should be taken into account when concluding about the specific role 
of Tau on microtubule stabilization. 

Apart from microtubules, structural MAPs can also bind to other cytoskeleton 
components or to membranes. For example, MAP1 (Kawakami et al., 2003; Orban-
Nemeth et al., 2005; Szebenyi et al., 2005), MAP2 (Caceres et al., 1983) and MAP6 
(Baratier et al., 2006) were shown to bind to actin, and to be important for the 
morphology of spines and neuronal plasticity. MAP2 might also bind neurofilaments, 
thus crosslinking microtubules and neurofilaments (Hirokawa et al., 1988). MAP6, 
in addition to microtubules, also associates with the Golgi apparatus and secretory 
vesicles and therefore might be involved in cargo trafficking (Tortosa et al., 2017). 

Microtubule plus-end binding proteins
The microtubule plus-end exhibits dynamic instability (Akhmanova and Steinmetz, 
2015) and microtubule plus-end binding proteins are defined by their ability to 
concentrate at growing microtubule plus-ends. They are involved in the regulation 
of microtubule plus-end dynamics and microtubule plus-end interaction with other 
structures such as the cell cortex, the endoplasmic reticulum (ER) or the actin 
cytoskeleton. End Binding family proteins (EBs) are the best studied plus-end 
binding proteins. EBs can autonomously track growing microtubule plus-ends and 
they are considered to be the core components of the microtubule plus-end network 
(Akhmanova and Steinmetz, 2010). Many other microtubule plus-end binding 
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proteins track the microtubule plus-end through the interaction with EBs. EBs have 
a calponin homology (CH) domain, a coiled-coil (CC) domain, an EB homology 
(EBH) motif and an EEY/F motif. The CH domain is important for microtubule 
binding, the CC domain is responsible for dimerization and the EBH and EEY/F 
motifs interact with other microtubule plus-end binding proteins. There is a large 
group of microtubule plus-end proteins that can bind to the EBH domain of EBs 
using an SxIP motifs. 

In neurons, microtubule plus-end binding proteins are important for the 
establishment in the microtubule cytoskeleton during development. As EBs and 
their binding proteins also label growing microtubule plus-ends in neurons, GFP-
tagged EB or GFP-tagged peptides binding to EBs (GFP-MT+Tip) are commonly 
used as marker to study microtubule orientation and dynamics (Yau et al., 2014). In  
Chapter 2 and 3, live imaging of EBs is used to investigate microtubule polarity in 
neurons. In addition to plus-end binding, EBs were also found to be enriched in the 
AIS (Freal et al., 2019; Leterrier, 2018), which suggests that additional functions for 
microtubule plus-end binding proteins should be considered. 

Microtubule minus-end binding proteins
Microtubule minus-ends undergo growth and disassembly at a slower rate than 
the plus-ends (Feng et al., 2019; Jiang et al., 2014). Various microtubule minus-
end binding proteins were found to be involved in microtubule nucleation and 
stabilization, but only very few of them, including γ-tubulin, ASPM (Assembly 
Factor For Spindle Microtubules), KANSL (KAT8 Regulatory NSL Complex) and 
CAMSAP/Patronin, could bind microtubule minus-ends directly (Akhmanova and 
Steinmetz, 2019). The mechanism of minus-end recognition of other autonomous 
minus-end binding proteins is still largely unknown. The most studied microtubule 
minus-end binding protein is γ-tubulin, which is predominantly found at centrosomes 
and spindle pole bodies and is important for microtubule nucleation. Together with 
other proteins it forms a complex with a ring of γ-tubulin exposed, where tubulin 
dimers subsequently bind to and polymerize, is thought to function as a microtubule 
nucleation template and/or capping complex (Kollman et al., 2011). The CAMSAP 
proteins (Calmodulin-Regulated Spectrin-Associated Proteins) contain a CKK 
domain that recognizes and binds the microtubule lattice with the characteristic 
curvature of the microtubule minus-ends (Atherton et al., 2019). CAMSAP2 can 
promote microtubule stabilization and elongation through microtubule minus-end 
binding and CAMSAP3 is found to maintain a dynamic pool of microtubules in 
axons (Jiang et al., 2014; Pongrakhananon et al., 2018; Yau et al., 2014). Dendritic 
microtubule stabilization by CAMSAP2 will be further discussed in Chapter 2. 

MICROTUBULE ORGANIZATION IN NEURONS
Neurons are highly polarized cells with asymmetric morphology and function. For 
a large part the development and maintenance of neuronal polarization depends on 
their specialized microtubule cytoskeleton architecture, which allows microtubule 
motor proteins to selectively transport cargo into axons or dendrites (Kapitein et 
al., 2010). During the past decade, significant progress has been made to identify 
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microtubule-related processes and signalling pathways that control the neuronal 
cytoskeleton. However, fundamental properties of the neuronal microtubule network 
and basic molecular mechanisms regulating microtubule organization in various 
neuronal model systems remain unclear.

In newborn neurons, microtubules are primarily organized by the centrosome 
(Cunha-Ferreira et al., 2018). During neuron maturation, the centrosome gradually 
loses its microtubule nucleation activity and the microtubule organization becomes 
non-centrosomal (Kapitein and Hoogenraad, 2015). Indeed, it was found that the 
HAUS/augmin complex regulates microtubule nucleation in the axon and dendrites 
through the interaction with the γ-tubulin ring complex in stage 3 neurons (Cunha-
Ferreira et al., 2018; Sanchez-Huertas et al., 2016). New microtubules can also be 
generated by cutting pre-existing microtubules. Microtubule severing by Katanin 
and spastin is particularly important for the formation of axonal branches and 
dendritic development (Yu et al., 2008).  

Microtubule stabilization is important for the maintenance of the microtubule 
complex. CAMSAP family proteins are known to stabilize microtubule minus-
ends and numerous structural MAPs, for example MAP2 and MAP6, are known 
to stabilize the microtubule lattice. Apart from that, microtubule bundling and 
anchoring also play a role in the stabilization and organization of microtubule 
arrays. Several proteins have been revealed as microtubule crosslinker recently. 
Motor proteins, including dynein and KIFC1 are found to cluster and crosslink 
microtubules(Muralidharan and Baas, 2019). In addition, we found that CAMSAP2 
can interact with KIFC3 to anchor microtubule minus-end to the existing minus-end 
out microtubules in dendrites. The details of the CAMSAP2-KIFC3 complex and its 
function in dendritic microtubule organization will be discussed in Chapter 2. 

Neurons exhibit a highly specialized microtubule organization in axons and 
dendrites. In the axon, microtubules are organized in parallel with a plus-end out 
orientation. Around 90% of the growing microtubule plus-end tips are anterograde, 
moving towards distal axon. Most axonal microtubules are stable and acetylated 
(Tas et al., 2017). In dendrites, there are both plus-ends and minus-ends out 
microtubules. In mature neurons, around 70% of the growing microtubule plus-ends 
in dendrites move towards the distal dendrite, whereas 30% are retrograde, moving 
back to the soma (Yau et al., 2016). Recently it was found that microtubules  with 
the same orientation in dendrites are preferentially bundled together (Tas et al., 
2017). Most minus-ends out microtubules are stable and acetylated, while most plus-
ends out microtubules are dynamic and tyrosinated. The mechanism of dendritic 
microtubule establishment is still unknown, but it likely depends on neuronal MAPs 
and microtubule-organizing motors that spatially separate different microtubule 
populations. The spatial arrangement of microtubules is believed to be important for 
selective transport and neuronal polarization (Tas and Kapitein, 2018). 

In general, the mechanisms that organize the microtubules in neurons are still for a 
large part unclear, but several hypothesises have arisen/occurred over the past years. 
One possibility is that pre-existing microtubules are transported into the correct 
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orientation by sliding. It was found that in axons, microtubule sorting is driven 
by dynein and is necessary for proper axonal microtubule organization (Rao and 
Baas, 2018; Zheng et al., 2008). However, it is still not clear how dynein recognizes 
different orientated microtubules and would transports them directionally (Craig et 
al., 2017). Another hypothesis is that microtubule orientation is regulated by specific 
crosslinking proteins. TRIM46 for example can form parallel microtubule bundles, 
and is required for neuronal polarity and axon specification in vitro and in vivo 
(van Beuningen et al., 2015). Paralogues of TRIM46, the E3 ligase TRIM family 
members MID1 (Midline 1) and MID2 (Midline 2) are also involved in neuronal 
microtubule organization, which will be further discussed in Chapter 4.

SCOPE OF THIS THESIS
Neuronal polarization and development largely depend on the proper organization 
of the microtubule cytoskeleton and polarized cargo transport. Although we know 
that numerous MAPs are involved in the regulation of neuronal microtubule 
organization, the establishment of the microtubule cytoskeleton in neurons is for 
a large part unclear. This thesis aims to broaden the knowledge of the microtubule 
cytoskeleton, MAPs and their contribution to neuronal development. Using 
advanced live imaging techniques, we elucidate the function of several MAPs in 
the regulation of microtubule dynamics, the stability of the neuronal microtubule 
cytoskeleton and cargo transport. CAMSAP2 is well known to stabilize microtubule 
minus-ends in cell lines and neurons (Jiang et al., 2014; Yau et al., 2014). In 
Chapter 2, we describe a novel mechanism that regulates the dendritic microtubule 
organization by CAMSAP2 and KIFC3. CAMSAP2-KIFC3 complex can anchor 
microtubule minus-ends to other microtubules, thus crosslinking microtubules in 
dendrites to stabilize the dendritic microtubule cytoskeleton. MAP7 family members 
contain a Kinesin1 binding domain, which could promote Kinesin1-related transport 
in neurons. However, MAP7 proteins have hardly been studied in neurons. In 
Chapter 3, we investigate all MAP7 proteins in primary cultured rat hippocampal 
neurons and focus on the only axon localized MAP7, MAP7D2, and its function in 
Kinesin1-mediated transport into the axon. We found that MAP7D2 localizes to the 
proximal axon and specifically interacts with Kinesin1 family proteins. Depletion of 
MAP7D2 in neurons leads to defects in axon development and neuronal migration 
due to reduced cargo entry into the axon. We propose a model that MAP7D2 locally 
promotes Kinesin1 mediated cargo transport into the axon. TRIM46 is important 
for microtubule stabilization in the AIS and it is associated with paraneoplastic 
neurological syndromes (van Beuningen et al., 2015; van Coevorden-Hameete 
et al., 2017). The TRIM46 paralogues, MID1 and MID2, are also associated 
with neurological disorders. In Chapter 4, we investigate MID1, MID2 and their 
function on neuronal development. Similar to TRIM46, MID1 and MID2 bind to 
microtubules in neurons and are both important for axonal development. Moreover, 
MID2 also plays a role in dendrite development and controls the dynamics and 
organization of dendritic microtubules. It was recently found that the interplay 
between the ER and microtubule cytoskeleton is critical for neuronal polarity and 
the alterations in ER function and microtubule organization could contribute to 
neurodegenerative diseases (Farias et al., 2019). The ER tubules present in the axon 
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are important for microtubule stabilization. Furthermore, the axonal ER tubules may 
provide a local source of lipid and/or control local calcium homeostasis. In Chapter 
5, we describe an interaction between VAP (vesicle-associated membrane protein-
associated protein) and SCRN1 (Secernin-1), which can mediate ER remodeling 
and presynaptic function. The VAP-SCRN1 complex is required for proper ER 
morphology, maintenance of ER continuity and dynamics, preservation of Ca2+ 

homeostasis and synaptic vesicle cycling at presynaptic sites.
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Abbreviation Definition
AIS Axon Initial Segment
ASPM Assembly Factor For Spindle Microtubules
Ca2+ Calcium Ions
CAMSAP1/2/3 Calmodulin-Regulated Spectrin-Associated Protein 1/2/3
CC domain Coiled-Coil Domain
CH domain Calponin Homology Domain
C-terminus/terminal Carboxyl Terminus/Terminal
EB(s) End Binding Family Protein(s)
EBH motif EB Homology Motif
ER Endoplasmic Reticulum
F-actin Filamentous Actin
GDP Guanosine Diphosphate
GFP Green Fluorescent Protein
GTP Guanosine Triphosphate
IFs Intermediate Filaments
KANSL KAT8 Regulatory NSL Complex
KIFC1/2/3 Kinesin Family Member C1/C2/C3
MAP(s) Microtubule Associated Protein(s)
MAP7D2 MAP7 Domain Containing 2
MID1 Midline 1
MID2 Midline 2
mRNA Messenger Ribonucleic Acid
N-terminus/terminal Amino Terminus/Terminal
PTM(s) Post-translational Modification(s)
SCRN1 Secernin 1
STED Stimulated Emission Depletion Microscopy
SxIP motif Serine-Any Amino Acid-Isoleucine-Proline
TRIM Tripartite Motif (RING, B-box and Coiled-coil)
TRIM46 Tripartite Motif Containing 46
VAP Vesicle-associated Membrane Protein-associated Protein
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SUMMARY
Neuronal dendrites are characterized by an anti-parallel microtubule organization. 
The mixed oriented microtubules promote dendrite development and facilitate 
polarized cargo trafficking, however the mechanism that regulates dendritic 
microtubule organization is still unclear. Here, we found that the kinesin-14 motor 
KIFC3 is important for organizing dendritic microtubules and to control dendrite 
development. The kinesin-14 motor proteins (Drosophila melanogaster Ncd, 
Saccharomyces cerevisiae Kar3, Saccharomyces pombe Pkl1, Xenopus laevis 
XCTK2) are characterized by a C-terminal motor domain and are well described 
to organize the spindle microtubule during mitosis using an additional microtubule 
binding site in the N-terminus (Braun et al., 2009; Fink et al., 2009; Hirokawa, 1998; 
Peterman and Scholey, 2009). In mammals there are three kinesin-14 members, 
KIFC1, KIFC2 and KIFC3.  It was recently shown that KIFC1 is important for 
organizing axonal microtubules in neurons, a process that depends on the two 
microtubule interacting domains (Muralidharan and Baas, 2019). Unlike KIFC1, 
KIFC2 and KIFC3 lack the N-terminal microtubule binding domain and only have 
one microtubule interacting domain, the motor domain (Norris et al., 2018; Zhang 
and Sperry, 2004). Thus, in order to regulate microtubule-microtubule cross-linking 
or sliding, KIFC2 and KIFC3 need to interact with additional microtubule binding 
proteins to connect two microtubules. We found that KIFC3 has a dendrite specific 
distribution and interacts with microtubule minus-end binding protein CAMSAP2. 
Depletion of KIFC3 or CAMSAP2 results in increased microtubule dynamics during 
dendritic development. We propose a model in which CAMSAP2 anchors KIFC3 at 
microtubule-minus ends and immobilizes microtubule arrays in dendrites.
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RESULTS
KIFC3 localizes to the soma and dendrites and controls dendritic branching
In order to determine the role of KIFC3 during neuronal development, we depleted 
endogenous KIFC3 protein from cultured hippocampal neurons at stage 3 with short 
hairpin RNAs (shRNA). The efficiency of our shRNAs was quantified by Western 
blot (Figure S1A and S1B). KIFC3 shRNA1, shRNA2 and shRNA4 efficiently 
reduced KIFC3 protein levels and were subsequently used for the experiments in 
this study. Depletion of KIFC3 during stage 3 led to simplified dendritic arbors as 
determined by Sholl analysis (Figure 1A, 1B and S1C) and shorter total dendrite 
length (Figure 1C). KIFC3 depletion did not result in significant changes in the 
number of total dendritic arbors or the average dendrites length (Figure 1D and 1E). 
We next performed ex vivo electroporation experiments to study KIFC3 function in 
the mouse cortex (Figure S1D and S1E). We found that KIFC3-depleted neurons can 
still migrate through the cortex but showed abnormal dendrite development (Figure 
1F). We defined the cortical neurons into four different categories according to their 
morphology (Figure 1G). Consistent with the morphology phenotype in primary 
cultured neurons, the KIFC3 depletion in cortical slices leads to simplified dendritic 
arbors. The branching defect is rescued by shRNA resistant KIFC3 expression 
(Figure 1G). Together these data suggest that KIFC3 is required for the proper 
dendrite morphology but not for neuronal migration. 

We next determined the cellular localization of KIFC3. We found that full length 
mCherry-tagged KIFC3 decorates microtubule stretches in dendrites and that it 
is excluded from the axon (Figure 2A and 2D). KIFC3 preferentially colocalizes 
with stable microtubule bundles, marked by acetylated microtubule arrays, and less 
with more labile tyrosinated microtubules (Figure 2A-C). Recent super-resolution 
data showed that stable and acetylated microtubules are mostly oriented minus-
end out (Tas et al., 2017). Therefore, our data suggest that KIFC3 associates with 
bundles of mostly minus end out oriented stable microtubules. KIFC3 consists of 
three N-terminal coiled-coil domains and a C-terminal motor domain (Figure 2G). 
Since kinesin-14 family members are minus-end directed motors, the axon exclusion 
of full length KIFC3 could be the result of retrograde motor activity in the axon 
towards the cell body. To test this, we generated five truncation mutants that lack 
the motor domain, from KIFC3-N1 to KIFC3-N5 (Figure 2G). KIFC3-FL (Figure 
2D) and KIFC3-N1 (Figure 2E), but not the shorter KIFC3-N2 (Figure 2F) and 
-N5 (results not shown), localized specifically to the somatodendritic compartment 
(Figure 2H). These data suggest that the axonal exclusion of KIFC3 is not due to its 
motor domain. Unfortunately, the anti-KIFC3 antibodies that worked on Western 
blot did not give specific endogenous KIFC3 staining in neuronal cultures. In the 
next section we applied the HITI CRISPR knock-in system to integrate a tag into the 
endogenous KIFC3 gene (Suzuki et al., 2016).

KIFC3 interacts with minus-end binding protein CAMSAP2
To investigate the role of KIFC3 in dendrite development we performed KIFC3 
pull-down experiments from brain lysates followed by mass spectrometry to identify 
binding partners. GFP-tagged KIFC3 full length, KIFC3-N1 and KIFC3-N3 with a
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Figure 1. KIFC3 is important for dendrite branching.
(A-B) DIV11 hippocampal neurons expressing GFP and pSuper-scrambled shRNA as a 
Control or KIFC3 shRNAs. ShRNA efficiency was indicated in Figure S1A and S1B. (A) 
Representative images of the neurons with the dendrites marked in red. Scale bar = 25μm. 
(B) Sholl analysis of the dendritic branching upon Control and KIFC3 depletion. Control: 
N=7, n=46; KIFC3 shRNA2: N=7, n=57; KIFC3 shRNA4: N=5, n=36. Error bars represent 
SEM. Significant difference was shown in Figure S1C.
(C-E) Quantification of the neurons described in (A, B). Total dendrite length (C), average 
dendrite length (D) and total number of dendrite branches (E) were quantified. Error bars 
represent SEM. *p < 0.05; **p < 0.01; *** p < 0.001 (Unpaired T-test). 
(F) Representative images of mouse cortical plate. Same images with larger view were 
used to quantify migration defects (Figure S1D and S1E). Neurons were transfected with 
MARCKS-GFP and KIFC3 shRNAs or pSuper-scrambled shRNA. A shRNAs resistant 
mCherry-KIFC3 was used for rescue. Scale bars=50μm. Control: N=10, n=175; KIFC3 
shRNAs: N=8, n=184; KIFC3 shRNAs+KIFC3: N=9, n=264.
(G) Quantifications of the neuronal morphology of transfected cells in the cortical plate 
(CP), defined as 80-100% of the radial axis from ventricular surface to the pial surface 
corresponding to (F). Error bars represent SEM. *p < 0.05; **p < 0.01; *** p < 0.001 
(Unpaired T-test). Schematic diagram was used to show the typical morphology of different 
type neurons.

BirA recognition site together with the biotin ligase BirA were expressed in HEK293 
cells and were used as bait for a pull down from brain extracts. GFP protein was used 
as negative control. Several potential KIFC3 associated proteins were identified by 
mass spectrometry, including several cytoskeleton proteins such as the microtubule 
minus-end binding protein CAMSAP2 (Table S1). CAMSAP2 is known to protect 
and stabilize free microtubule minus-ends and is required for neuronal polarity and 
development (Yau et al., 2014). To further validate the interaction between KIFC3 
and CAMSAP2, we performed additional pull-down experiments. KIFC3 full length 
was used as bait and pulled down endogenous CAMSAP2 from HEK293T (Figure 
2I). The interaction was not specific to CAMSAP2 since we found that KIFC3 can 
also pull down the other two CAMSAPs family members (Figure 2J). Expression 
of full length GFP-tagged KIFC3 in COS7 cells (Figure S2A) or cultured neurons 
(Figure S2C) and co-staining for endogenous CAMSAP2 revealed strong overlap 
between both proteins. The localization of endogenously tagged KIFC3 is very 
similar to the full-length mCherry-KIFC3 (Figure 2A and 2D) and reveals specific 
microtubule staining in dendrites (Figure S2D). Endogenous KIFC3 and endogenous 
CAMSAP2 coincide along microtubule stretches in cultured neurons. Similar 
result was observed in live neurons co-expressed with mCherry-tagged KIFC3 and 
3GFP-tagged CAMSAP2 (Video S1). To identify the minimal domains required 
for the KIFC3-CAMSAP2 interaction, we performed pull down experiments using 
truncated KIFC3 constructs (Figure 2G). Specifically, the second coiled-coil domain 
of KIFC3 (mCherry-KIFC3-N4) pulls down full length CAMSAP2 (Figure 2K). 
Consistently, mCherry-KIFC3-N4 and GFP-CAMSAP2 markedly coincide in 
COS7 cells (Figure S2E-F). On the CAMSAP2 side, the second and third coiled-
coil domain (GFP-CAMSAP2-N2 and -N3) colocalized with KIFC3 but not the 
C-terminus or other N-terminal fragments (Figure S2B and S2G-J). Altogether, these 
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Figure 2. KIFC3 localizes to dendrites and interacts with CAMSAP2. 
(A-B) Representative images of DIV11 hippocampal neurons transfected with mCherry-
KIFC3-FL and co-stained with acetylated tubulin and tyrosinated tubulin antibody. (A)
Selected axonal (marked with a blue box) and dendritic (marked with an orange box) regions 
are enlarged below. Scale bar=10μm and 5μm in enlargements. (B) Further enlargement of a 
dendrite region is shown. Scale bar=2μm.
(C) Intensity profile of the indicated region in (B).
(D-F) Representative images of DIV10 hippocampal neurons transfected with GFP fill and 
mCherry-KIFC3-FL, mCherry-KIFC3-N1 or mCherry-KIFC3-N2 and stained for TRIM46 
to visualize the Axon Initial Segment (AIS). Selected axonal (marked with a blue box) and 
dendritic (marked with an orange box) regions are enlarged below. Scale bar=10μm.
(G) Schematic representation of the KIFC3 secondary structure and truncation constructs 
used. CC: coiled-coiled domain, MD: motor domain.
(H) Polarity index analysis from KIFC3-FL and truncations corresponding to (D-F). Positive 
values indicate axon enrichment, and negative values indicate dendrite enrichment.
(I) Biotin pull-downs from extracts of HEK293T cells transfected with BirA recognition site 
conjugated mCherry-KIFC3-FL and probed for mCherry and CAMSAP2. For all pull‐down 
experiments the input is 25% of the biotin pull-down. CAMSAP2 was found from KIFC3 
pull-downs with brain extracts (Table S1). The interaction is also proved by co-localization 
experiment in neurons and COS7 cells (Figure S2 and Video S1).
(J) Biotin pull-downs from extracts of HEK293T cells transfected with BirA recognition site 
conjugated mCherry-KIFC3-FL together with GFP tagged CAMSAP1, 2 or 3 and probed for 
mCherry and GFP.
(K) Biotin pull-downs from extracts of HEK293T cells transfected with BirA recognition site 
conjugated KIFC3 truncation constructs together with GFP tagged CAMSAP2 and probed 
for mCherry and GFP.
(L) Representative images of COS7, transfected with 3GFP-CAMSAP2 and mCherry-KIFC3 
(Video S2). SIR-tubulin was applied to visualize microtubules. Microtubule photoablation 
was indicated by red stars. Minus end was indicated by white and black arrows. 3GFP-
CAMSAP2 was shown in Green, mCherry-KIFC3 in Red and SIR-tubulin in Cyan. Scale 
bar=2μm.
(M) The quantification of CAMSAP2 and KIFC3 puncta intensity corresponding to (H).

results suggest that KIFC3 uses its second coiled-coil domain to bind to the second 
and third coiled-coil domain of CAMSAP2.

KIFC3 and CAMSAP2 regulate microtubule density and dynamics in dendrites 
We next tested the role of KIFC3 and CAMSAP2 in dendritic microtubule 
organization. Depletion of KIFC3 or CAMSAP2 causes a marked reduction in 
total microtubules, stable and dynamic microtubules, as marked by α-tubulin, 
acetylated and tyrosinated tubulin, in dendrites of DIV11 neurons (Figure 3A-
C), suggesting that both KIFC3 and CAMSAP2 control microtubule density in 
dendrites. KIFC3 expression also reduced the intensity of tyrosinated tubulin in 
dendrite, but hardly affects the acetylated-tubulin staining (Figure S3A). Next, 
we determined the dynamics and orientation of dendritic microtubules using the 
microtubule plus-end marker, GFP-MACF18 (Figure 3D). KIFC3 depletion, 
using two independent shRNAs, strongly increased the number of retrograde 
MT+TIP comets tagged by GFP compared to control neurons (Figure 3E and 3F). 
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Figure 3. CAMSAP2 and KIFC3 stabilize minus-end out microtubules. 
(A-C) Quantification of α-tubulin, acetylated tubulin and tyrosinated tubulin levels in DIV11 
neurons transfected with pSuper scrambled or CAMSAP2 shRNA or KIFC3 shRNA2 or 
KIFC3 over-expression (Figure S3A). Control: N=7, n=58; CAMSAP2 shRNA: N=7, n=25; 
KIFC3 shRNA2: N=7, n=34. Error bars represent SEM. Unpaired-T-test was performed, and 
columns were compared with corresponding Control. *p < 0.05; **p < 0.01; *** p < 0.001.
(D) Original and illustrated kymographs of GFP-MACF18 traced with life-cell microscopy 
from Control, KIFC3 shRNA2 and CAMSAP2 shRNA transfected neurons. GFP-MACF18 
was used to visualize microtubule plus-end tips. Anterograde comets are marked in green 
and retrograde comets are marked in red. Scale bar=3μm.
(E) Quantification of the number of comets moving retrogradely and anterogradely in 
dendrites of neurons described in (C). N=2, Control: n=26, KIFC3 shRNA1: n=20, KIFC3 
shRNA2 n=19, CAMSAP2 shRNA: n=20. Error bars represent SEM. *p < 0.05; **p < 0.01; 
*** p < 0.001 (Unpaired T-test).
(F) Quantification of the ratio of retrograde/total comets in dendrites of cells described in (D) 
with (black bars) and without (white bars) laser severing. No laser severing: N=2, Control: 
n=26, KIFC3 shRNA1: n=20, KIFC3 shRNA2 n=19, CAMSAP2 shRNA: n=20. Conditions 
with laser severing: Control N=1, n=4, KIFC3 shRNA1 N=1, n=3, KIFC3 shRNA2 N=1, 
n=3, CAMSAP2 shRNA N=2, n=3. Error bars represent SEM. *p < 0.05; **p < 0.01; *** p 
< 0.001 (Unpaired T-test).
(G) Schematic representation of the KIFC3, CAMSAP2 and CAMSAP2-KIFC3 chimeric 
protein. CC: coiled-coiled domain, MD: motor domain, CH: Calponin-homology domain, 
MBD: microtubule binding domain, CKK: CKK domain. The domains present in the 
chimeric protein are marked by blue rectangles. Green lines mark amino acids from 
CAMSAP2; orange lines mark amino acids from KIFC3. Microtubules with their orientations 
are marked in gray. 
(H-J) Quantification of retrograde/total comets ratio in dendrites of neurons transfected 
with pSuper-scrambled as Control or KIFC3 shRNA2 together with different KIFC3 rescue 
constructs. KIFC3-rigor was validated by Peroxisome Distribution Assay (Figure S3B and 
S3C). Control: N=12, n=78; KIFC3 shRNA2: N=13, n=85; Control+KIFC3-FL: N=3, n=13; 
KIFC3 shRNA2+KIFC3-FL: N=3, n=21; KIFC3 shRNA2+Chimera: N=3, n=18; KIFC3 
shRNA2+KIFC3-CC-MD: N=3, n=22; KIFC3 shRNA2+CAMSAP2-MBD-CKK: N=4, 
n=37; KIFC3 shRNA2+EMTB-MBD-CKK: N=3, n=15; KIFC3 shRNA2+KIFC3-rigor: 
N=4, n=32. Error bars represent SEM. Columns were compared with Control or KIFC3 
shRNA2 respectively. *p < 0.05; **p < 0.01; *** p < 0.001 (Unpaired T-test).

This effect was rescued by full length KIFC3, but not KIFC3-CC-MD lacking 
the CAMSAP2 interacting N-terminal region (Figure 3H and 3I). We next tested 
whether the KIFC3 motor activity is required for this effect and generated, based on 
the KIF5B rigor mutation (Nakata and Hirokawa, 1995), a KIFC3(396T-N) rigor 
mutant, which cannot walk but still binds to microtubules (Figure S3B and S3C). 
The KIFC3 rigor mutant did not rescue the KIFC3 knockdown phenotype (Figure 
3J), suggesting that the KIFC3 motor activity is required for regulating dendritic 
microtubule dynamics. The number of retrograde comets was also increased 
upon CAMSAP2 depletion, however, in contrast to KIFC3 shRNAs, the number 
of anterograde comets was reduced (Figure 3E), suggesting that CAMSAP2 has 
additional function in dendrites. To assess total microtubule polarity (dynamic and 
stable) we quantified minus- and plus-end out microtubules after laser photoablation 
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to generate new plus-ends (Yau et al., 2014). This showed no difference in 
microtubule orientation between Control, KIFC3 and CAMSAP2 depleted neurons 
(Figure 3F). To determine whether the KIFC3-CAMSAP2 interaction is important 
to regulate microtubules dynamics, we generated a CAMSAP2-KIFC3 chimeric 
construct, which is a direct fusion between the CAMSAP2 minus-end binding 
domain (CAMSAP-MD-CKK) and the KIFC3 the third coiled-coil and motor 
domain and (KIFC3-CC-MD) (Figure 3G). While the individual KIFC3-CC-
MD and CAMSAP2-MD-CKK constructs were not able to rescue the knockdown 
phenotype, the chimera fully rescued the microtubules dynamics alterations after 
KIFC3 depletion (Figure 3I). These results suggest that the KIFC3-CAMSAP2 
interaction is required for proper microtubule dynamics in dendrites.

KIFC3 prevents microtubule mobility in dendrites
We next tested whether KIFC3 and CAMSAP2 control the stability of microtubule 
bundles in dendrites. Neurons were transfected with photoactivatable GFP-α-tubulin, 
mCherry-α-tubulin and either Control, KIFC3 or CAMSAP2 shRNA. Segments 
of 15 µm in the middle of the dendrites were photoactivated and imaged over 3 
hours (Figure 4A, 4C and Video S3). In wild-type neurons, retrograde displacement 
of the photoconverted region was observed, only ~25% of the neurons displayed 
microtubule bundle elongation (longer than 0.8µm elongation) of the photoconverted 
region (Figure 4B). However, upon KIFC3 or CAMSAP2 knockdown the dendritic 
microtubule bundles became dynamic; in ~80% of the neurons the photoactivated 
region elongated and moved towards the soma (Figure 4A-C and Figure S3D-J). The 
microtubule displacement can be rescued by KIFC3 or KIFC3-CAMSAP2 chimera 
expression (Figure 4D). These data suggest that the interaction between KIFC3 and 
CAMSAP2 immobilizes microtubule arrays in dendrites (Figure 4E). We next tested 
the KIFC3-rigor mutant and microtubule stabilization agent Taxol treatment in these 
experiments. Interestingly, both conditions could rescue the displacement phenotype 
(Figure 4D), suggesting KIFC3 motor activity is not required for microtubule 
crosslinking and bundling. All together, these results suggest KIFC3 and CAMSAP2 
are important for microtubule stabilization and immobilization in dendrites. 
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Figure 4. Dendritic microtubules become more dynamic with KIFC3 or CAMSAP2 
depletion. 
(A) Representative images of dendrites of hippocampal neurons DIV12 transfected with 
mCherry-α-tubulin, photoactivated GFP-α-tubulin together with pSuper-scrambled Control 
or KIFC3 shRNA2 or CAMSAP2 shRNA (Video S3). Time is indicated at the left of each 
image. PA-GFP channel was indicated in Black and Red, and LUT was shown from the right. 
Red dash lines indicate the photoactivated microtubule region. Scale bar=5μm.
(B) Quantification of the percentage of the neurons described in (A) in which the 
photoconverted region elongated. 
(C) Quantification of microtubule bundle elongation. Other measurements were shown in 
Figure S3D-J. Control: N=5, n=36; KIFC3 shRNA2: N=4, n=35; CAMSAP2 shRNA: N=2, 
n=15. Error bars represent SEM.  
(D) Quantification of microtubule bundle elongation 3 hours after photo-conversion 
corresponding to (A) and (C). KIFC3 shRNA2+KIFC3-rigor: N=2, n=20; KIFC3 
shRNA2+KIFC3-Chimera: N=3, n=10; KIFC3 shRNA2+KIFC3-WT: N=3, n=12; KIFC3 
shRNA2+Taxol: N=3, n=8. Error bars represent SEM. Columns were compared with 
Control. *p < 0.05; **p < 0.01; *** p < 0.001 (Unpaired T-test).
(E) Schematic graph of microtubule displacement in (A).
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DISCUSSION
In epithelial cells, KIFC3 was found to localize to the zonula adherens (ZA), a 
specialized cadherin-based structure found at the contacts between cells (Meng et 
al., 2008). The localization of KIFC3 depends upon pleckstrin homology domain-
containing family A member 7 (PLEKHA7), CAMSAP3 and microtubules. 
Depletion of any of these factors resulted in disorganized ZA, suggest that KIFC3 
may provide a structural link between microtubules and the ZA at epithelial cell-
cell junctions (Meng et al., 2008). Alternatively, KIFC3 may play a role in cargo 
transport required for ZA formation. Consistent with a role in trafficking in epithelial 
cells, KIFC3 has also been described to transport annexin XIIIb to the apical 
membranes and the ubiquitin-specific protease 47 (USP47) to the adherens junction 
(Noda et al., 2001; Sako-Kubota et al., 2014). Moreover, KIFC3 has been postulated 
to participate in positioning of the Golgi apparatus under cholesterol depleted 
conditions (Xu et al., 2002). Here we found that KIFC3 in neurons has a more 
structural role by working together with minus-end binding protein CAMSAP2 to 
organize dendritic microtubules.

The CAMSAP / Patronin / Nezha family has been characterized previously and 
found to specifically recognize microtubule minus-ends and stabilize microtubules 
against depolymerization (Akhmanova and Hoogenraad, 2015). In Drosophila, the 
CAMSAP family member, named Patronin, associates with free microtubule minus-
ends and inhibits their disassembly by the action of the kinesin-13 microtubule 
depolymerase (Goodwin and Vale, 2010). In mammals, all three CAMSAP 
family members recognize growing microtubule minus-ends and CAMSAP2 and 
CAMSAP3 form stretches that are stably deposited on the MT lattice generated 
by minus-end polymerization (Hendershott and Vale, 2014; Jiang et al., 2014). 
In worms, loss of the CAMSAP homolog PTRN-1 caused alterations in neuronal 
morphology and synaptic vesicle localization (Borgen et al., 2019; Marcette et 
al., 2014; Richardson et al., 2014) and also affected the axonal regeneration after 
injury (Chuang et al., 2014). In mammalian neurons, CAMSAP may stabilize short 
microtubule stretches to serve as seeds for microtubule re-growth (Yau et al., 2014). 
We propose a model in which CAMSAP2 anchors KIFC3 at microtubule-minus 
ends and immobilizes microtubule arrays in dendrites. 

KIFC1 has been found to slide microtubule during cell division (She and Yang, 
2017). In vitro, KIFC1 could form bundles and aster shape microtubules by 
joining microtubule minus-ends together and create higher order microtubule 
organization the axonal microtubule (Norris et al., 2018). In neurons KIFC1 
was found to organize axonal microtubules using a second microtubule binding 
domain (Muralidharan and Baas, 2019). Unlike KIFC1, KIFC3 does not have 
the second microtubule-binding domain required for crosslinking microtubules. 
The KIFC3 association with CAMSAP2 may provide the additional microtubule-
binding site to form microtubule bundles. Recently it was suggested that KIFC3 
may form a tetrameric kinesin through its tail interactions in vitro (Hata et al., 
2019). The potential interaction between tertameric KIFC3 and CAMSAP2 
is not inconsistent with our model. The KIFC3-rigor mutation was not able  
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to rescue the KIFC3 knock down phenotype, suggesting that KIFC3 motor activity is 
important for dendritic microtubule organization. The force generated by the KIFC3 
motor domain may facilitate bundle formation and crosslink microtubules together. 
Microtubule bundling and crosslinking by the KIFC3-CAMSAP2 interaction could 
prevent microtubule sliding driven by other motor proteins. This model is consistent 
with  the observation that microtubule mobility and sliding was increased in KIFC3 
and CAMSAP2 depleted neuron. 

Recent super-resolution experiments suggest that microtubule with the same 
orientation are bundled in dendrites (Tas et al., 2017). Stable and acetylated 
microtubules are mostly oriented minus-end out, while dynamic and tyrosinated 
microtubules are oriented oppositely. We found that KIFC3 prefers acetylated 
microtubules in dendrites, which suggests KIFC3 may recognize minus-end out 
microtubules. It is tempting to speculate that the KIFC3-CAMSAP2 interaction 
may preferentially stabilize minus-end out microtubules in dendrite. Consistently, in 
KIFC3 depleted neurons, microtubule acetylation was decreased and minus-end out 
microtubules showed increased dynamics. Some kinesins are reported to be directly 
sensitive for microtubule modifications, which may influence their activity in 
neurons (Ikegami et al., 2007; Sirajuddin et al., 2014). However, building a coherent 
model of how microtubule modifications influence KIFC3 function and microtubule 
organization will require additional work.

Together our data provide new insights in dendritic microtubule organization. We 
propose a model in which CAMSAP2 anchors KIFC3 at microtubule-minus ends 
to immobilize microtubule arrays in dendrites. Parallel mechanisms could play 
additional roles in organizing microtubule dynamics. For example, recently APC2, 
the brain-specific homolog of tumor-suppressor protein adenomatous polyposis 
coli (APC), has been shown to promote minus-end out microtubule dynamics in 
dendrites (Kahn et al., 2018). Recent developments in super-resolution and single-
molecule imaging techniques could be applied to further investigate neuronal 
microtubule structure.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals
All animal experiments were performed in compliance with the guidelines for 
the welfare of experimental animals issued by the Federal Government of the 
Netherlands, and were approved by the Animal Ethical Review Committee (DEC) 
of Utrecht University (permit number 2014.I.03.020 and AVD1080020173404).

Cell line culture and transfection
HEK 293T were used for biochemistry experiments and cultured in DMEM/Ham’s 
F10 (50:50) supplemented with 10% FCS and 1% penicillin/streptomycin at 37 °C 
and 5% CO2. HEK cells were transfected with PEI (Polyethylenimine HCl MAX 
Linear MW 40000 (PolySciences, 24765–2)). Cells were spitted 24hour before 
transfection with 1:3 dilutions. The next day, PEI (1 µg/µL): DNA (1 µg/µL) (3:1) 
were mixed in Ham’s F10 and incubated for 5 minutes at room temperature. The 
mixture was added to cells and incubated overnight. Cells were harvest after 24 
hours for the pull-down experiments.

COS7 cells were used for localization studies and cultured in DMEM supplemented 
with 10% FCS and 1% penicillin/streptomycin at 37 °C and 5% CO2. For 
immunocytochemistry experiments, COS7 cells were transfected with FuGENE6. 
Cells were spitted 24hour before transfection with 1:5 dilutions. The next day, 
Fugene6: DNA (1 µg/µL) (3:1 vol) were mixed in DMEM and incubated for 
5 minutes at room temperature. The mixture was added to cells with DMEM empty 
medium and incubated for 30mins. Then, the empty medium was replaced by the 
full culture medium. Cells were fixed after 24 hours for staining and imaging. All 
cell lines were routinely tested negative for mycoplasma.

Primary neuron culture and transfection
Primary hippocampal neurons were prepared from embryonic 18 rat brain, 
dissociated with Trypsin at 37 degree and plated on coverslips pre-coated with 
Poly-L-lysine (37.5 μg/ml, Sigma) and Laminin (1.25μg/ml, Sigma). Neurons 
were cultured in Neurobasal medium (Invitrogen) containing 2% B27 (Invitrogen), 
0.5 mM glutamine (Invitogen), 15.6 μM glutamate (Sigma) and 1% penicillin/
streptomycin (Invitrogen) at a density of 100,000/coverslip.

All neurons were transfected with Lipofectamine 2000 (ThermoFisher, 11668019) 
mixed with proper DNA. For knock-down experiments, neurons were transfected 3 
days before fixation with 1.5 μg shRNA constructs and 0.5 μg pβactin-GFP construct 
as fill or 0.25μg GFP-MT+TIP to visualize microtubule plus-end tips per well. And 
for normal over expression experiments, neurons were transfected 24 hours before 
fixation with 1μg in total specified constructs. First, neurons were incubated with the 
mixture in NB with 15.6μM glutamate at 37 °C in 5% CO2 for 45 minutes. Washed 
once with NB and then neurons were transferred to their original medium.

Neuron transfected with CRISPR knock-in construct at DIV4 and fixed at DIV11. 
GFP was knocked in rat genomic DNA after KIFC3 coding sequence. GFP antibody 
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was used to enhance signal and Trim46 were stained to visualize AIS.

Ex vivo electroporation and organotypic brain slice cultures
Pregnant C57Bl/6 mice at E14.5 were sacrificed by cervical dislocation. Embryonic 
mice brains were electroporated with 1.5µl DNA mixture containing a MARCKS-
GFP together with pSuper-scrambled, KIFC3 shRNAs, or KIFC3 shRNA in the 
presence of KIFC3 as rescue. The DNA mix was dissolved in MQ with 0.05% 
FastGreen FCF Dye (Sigma) and injected in the lateral ventricles of the embryonic 
brains by using borosilicate glass micro-pipettes (World Precision Instruments) and 
a PLI-100A Picoliter Microinjector (Warner Instruments). The electroporation was 
conducted using platinum plated electrodes (Nepagene) with an ECM 830 Electro 
Square Porator (Harvard Apparatus) which was set to 3 unipolar pulses of 100ms 
at 30V with 100ms intervals. Embryonic brains were then isolated and collected in 
ice-cold cHBSS, embedded in 3% SeaPlaque GTG Agarose (Lonza) in cHBSS and 
sectioned coronally into 300μm thick slices using a VT1000 S Vibratome (Leica). 
Slices were collected on Poly-L-lysine and Laminin-coated culture membrane inserts 
(Falcon), placed on top of slice culture medium (70% v/v Basal Eagle Medium, 
26% v/v cHBSS, 20mM D-glucose, 1mM L-glutamine, 0.1 mg/mL penicillin/
streptomycin) and cultured 4 days prior to fixation.

METHOD DETAILS
DNA and shRNA constructs
CAMSAP2 shRNA has been previously described (Yau et al., 2014). All KIFC3 
shRNAs target sequences and CRISPR KI target sequences were shown in Table S2.

Bio-mCherry (Wu et al., 2016) and Bio-GFP-N1 (Jiang et al., 2012) vectors are 
gifts from Dr. Anna Akhmanova (Utrecht University). The following plasmids have 
been described: pβactin-GFP, pGW1-GFP (Kapitein et al., 2010a), pSuper vector 
(Brummelkamp et al., 2002), pβactin-GFP-FRB, pGW1-PEX-RFP-FKBP (Kapitein 
et al., 2010b),  protein-biotin ligase BirA (Lansbergen et al., 2006), GFP-MT+TIP, 
mCherry-α-tubulin, GFP-CAMSAP1, GFP-CAMSAP2, GFP-CAMSAP3,  GFP-
CAMSAP2-CC-CKK  and 3GFP-CAMSAP2 has been described (Yau et al., 2014).

For the dox-inducible PA-GFP-α-tubulin construct, Transactivator (rtTA2-M2) 
is taken from pSIN-TRE-S (Schatzle et al., 2016) and it is inserted after CMV 
promoter. α-Tubulin with photoactivatable GFP tag is sub-cloned from PA-GFP-α-
tubulin construct described before (Kuijpers et al., 2016).

CAMSAP2 truncations and KIFC3-CAMSAP2 chimera construct was cloned by 
a PCR-base strategy into pGW1-GFP vector. All KIFC3 constructs were generated 
from Mouse KIFC3 (NM_001145832) (IMAGE:6810893) and cloned by a PCR-
base strategy into a Bio-mCherry vector or Bio-GFP-N1 vector.

EMTB-CC-MD chimera construct was cloned by a PCR-base strategy into Bio-
mCherry vector. EMTB domain was taken from EMTB-3GFP (Addgene plasmid 
#26741)(Miller and Bement, 2009). The motor domain was taken from Mouse 

Thesis.indd   42Thesis.indd   42 2021/1/20   14:14:342021/1/20   14:14:34



43

2

CAMSAP2 and Kinesin-14 Motor KIFC3 Control Dendritic Microtubule Organization

KIFC3 full length (NM_001145832) (IMAGE:6810893).

Coiled coil regions were identified in the protein structure of kinesins using COILS 
prediction software (www.ch.embnet.org/software/COILS_form.html). Gibson 
assembly system was applied to produce KIFC3-rigor (396T>N) construct. KIFC3-
CC-MD-WT and KIFC3-CC-MD-rigor was cloned by PCR into pβactin-GFP-FRB 
vector.

PCR-base strategy was used and the KIFC3 fragment carrying mutations was cloned 
into Bio-mCherry vector. The mutations for cloning mouse shRNA resistant KIFC3 
didn’t lead to amino acid change. The primers were shown in Table S2.

Antibody and reagents
The following antibodies were used for the immunofluorescence staining: mouse 
anti-α-tubulin (1:800, Sigma-Aldrich, T-5168), mouse anti-acetylated-tubulin 
(1:400, Sigma-Aldrich, T7451), rat anti-tyrosinated-tubulin (1:400, Abcam, ab6160), 
chicken anti-MAP2 (1:1,000, Abcam, ab5392), chicken anti-GFP (1:1000, Aves 
Labs, GFP-1020), rabbit anti-CAMSAP2 (1:200, Proteintech, 17880-1-AP), rabbit 
anti-KIFC3 (1:400 Santa Cruz, sc-134681), rabbit anti-TRIM46 (van Beuningen 
et al., 2015); mouse anti-MAP2 (1:600, Sigma-Aldrich, M9942) and rabbit anti-
mCherry/RFP (1:1,000, Rockland, 600-401-379).

Secondary antibodies were used at 1:1,000 concentrations as follows: Alexa Fluor 
405-, Alexa Fluor 488-, Alexa Fluor 568-, Alexa Fluor 647-conjugated secondary 
antibodies (Life Technologies). 

The following antibodies were used for Western blot: mouse anti-mCherry (1:1,000 
Clonetech, 632543); rabbit anti-GFP (1:2,500 Abcam, ab290); IRDye 680LT-
(1:20,000) and IRDye 800CW-conjugated (1:15,000) secondary antibodies (LI-COR 
Biosciences).

Other reagents used in this study include: Doxycyclin (0.5µg/ml, Sigma-Aldrich), 
Lipofectamine2000 (Thermofiser, 11668019),  PEI (PolySciences, 24765–2), 
FuGENE 6 (Roche, Cat#11836145001), Vectashield mounting medium (Vectorlabs, 
H-1000) and Mowiol mounting medium (10% Mowiol 4-88, 25% Glycerol, 0.1M 
Tris-Cl (0.2M, pH8.5) and 2.5% DABCO).

Biotin-streptavidin pull-down and western blot
Streptavidin pull-down assays were performed by using Dynabeads M-280 
streptavidin beads (Invitrogen). For normal pull down, HEK293 cells were 
transfected with overexpression constructs indicated in figure legend together with 
BirA. After 24 hours expression, cells were harvested in ice-cold PBS and lysed 
with lysis buffer (150 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100 and 
1x protease inhibitor cocktail).  80% of the total cell lysates were centrifuged at 
13,000 rpm for 5 minutes and the supernatants were transferred and incubated with 
streptavidin beads which were already blocked by 0.2% Chicken Egg Albumine 
(Sigma). The left cell lysates were denatured with SDS/DTT sample buffer and used
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as input. After 40 minutes incubation at 4 degree, beads was washed 5 times with 
normal washing buffer (100mM Tris pH7.5, 150 mM NaCl, 0.5% Triton X-100 and 
0.5x protease inhibitor cocktail). Samples were eluted with SDS/DTT sample buffer 
and boiled for 5 minutes at 95 degree.

For the western blot assays, samples were loaded into 10% SDS-PAGE gels and 
transferred to nitrocellulose membrane. Membranes were blocked with 2% BSA 
(bovine serum albumin) in PBS/0.05% Tween 20. Primary antibodies were diluted 
in blocking buffer and incubated with the membranes overnight at 4°C, washed 3 
times with PBS/0.05% Tween 20 and incubated with secondary IRDye 680LT or 
IRDye 800LT antibodies for 45 minutes at room temperature. Membranes were 
then washed 3 times with PBS/0.05% Tween 20 and scanned on Odyssey Infrared 
Imaging system (LI-COR Biosciences).

Biotin-streptavidin pull-down and Mass spectrometry
The first part of the Biotin-streptavidin pull-down for mass spectrometry is the same 
as the pull-down for protein interaction validation. But instead of 5 times normal 
wash buffer, 2 times high salt washing buffer (20 mM Tris pH 8.0, 500 mM KCl, 
0.1% Triton X-100) , 2 times low salt washing buffer (20 mM Tris pH 8.0, 100 
mM KCl and 0.1% Triton X-100)  and 2 times high salt washing buffer 
again were used to wash the bead. Brains were obtained from female adult rats and 
homogenized in tissue lysis buffer (50 mM Tris HCl, 150 mM NaCl, 0.1% SDS, 
0.2% NP-40, and protease inhibitors). Brain lysates were centrifuged at 16,000 × g 
for 15 minutes at 4°C, and the supernatant was then incubated for 1 hour at 4°C with 
beads previously conjugated with the protein of interest. After second incubation of 
1 hour at 4 degree, beads were washed 5 times with normal washing buffer. 

For MS analysis, the beads were resuspended in 15 μl of Laemmli Sample buffer 
(Biorad), boiled at 99ºC for 10 minutes and supernatants were loaded on 4-12% 
Criterion XT Bis-Tris precast gel (Biorad). The gel was fixed with 40% methanol 
and 10% acetic acid and then stained for 1h using colloidal coomassie dye G-250 
(Gel Code Blue Stain Reagent, Thermo Scientific). Each lane from the gel was cut 
in 3 slices, destained and digested using trypsin. In brief, each lane from the gel 
was cut into three pieces and placed in 0.5ml tubes. Gel pieces were then washed 
with 250 μl of water, followed by 15 minutes dehydration in acetonitrile. Proteins 
were reduced (10 mM dithiothreitol, 1h at 56°C), dehydrated and alkylated (55 
mM iodoacetamide, 1h in the dark). After two rounds of dehydration, trypsin 
(Promega) was added to the samples (20 μl of 0.1 mg/ml trypsin in 50 mM 
Ammoniumbicarbonate) and incubated overnight at 37°C. Peptides were extracted 
with ACN, dried down and reconstituted in 10% formic acid prior MS analysis. 
(Cunha-Ferreira et al., 2018; Kevenaar et al., 2016). 

Immunofluorescence fixation and staining
Extraction, fixation and immunocytochemistry were performed as previously 
described (Chazeau et al., 2016). For COS7 without staining, cells were fixed in 4% 
paraformaldehyde, washed 3 times in PBS. For COS7, which need to be stained, 
cells were further permeabilized with 0.25% Triton X-100, blocked with 2% w/v 
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bovine serum albumin (BSA) in PBS and incubated with primary antibodies in PBS 
with 2% BSA overnight at 4 degree.

For neurons, cells were fixed with 4% PFA (paraformaldehyde) for 10-15 minutes, 
washed 3 times with PBS (phosphate buffer saline), and incubated with primary 
antibodies in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM 
phosphate buffer) overnight at 4 degree. For super-resolution imaging, cells were 
incubated for 90 s in an extraction buffer preheated at 37°C (80 mM pipes, 2 mM 
MgCl2, 1 mM EGTA, 0.3% Triton X100 and 0.25% glutaraldehyde, pH 6.9), 
followed by incubation with 4% PFA preheated at 37°C for 10 minutes. Neurons 
were further permeabilized with 0.25% Triton X100 and blocking was performed 
with 2% w/v bovine serum albumin (BSA), in PBS, pH 7.4. Primary antibodies were 
incubated overnight at 4 degree in blocking buffer. 

For neurons and COS7, secondary antibodies were incubated 1 hour at room 
temperature. Mowiol or Vectashield mounting medium was used for mounting.

Slice immunofluorescence and imaging
Organotypic slices were fixed with 4% paraformaldehyde in PBS. Fixed slices were 
then permeabilized and blocked in 10% normal goat serum/0.2% Triton X-100/PBS. 
GFP signal was amplified by incubating with anti-GFP antibody overnight, followed 
by secondary Alexa 488 antibody and DAPI incubation overnight. Slices were 
washed 4 times for 15 min in PBS. Slices were mounted using Vectashield mounting 
medium (Vector Laboratories) with DAPI. Z-stack acquisitions were taken along 
dorsal telencephalon covering the transfected area using a LSM700 (Zeiss) confocal 
microscope equipped with a Plan-Apochromat 20x NA 0.8 objective with a 0.5x 
magnification.

Laser Scanning Confocal and STED microscopy
After immunofluorescence staining, neurons and COS7 cells were imaged using 
Zeiss LSM700 confocal laser scanning microscope with 63x NA 1.4 oil objective. 
Gated STED imaging was performed with Leica TCS SP8 STED 3 × microscope 
using HC PL APO ×100/1.4 oil STED WHITE objective.

Live cell imaging
All the live imaging was performed on a Nikon Eclipse TE2000E inverted 
microscope equipped with Evolve 512 EMCCD camera (Roper Scientific), spinning 
disk confocal (Roper Scientific), incubate chamber (Tokai Hit) and MetaMorph 
7.7.5 software (Molecular Device) was used for all the live imaging experiments.

GFP-MT+TIP tracking
GFP-MT+TIP construct was co-transfected with proper shRNA in DIV9 
neurons and imaged at DIV12. Around 20 μm region was selected from middle 
proximal dendrites and imaged with 1frame/second for 5 minutes. ImageJ plugin 
KymographWideSlice was used to analyse microtubule comets movement. 

Thesis.indd   45Thesis.indd   45 2021/1/20   14:14:342021/1/20   14:14:34



46

2

Chapter 2 Microtubule Minus-End Binding Protein

Photo-ablation experiments in neurons
A Teem Photonics 355 nm Q-switched pulsed laser was used for photo-ablation on 
the described spinning disk microscope. For microtubule orientation experiments, 
microtubules were photo-ablated in proximal dendrites and the 10μm region before 
and after was imaged with 1 frame/second for 5 minutes.

Microtubule photo ablation in COS7
COS7 cells were transfected with 3GFP-CAMSAP2 and mCherry-KIFC3. 100nM 
of SIR-tubulin (Spirochrome) was added to the medium and incubated overnight 
to visualize microtubules. Cells were imaged using Eclipse 80i(Nikon) microscope 
equipped with an Apo 100x 1.49 N.A.  Oil objective Photometrics Evolve 512 
EMCCD camera (Roper scientific) and perfect focus system and iLas2 laser 
illumination system (Roper Scientific France). 

The 532nm Q-switched pulsed laser (Teem Photonics) was used for photoablation. 
Microtubules were severed using 532 nm laser and then imaged with 7 sec intervals 
for total 5 min to track CAMSAP2 and KIFC3 localization at microtubule minus 
end. 

Photoactivation experiments
The Dox-inducible PA-GFP-α-Tubulin with proper shRNAs was co-transfected in 
DIV9 neurons and Doxycycline was added the next day. Neurons were imaged at 
DIV12. Photoactivation of PA-GFP-α-Tubulin was performed on the FRAP setup 
and 405 nm laser was used for activation. Around 15μm regions were selected from 
middle dendrite and it was imaged every 15minutes for 3 hours. The elongation of 
the selected region during imaging is regarded as microtubule sliding.

QUANTIFICATION AND STATISTICAL ANALYSIS 
All statistical details including the definitions of n, numbers of n and statistical tests 
performed can be found in each Figures and Figure legends. GraphPad were used 
for graphs and statistics. T-test (column graph) or 2-way Anova (line graph) test 
was performed for statistics and p<0.05 was considered significant (*p < 0.05; **p 
< 0.01; *** p < 0.001.). Image processing and analysis were performed by using 
ImageJ. Secondary structure of KIFC3 was defined by using SMART (Simple 
Modular Architecture Research Tool; at EMBL) and COILS (Prediction of coiled 
coil regions in proteins, Lupas's method, at EMBnet-CH).

Sholl analysis
ImageJ plug-in, Sholl analysis and NeuronJ(Meijering et al., 2004), was used for 
neuron morphology analysis. The distance is measured from outer edge of soma. 
The interval is 5μm and 4 data points were averaged for line graph.

Quantification of ex vivo neuronal migration and morphology. 
The relative positions of the cell bodies of GFP-positive neurons along the radial 
axis starting from 30% above ventricular to pial surface were measured by Image J 
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plugin (Analyze Particle). The relative position of neurons in the regions of interest 
was recorded in terms of distance between the ventricular and the pial surface. The 
positional information of all transfected neurons, together with the top (pial surface) 
and bottom (ventricular surface) boundaries were exported to Excel. Based on the 
relative position of each neuron and the total numbers of neurons counted, the radial 
cell distribution along the radial axis was obtained by further data processing using 
an Excel macro and presented as percentage of migration. 

Regions representing 20% of the cortical width below the pial were cropped for 
morphology analysis. Neurons were classified into 4 types: type 1 with no leading 
process, type 2 with 1 leading process, type 3 with secondary branches, type 4 with 
branches over 2. Counting was performed using Image J plugin (Analyze Particle).

Mass spectrometry analysis
All samples were analyzed with an Agilent 1290 Infinity LC (Agilent Technologies), 
operating in reverse-phase (C18) mode, coupled to a TripleTOF 5600 (Ab Sciex). 
Peptides were loaded onto a trap column (Reprosil pur C18, Dr. Maisch, 100 µm x 
2 cm, 3 µm; constructed in-house) with solvent A (0.1% formic acid in water) at a 
maximum pressure of 800 bar and chromatographically separated over the analytical 
column (Poroshell 120 EC C18, Agilent Technologies, 50 µm x 50 cm, 2.7 µm) 
using 90 minutes linear gradient from 7-30% solvent B (0.1% formic acid in 
acetonitrile) at a flow rate of 150 nL/min. MS spectra (350-1250 m/z) were acquired 
in high-resolution mode (R > 30,000), whereas MS2 was in high-sensitivity mode 
(R > 15,000). For data analysis, raw files were processed using Proteome Discoverer  
1.4 (version 1.4.1.14, Thermo Scientific). Database search was performed using 
the Uniprot rat database and Mascot (version 2.5.1, Matrix Science, UK) as the 
search engine. Carbamidomethylation of cysteines was set as a fixed modification 
and oxidation of methionine was set as a variable modification. Trypsin was set as 
cleavage specificity, allowing a maximum of 2 missed cleavages. Data filtering was 
performed using a percolator, resulting in 1% false discovery rate (FDR). Additional 
filters were search engine rank 1 and mascot ion score >20.

Analysis of polarity index 
KIFC3 and truncations were expressed in DIV10 neurons, fixed at DIV11, stained 
for TRIM46 as axon marker. Average intensity of 15 μm in the proximal axon or 
dendrite was measured. At least 2 dendrites were included, and background was 
subtracted. Polarity index was calculated with the formula: PI = (Ia-Id)/(Id+Ia). Id 
corresponds to mean dendrite intensity, while Ia is the mean proximal axon intensity. 
PI > 0 indicates the polarization is biased toward axon and PI < 0 to the dendrite.

Microtubule ablation in COS7
Images were processed using FIJI software. Background intensity was subtracted 
from each frame of the time-lapse movies. Gaussian Blur filter of 2 pixels was 
applied. After microtubule severing, ROI of 10x10 pixels was selected at the end 
of the microtubule minus end to measure the intensity of CAMSAP2 and KIFC3 
in each frame. Intensity was normalized to the maximum value of the time-
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lapse acquisition. For plotting (Figure 2M) moving time average of 5 frames was 
calculated. 

PEX quantification
At least, six cells were analyzed per condition. Images were processed for 
background subtraction. Cell contour was manually traced using the motor channel 
and cell center was determined. Peroxisome distribution was measured by radial 
intensity analysis. The radius of the circle containing up to 90% peroxisome intensity 
was determined and was normalized by radius of the circle containing the entire cell.  
The normalized radius was used as the parameter for peroxisome distribution in 
Figure S3C.

DATA AND CODE AVAILABILITY
The published article includes all datasets generated or analyzed during this study. 
Additional requests should be sent to the Lead Contact, Casper Hoogenraad 
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SUPPLEMENTAL INFORMATION INVENTORY
Supplemental Figures S1‐S3

Figure S1, related to Figure 1

Figure S2, related to Figure 3

Figure S3, related to Figure 4 and Figure 5

Video S1, related to Figure 3

Video S2, related to Figure 3

Video S3, related to Figure 5
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Figure S1. KIFC3 is important for dendrite branching. Related to Figure 1.
(A) Example of a western blot of protein extracts of DIV 7 hippocampal neurons 
electroporated at DIV 0 with pSuper-scrambled as Control or KIFC3-shRNA1, 2 , 3, 4 and 5. 
Levels of actin were used as loading Control.
(B) Quantification of protein levels of KIFC3 of samples represented in (A) (N=3). Error 
bars represent SEM. *p < 0.05; **p < 0.01; *** p < 0.001 (Unpared T-test).
(C) Quantification of crossings from the sholl analysis in Figure 1B at 50μm, 100μm, 150μm 
and 200μm positions. Error bars represent SEM. Unpared T-test was performed and columns 
were compared with corresponding Control. *p < 0.05; **p < 0.01; *** p < 0.001.
(D-E) Representative images of mouse cortex after 4 days of ex vivo electroporated with 
GFP and pSuper-scrambled, KIFC3 shRNAs or KIFC3 shRNAs with KIFC3 as rescue. 
Left panels represent GFP and DAPI channels. DAPI is in blue and GFP is in Green. Pail 
surface at the top and ventricle at the bottom are outlined in yellow. CP, cortical plate; IZ, 
intermediate zone;SVZ, subventricular zone; VZ, ventricular zone. Right panels represent 
GFP only channel and GFP is in gray. Scale bars=50μm. Error bars represent SEM.
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Figure S2. KIFC3 interacts with CAMSAP2. Related to Figure 2. 
(A) Representative images of a COS7 cell transfected with KIFC3-GFP and stained with 
CAMSAP2 antibody. Scale bar=10μm.
(B) Schematic representation of CAMSAP2 truncation constructs used. CC: coiled-coiled 
domain, MD: motor domain, CH: Calponin-homology domain, MBD: microtubule binding 
domain, CKK: CKK domain.
(C) Representative images of a DIV7 neuron transfected with KIFC3-GFP and stained with 
CAMSAP2 antibody. Scale bar=5μm.
(D) Representative images of a DIV11 neuron transfected with the HITI CRISPR GFP 
knock-in construct and probed for CAMSAP2 and GFP (to enhance the signal in transfected 
cells). Scale bar=5μm.
(E-F) Representative images of COS7 cells transfected with GFP-CAMSAP2-FL or GFP and 
co-transfected with mCherry-KIFC3-N4 or mCherry-KIFC3-N5. Scale bar=10μm.
(G-J) Representative images of COS7 cells transfected with either mCherry or mCherry-
KIFC3 together with GFP tagged CAMSAP2 truncations. Scale bar=10μm.
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Figure S3. KIFC3-N1 shows dominant negative effect, KIFC3-rigor mutation validation 
and microtubule mobility rescue and quantification. Related to Figure 3 and Figure 4. 
(A) Quantification of acetylated tubulin, tyrosinated tubulin levels in DIV11 neurons 
transfected with mCherry-KIFC3. Neighboring non-transfected neurons were used as 
Control. N=2. Control: n=22; mCherry-KIFC3: n=20. Error bars represent SEM. Unpared-T-
test was performed and columns were compared with corresponding Control. *p < 0.05; **p 
< 0.01; *** p < 0.001.
(B) Representative images of COS7 cells transfected with either PEX-RFP-FKBP and 
KIFC3-CC-MD-GFP-FRB or PEX-RFP-FKBP and KIFC3-CC-MD Rigor (396T-N)-GFP-
FRB. PEX-RFP-FKBP was used to visualize peroxisomes in cells. Scale bar=10 μm.
(C) Quantification of peroxisome redistribution in cells described in (B). KIFC3-MD-Rigor: 
N=1, n=7; KIFC3-MD-Rigor+Rapalog: N=1, n=6, KIFC3-MD-WT: N=1, n=6; KIFC3-MD-
WT+Rapalog: N=1, n=12. Error bars represent SEM. *p < 0.05; **p < 0.01; *** p < 0.001 
(Unpaired T-test).
(D) Quantification of microtubule elongation corresponding to Figure 4A, 4C and 4D. 
Control: N=5, n=36; KIFC3 shRNA2: N=4, n=35; KIFC3 shRNA2+KIFC3-rigor: N=2, 
n=20; KIFC3 shRNA2+KIFC3-Chimera: N=3, n=10; KIFC3 shRNA2+KIFC3-WT: N=3, 
n=12; KIFC3 shRNA2+Taxol: N=3, n=8. Error bars represent SEM.
(E-J) Quantification of microtubule movement of the left edge, right edge and middle 
position of the photo-converted region corresponding to Figure 4A, 4C and 4D. Error bars 
represent SEM.
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PROTID Name Peptides PSM Peptides PSM Peptides PSM Peptides PSM
Q4KLH6 CEP162 0 0 9 17 10 21 9 17 MT/Centrosome
Q63560 Map6 0 0 9 12 0 0 0 0 MT
D4AEC2 Camsap2 0 0 7 7 4 4 0 0 MT
Q63170 Dnah7 0 0 17 27 14 20 0 0 Dynein-ralated
E9PSL8 Kif6 0 0 6 37 1 32 5 48 Kinesin
G3V6L4 Kif5c 1 1 4 5 4 4 4 5 Kinesin
D3Z9C7 Piccolo 0 0 14 18 24 30 12 21 presynapse
F1M8A4 Liprinα 0 0 14 20 7 10 5 7 presynapse
Q9JIR4 Rims1 0 0 10 11 11 12 6 7 presynapse
F1M3B4 UNC13b/MUNC13 0 0 7 8 8 8 0 0 presynapse
R9PY00 Vamp2 0 0 5 5 4 4 0 0 presynapse
P21707 Synaptotagmin1 0 0 4 8 4 6 0 0 presynapse
B5DEH2 Erlin2 1 1 8 9 2 3 0 0 ER
D4ABS2 Dnm1l 0 0 9 10 11 14 2 3 Membrane-related
O08679 Mark2 0 0 19 23 0 0 0 0 kinase
P63086 Mapk1 0 0 8 9 2 2 0 0 kinase
B5DFK6 Ap3d1 0 0 10 16 5 7 0 0 AP-3 complex 
P62944 Ap2b1 0 0 15 18 6 9 3 3 AP-2 complex

Control KIFC3-FL KIFC3-N1 KIFC3-N3

Table S1. Mass Spectrometry Analysis of KIFC3 Interacting Proteins. Related to Figure 
2. 
Data from affinity purification mass spectrometry analyses (AP-MS) of KIFC3 and 
truncations in rat brain extracts. PROTID: Uniprot accession code; Name: corresponding 
gene name; Peptides: peptide matches; PSM: peptide spectrum matches.
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Oligonucleotides Source Identifier

pSuper-rat KIFC3 shRNA#1 targeting sequence: cgagaacccaggcattaat This paper N/A

pSuper-rat KIFC3 shRNA#2 targeting sequence: cagctccgggacaggttat This paper N/A

pSuper-rat KIFC3 shRNA#3 targeting sequence: ccacctgttaagtatgtca This paper N/A

pSuper-rat KIFC3 shRNA#4 targeting sequence: ctccctaaatcctatttaa This paper N/A

pSuper-rat KIFC3 shRNA#5 targeting sequence: cgcatcagctgacaataca This paper N/A

pSuper-mouse KIFC3 shRNA#1 targeting sequence: cagctccgtgacaagctgt This paper N/A

pSuper-mouse KIFC3 shRNA#2 targeting sequence: ggcttcaatgtctgtatct This paper N/A

pSuper-mouse KIFC3 shRNA#3 targeting sequence: ttccaaactcacctacctg This paper N/A

CRISPR KI rat KIFC3 targeting sequence: cggctgcagtttccttcgga This paper N/A

P1-fw: tcgcggccgcctcgagctcaagcttatggtggaga This paper N/A

P1-rev: acagcttgtccctcaattggctgctctcctggctg This paper N/A

P2-fw: ccaattgagggacaagctgtcccagctgc This paper N/A

P2-rev: ggaacacgtcctgttggcttgcccacggggagaagacc This paper N/A

P3-fw: aagccaacaggacgtgttccaggaggtgcaggccctcattacctcctgcatcgatggatttaac This paper N/A

P3-rev: gttaaatccatcgatgcaggaggtaatgagggcctgcacctcctggaacacgtcctgttggctt This paper N/A

P4-fw: cctgcatcgatggatttaacgtctgtatctttgcttacggc This paper N/A

P4-rev: tcagcttgctattgcggaagggcacatg This paper N/A

P5-fw: cttccgcaatagcaagctgacctacctgctgcaggac This paper N/A

P5-rev: atcccgggcccgcggtaccgtcgactcaggctgacggctgcag This paper N/A

KIFC3 shRNAs and CRISPR KI target sequences

Primers for mouse shRNA resistant KIFC3

Table S2. Oligonucleotides. Related to Oligonucleotides section of the Key Resources 
Table of the STAR Methods.
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Video S1. Localization of KIFC3 in neurons, Related to Figure 2.
Representative movie of DIV12 neuron transfected with mCherry-KIFC3 and 3GFP-
CAMSAP2. Total time is 5 minutes. 1 frame per second. Displayed at 24 frames per second. 
Scale bar=2 μm. 

Video S1 can be accessed via the folloing QR code:
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Video S2. KIFC3 Co-localizes with CAMSAP2 at Microtubule Minus Ends, Related to 
Figure 2. 
Representative images of COS7, transfected with 3GFP-CAMSAP2 and mCherry-KIFC3. 
SIR-tubulin was applied to visualize microtubules. Microtubule photoablation was indicated 
by red stars. Minus end was indicated by white and black arrows. GFP-CAMSAP2 was 
shown in Green, mCherry-KIFC3 in Red and SIR-tubulin in Cyan. Total time is 5 minutes 
and 7 s per frame. Displayed at 15 frames per second.

Video S2 can be accessed via the folloing QR code:
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Video S3. Dendritic Microtubules Become More Dynamic with KIFC3 or CAMSAP2 
Depletion, Related to Figure 4. 
Representative images of dendrites of hippocampal neurons DIV12 transfected with 
mCherry-α-tubulin, photoactivated GFP-α-tubulin together with pSuper-scrambled Control 
or KIFC3 shRNA2 or CAMSAP2 shRNA. Images are acquired from a time series with 
15min per frame for in total 3 hours. Around 15 μm region are photo-activated before 
imaging. Displayed at 15 frames per second.

Video S3 can be accessed via the folloing QR code:
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SUMMARY
The motor protein kinesin-1 plays an important role in polarized sorting of 
transport vesicles to the axon. However, the mechanism by which the axonal entry 
of kinesin-1 dependent cargo transport is regulated remains unclear. Microtubule 
associated protein Ensconsin/MAP7 is an essential kinesin-1 cofactor and promotes 
kinesin-1 recruitment to microtubules. Here, we found that MAP7 family member 
MAP7D2 concentrates at the proximal axon, where it overlaps with the axon initial 
segment and interacts with kinesin-1. Depletion of MAP7D2 results in reduced 
axonal cargo entry and defects in axon development and neuronal migration. We 
propose a model in which MAP7D2 in the proximal axon locally promotes kinesin-1 
mediated cargo entry into the axon.
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INTRODUCTION
The microtubule cytoskeleton and proper coordination over intracellular organelle 
transport are critically important for the development and function of neurons. 
Microtubules serve as tracks for long-distance cargo trafficking and have an intrinsic 
polarity that is recognized by molecular motors to transport cargo in a directional 
manner. Plus-end directed kinesin-1 motors selectively drive transport vesicles into 
axons and are required for polarized cargo sorting at the axon initial segment (AIS) 
(Farías et al., 2015; Kapitein et al., 2010). However, the mechanism by which the 
axonal entry of kinesin-1 dependent cargo transport is regulated remains unclear.

Several regulatory mechanisms have been proposed to contribute to polarized cargo 
trafficking. For instance, the preference of kinesin-1 for stable microtubules may 
contribute to sorting and trafficking of axonal cargo (Farías et al., 2015). By using 
optical nanoscopy, it was recently shown that within the mixed dendritic microtubule 
arrays stable microtubules are mostly oriented plus-end inwards and guide kinesin-1 
motors out of dendrites (Tas et al., 2017). This particular microtubule organization 
favors kinesin-1 transport towards the axon, however additional sorting mechanisms 
may play a role at the proximal axon.

The microtubule associated protein ensconsin/MAP7 was described as an essential 
kinesin-1 cofactor by promoting kinesin-1 recruitment to microtubules (Barlan et 
al., 2013; Sung et al., 2008). Ensconsin/MAP7 is required for all known kinesin-1 
dependent processes in polarized Drosophila oocytes (Metivier et al., 2018; 
Sung et al., 2008) and essential for kinesin-1 mediated myonuclear positioning 
in mammalian myotubes (Metzger et al., 2012). Moreover, ensconsin/MAP7 
cooperates with kinesin-1 to transport cargo (Barlan et al., 2013) and triggers 
centrosome separation during interphase (Gallaud et al., 2014). The mammalian 
MAP7 family members include MAP7 (ensconsin, E-MAP-115), MAP7D1, 
MAP7D2 and MAP7D3. All family members share a highly conserved N-terminal 
coiled-coil motif, which interacts with microtubules and a conserved C-terminal 
MAP7 coiled-coil domain that is presumed to binds to kinesin-1. MAP7 and 
MAP7D1 are broadly expressed and have been described to play a role in neuronal 
developmental processes, including in axonal development in cultured neurons 
(Koizumi et al., 2017; Tymanskyj et al., 2017). MAP7D2 on the other hand is 
predominantly expressed in brain tissues (Niida and Yachie, 2011), however little is 
known about its localization and function in neuronal cells.

In this study, we show that MAP7D2 interacts with all three kinesin-1 family 
members and accumulates in proximal axon. We found that MAP7D2 localizes to 
the proximal axon through its N-terminal microtubule-binding domain. Depletion of 
MAP7D2 results in reduced axonal cargo entry and defects in axon formation and 
outgrowth during early stages of neuronal development. These data indicate that 
MAP7D2 is a local kinesin-1 regulator that promotes cargo entry into the axon.
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RESULTS
MAP7D2 localizes to the proximal axon 
To study the subcellular distributions of MAP7 family members in neurons, we 
first expressed mCherry tagged MAP7, MAP7D1, MAP7D2 and MAP7D3 in 
primary cultured hippocampal neurons (Figure 1A). Whereas MAP7 and MAP7D1 
are mainly present in the somatodendritic compartment, MAP7D2 and MAP7D3 
localize to the proximal axon overlapping with the axon initial segment (AIS) 
markers TRIM46 and AnkyrinG (AnkG) (Figure 1B). MAP7D2 is not abundant 
in other parts of the axon, evident by the lack of Tau colocalization (Figure 1C). 
Moreover, by labelling neurons with an antibody against MAP7 confirmed its the 
dendrite localization (Figure S1A), evident by the intensity of MAP7 decreasing in 
the TRIM46 positive axon and the polarity index being biased to dendrites (Figure 
S1B,C). These data suggest that MAP7 family members have a distinct distribution 
in neurons.

Since MAP7D3 is only expressed in non-brain tissues and MAP7D2 is specifically 
present in brain tissues (Niida and Yachie, 2011; Uhlén et al., 2015; Zhang et al., 
2014), we decided to further investigate the neuronal function of MAP7D2. To 
study the localization of endogenous MAP7D2, we performed immunofluorescence 
labelling of cultured neurons. In agreement with the exogenous mCherry-MAP7D2 
distribution, antibodies against endogenous MAP7D2 labelled the proximal axon 
overlapping with AnkG (Figure 1D) but also extends into the axon. The MAP7D2 
antibody is highly specific, as it cannot recognize the overexpression of the other 
MAP7 proteins (Figure S1D). We did not detect any endogenous MAP7D3 in the 
proximal axon by labelling neurons with a MAP7D3 specific antibody (Figure S1E), 
and MAP7D3 is only present at microtubules in WT Hela cells but not in MAP7D3 
KO Hela cells, while MAP7D2 is both absent in WT or MAP7D3 KO Hela cells 
(Figure S1F,G), again suggesting that MAP7D3 is only expressed in non-brain 
tissues where MAP7D2 is not expressed. Taken together, these data indicate that 
MAP7D2 is exclusively expressed in the proximal axon of hippocampal neuron.

Figure 1. MAP7D2 is enriched in proximal axon 
(A) Schematic domain structure of human MAP7 family members. Numbers represent amino 
acids. 
(B) DIV15 neurons expressing mCherry tagged MAP7 proteins and co-stained for AnkG 
(green), TRIM46 (blue). Bar graph shows the polarity index of MAP7 proteins together 
with AnkG and TRIM46 (n > 10 neurons in each group). Bottom panels are zooms of the 
proximal axons and line scans for the normalized intensity of each channel from soma to 
axon. 
(C) DIV3 neurons expressing mCherry-MAP7D2 and stained for TAU (green). Line graphs 
of each channel are shown.
(D) DIV14 neurons stained with endogenous MAP7D2 (green) and AnkG (red). Line graph 
shows that MAP7D2 fluorescence aligns with AnkG maximum intensity (n=21). 
(E, F) DIV1 neurons stained for endogenous MAP7D2 (green) and TAU (red). Line scans for 
stage 2, 3 show the normalized fluorescent intensity from soma to axon.
Scale bars: 20 µm (B, D), 50 µm (C, E).
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We next determined the localization in DIV1 (1 day in vitro) neurons cultures, which 
contains both stage 2 (unpolarized) and stage 3 (polarized) cells. MAP7D2 is found 
in the cell body and throughout the neurites in unpolarized stage 2 cells, but strongly 
accumulates at the proximal axon in polarized stage 3 neurons (Figure 1E,F). These 
data indicate that MAP7D2 localizes to the proximal axon directly after neuronal 
polarization.

MAP7D2 localizes to proximal axon through its microtubule-binding domain 
To determine which domain is required for the proximal axon localization, we 
generated MAP7D1 and MAP7D2 truncation constructs (Figure 2A). The C-terminal 
domains of both MAP7D1 (MAP7D1-C) as well as MAP7D2 (MAP7D2-C) are 
diffusely localized throughout the neuron and accumulate at axon tips (Figure S2A). 
In contrast the N-terminal microtubule-binding region of MAP7D2 (MAP7D2-N) 
accumulates at the proximal axon and the N-terminal domain of MAP7D1 
(MAP7D1-N) localizes to dendrites similar to the full length proteins (Figure 2B,C). 
To map the minimal regions required for the axon specific localization, we generated 
chimeric proteins by swapping domains of the N-terminal parts of MAP7D1 and 
MAP7D2 (Figure 2A). All N-terminal containing truncations and chimeras of 
MAP7D1 and MAP7D2 showed microtubule binding (Figure S2B-E). Chimeras 
containing the MAP7D2 region downstream of the coiled coil motif (chimeras 1 
and 2) localized to the proximal axon, while constructs containing the similar region 
of MAP7D1 (chimeras 3 and 4) were enriched in the dendrites (Figure 2E). GFP 
and HA-tagged constructs containing the 151-387 region of MAP7D2 strongly 
associated with microtubules in COS7 cells and showed proximal axon localization 
in neurons (Figure 2F and S2F). 

To determine the dynamics of MAP7D2 in cells, we performed fluorescence 
recovery after photobleaching (FRAP) experiments in the proximal axon using 
N-terminal, C-terminal or full length MAP7D2. The MAP7D2 C-terminus quickly 
and completely recovers, while full length and N-terminal MAP7D2 only showed 
~20% recovery after 3 minutes (Figure 2G,H). In dendrites, MAP7 and MAP7D1 
show very similar recovery profiles (~20-30% recovery after 3 minutes) (Figure 
S2G,H). Together these data indicate that MAP7D2 stably localizes to the proximal 
axon through its N-terminal microtubule-binding domain.

Figure 2. MAP7D2 stably localizes to proximal axon through its domain aa 151-387  
(A) Overview of MAP7D1 and MAP7D2 truncations and chimeras.
(B) DIV9 neurons expressing mCherry tagged MAP7D1 and MAP7D2 respectively, and co-
stained for TRIM46 (green).
(C-F) DIV4 or DIV9 neurons expressing with GFP tagged N-MAP7D1, N-MAP7D2, 
indicated chimeras in A, or MAP7D2 aa 151-387, and co-stained for TRIM46 (red).
(G and H) FRAP images and quantifications of mCherry-MAP7D2, GFP-N-MAP7D2 and 
GFP-C-MAP7D2 fluorescence recovery in the axons of DIV9 neurons. n=4-7 neurons. Error 
bars represents SEM.
Scale bars: 20 µm (D); 50 µm (B, C, E, F)
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Figure 3.  MAP7D2 is important for axon development  
(A) DIV14 control, TRIM46 depleted or AnkG depleted neurons co-transfected with “β"-
gal (red), and stained for MAP2 (blue), MAP7D2 (green). Arrowheads point to the proximal 
axon.
(B) Bar graph shows the average intensity of MAP7D2 in each condition. n= 9-10 neurons.
(C) DIV14 control or MAP7D2 depleted neurons co-transfected with “β" fill, and stained for 
AnkG (blue), MAP7D2 (green).
(D) Bar graph shows the average intensity in the specified condition. n=15-20 neurons
(E and F) Representative images of DIV4 neurons of indicated conditions, together with GFP 
(E) or mCherry fill (F).
(G, H, and I) Quantifications of the numbers of axon branches of indicated conditions. n=19-
123 neurons.
P<0.05 *; P<0.01 **; P<0.001 ***. Unpaired t-test. Error bars represents SEM. 
Statistics in (G) was made by control, in (H, I) was made by MAP7D2 sh1.
Scale bars: 20 µm (A, C); 50 µm (E,  F)

TRIM46 is required for proximal axon localization of MAP7D2 
Since MAP7D2 localizes to the proximal axon, we next determined the underlying 
mechanism of this specific localization. Previously several proteins were shown to 
localize to the AIS and to be important for this structure, including the microtubule 
binding protein TRIM46 and AIS scaffolding protein Ankyrin G (AnkG). TRIM46 
forms parallel microtubule bundles in the proximal axon and plays key role in 
axon specification (van Beuningen et al., 2015). AnkG is the major AIS scaffold 
protein required for AIS assembly, which forms a barrier between axonal and 
somatodendritic compartment for neuronal polarity maintenance (Winckler et al., 
1999). We first depleted TRIM46 or AnkG with short hairpin RNAs (shRNAs) 
and determined the MAP7D2 localization at the proximal axon. MAP7D2 staining 
was still present in AnkG knockdown neurons but largely decreased from the 
proximal axon in TRIM46 depleted cells (Figure 3A,B), suggesting that MAP7D2’s 
localization to the proximal axon depends on TRIM46 but not AnkG. To address 
whether MAP7D2 interacts with TRIM46, we co-expressed them in COS7 cells 
where they co-localize on microtubule bundles. However when we expressed 
a truncated TRIM46 protein lacking the microtubule binding domain (TRIM46 
∆COS) (van Beuningen et al., 2015) together with MAP7D2, the colocalization 
is lost (Figure S3A). This suggests that MAP7D2 does not directly interact with 
TRIM46.

To test the effect of MAP7D2 depletion on TRIM46 and AnkG localization, 
we generated several independent shRNAs to deplete MAP7D2 expression and 
validated the knockdown efficiency by staining transfected neurons with MAP7D2 
antibody. Compared to control cells, the MAP7D2 staining was reduced by ~85% 
in neurons transfected with either shRNA1 or shRNA3 (Figure 3C,D). However 
the MAP7D2 knockdown only slightly reduced the levels of both TRIM46 as 
well as AnkG (Figure S3B-D), which may be caused by the reduced diameter of 
the AIS segment upon MAP7D2 depletion (Figure S3E,F). MAP7D3 could not 
be detected upon MAP7D2 depletion and neither did we find changes in MAP7 
localization,arguing against a potential compensatory mechanism by other MAP7 
proteins (Figure S4). 
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MAP7D2 is important for neuronal migrations and axon development 
Since MAP7D2 localizes to the proximal axon, we tested whether MAP7D2 is 
important for axon development. We found that developing DIV4 neurons depleted 
of MAP7D2 show reduced axon branching compared to control neurons (Figure 
3E,G). The axonal phenotype is rescued by re-expression of MAP7D2 but not 
MAP7D1 (Figure 3E,H), potentially due to their difference in cellular localization. 
In addition to axon branching, we tested whether MAP7D2 is important for axon 
formation. Low concentration of the microtubule stabilizing drug taxol has been 
shown to induce the formation of multiple axons, somewhat mimicking the process 
of axon initiation (Witte et al., 2008). Indeed, after taxol treatment, control neurons 
form 5 axons on average. Neurons depleted of MAP7D2 do not form multiple axons 
after taxol addition, indicating that MAP7D2 is important for taxol-induced axon 
formation (Figure S5A,B). To confirm these results, we electroporated hippocampal 
neurons with shRNAs targeting MAP7D2 or control before plating and analyzed 
axon formation in non-taxol treated neurons at DIV3 by using Tau and TRIM46 
antibodies to mark the axon (Figure S5C). Compared to control cells, there was a 
small but significantly reduction in the number of Tau or TRIM46 positive neurons 
after MAP7D2 knockdown. Conversely the overexpression of MAP7D2 leads to a 
slight increased number of axons (Figure S5D,E). Therefore, MAP7D2 is important 
for axon branching and potentially also for axon formation. 

Neurons in the developing neocortex migrate from the ventricular zone to the 
different layers in the cortical plate. To test whether MAP7D2 is involved in this 
process, we performed ex vivo electroporation on mouse E14.5 embryos and 
cultured brain slices for 3 days to allow GFP labelled cells in ventricular zone to 
migrate. Whereas control neurons efficiently migrated to the upper layers of the 
cortical plate, upon MAP7D2 knockdown neurons accumulated in the ventricular 
zone. Importantly, this migration defect could be rescued by re-expressing MAP7D2, 
showing that MAP7D2 is important for neuronal migration (Figure S5 F-H). 

MAP7D2 activity requires proximal axon localization and kinesin binding 
To address the functional differences between MAP7D1 and MAP7D2, we expressed 
truncation as well as chimeric constructs (Figure 2A-D and S2A), as it was recently 
shown in Drosophila that ensconsin/MAP7 C-terminal kinesin-binding domain 
was sufficient to rescue several of the mutant phenotype (Metivier et al., 2018). 
Interestingly, we also observed a partial rescue by overexpressing of MAP7D2-C, 
however MAP7D1-C could not reverse the knockdown phenotype. Moreover, 
even when we fused MAP7D1-C to the AIS targeting MAP7D2-N (chimera 
MAP7D(2N_1C)), it only partially rescues the MAP7D2 knockdown phenotype 
(Figure 3F,I), suggesting that MAP7D2 C-terminus plays a specific role in axonal 
branching. We next tested whether the axonal branching phenotype of MAP7D2 
can be phenocopied by knocking down kinesin-1. To address this, we depleted 
allthree kinesin-1/KIF5 family members (KIF5A,B,C) and observed a similar axonal 
branching phenotype as for MAP7D2 (Figure 3E,G). Taken together, these data 
suggest that both the proximal axon localization as well as specific features of the 
MAP7D2 C-terminus are important determinants for axonal branching.  
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All three kinesin-1 family members interact with MAP7D2 
Previous studies have reported the association between the first coil-coil of kinesin-1 
and ensconsin/MAP7 (Metzger et al., 2012). To study the interaction in an unbiased 
manner we performed pull-down experiments coupled to mass spectrometry. Here 
GFP-tagged motor domain and coiled-coil region (MDC) of KIF5A-MDC (1-566) 
and KIF5B-MDC (1-807) were expressed in HEK293 cells, isolated with beads 
coupled with GFP antibodies, incubated with rat brain extracts, and isolated proteins 
were analyzed by mass spectrometry. In these pull down experiments we used 
GFP, KIF1A-MDC (1-500) as well as the KIF5C-MD (1-401) lacking the first coil-
coil as controls. Both KIF5A-MDC and KIF5B-MDC pulled down MAP7 family 
members from HEK cells and brain extracts (Figure 4A). More MAP7D1 was 
pulled down from brain lysates, which can be explained by that dendritic enriched 
MAP7D1 in neurons is much more abundant than axonal MAP7D2. The differences 
in MAP7 protein pull down between brain tissue lysates versus HEK293 cell 
lysates again indicates that MAP7D2 is exclusively expressed in brain tissues, while 
MAP7D3 is only expressed in non-brain tissues.  These mass spectrometry results 
were confirmed by more direct pull down experiments in HEK cells coexpressing 
MAP7D2 and kinesin-1 constructs (Figure 4B), indicating that all three kinesin-1 
family members interact with MAP7D2.

MAP7D2 regulates kinesin-1 activity 
Ensconsin/MAP7 has been shown to stimulate kinesin-1 activity by promoting 
microtubule landing and activity (Sung et al., 2008). To determine whether 
MAP7D2 affects kinesin-1 activity, we co-expressed a truncated constitutively 
active KIF5 (KIF5C-MDC) together with a full length MAP7D2 or MAP7D2-N 
that lack of kinesin-1 association domain in COS7 cells. KIF5C-MDC was strongly 
recruited to microtubules in the presence of MAP7D2 but not MAP7D2-N (Figure 
S6A). The lack of overlap between the proteins probably reflects that kinesin-1 is 
recruited to the microtubules by MAP7D2 and then walks away. The microtubule 
binding but non-walking KIF5A(G235A) (Rigor-KIF5A) was found to preferentially 
bind to proximal axonal microtubules (Farías et al., 2015). To investigate if the 
recruitment of Rigor-KIF5A is affected by MAP7D2, we expressed it in control or 
MAP7D2 depleted neuron. We observed a significant decrease of the Rigor-KIF5A 
in the proximal axon in MAP7D2 depleted neuron (Figure S6B,C), suggesting that 
MAP7D2 is important for kinesin-1 recruitment to microtubules in the proximal 
axon.

To further address MAP7D2’s role on kinesin-1, we analyzed endogenous KIF5C 
upon MAP7D2 depletion in DIV3 neurons. In control neurons KIF5C is largely 
absent from the proximal axon where endogenous MAP7D2 is localized (Figure 4C-
E). Upon MAP7D2 depletion however there is a significant increase in the proximal 
axon localized kinesin-1, which could be rescued by re-expression of the full 
length MAP7D2 and only partially by MAP7D(2N_1C) (Figure 4D,E). In addition, 
overexpression of MAP7D2 leads to a significant reduction in proximal localized 
kinesin-1 whereas MAP7D(2N_1C) did not (Figure 4F-G). Together this suggests 
that MAP7D2 stimulates kinesin-1 activity in the proximal axon.
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Figure 4. MAP7D2 interacts with kinesin-1 family and affects kinesin-1 distribution in 
the proximal axon  
(A) Indicated baits incubated with rat brain and HEK293 cell extracts identified proteins by 
mass spectrometry. 
(B) Western blot analysis of biotinylated (bio) pull down from extracts of HEK 293 cells 
transfected with indicated constructs, probed for GFP and mCherry.
(C) Representative images of neurons with control, MAP7D2 sh1 or sh3 and fixed at DIV3, 
stained for KIF5C and the axonal marker Tau. Arrowheads point to the proximal axon.
(D and E) Quantifications of KIF5C intensity or ratio at the beginning and the end of axon in 
indicated conditions. n=15-32 neurons.
(F and G) Quantifications of KIF5C intensity or ratio at the beginning and the end of axon in 
specified conditions. n=19-27 neurons.
P<0.05 *; P<0.01 **; P<0.001 ***. Unpaired t-test. Error bars represents SEM.
Scale bars: 20 µm (C)

MAP7D2 is required for kinesin-1 based cargo transport 
The axonal transport of mitochondria, endoplasmic reticulum (ER) and lysosomes 
strongly depend on kinesin-1 activity (Farías et al., 2017; van Spronsen et al., 2013; 
Woźniak et al., 2009). To investigate whether kinesin-1 mediated cargo trafficking is 
affected by MAP7D2 we performed live cell imaging experiments using the cargos 
indicated above. We observed a marked decrease in the number of mitochondria 
entering the axon in MAP7D2 depleted neurons (Figure 5A,G). Also the transport 
events in the distal axon were reduced (Figure S6D,E), which may well be due to 
reduced activation of kinesin-1 in the axon (Figure 4C-E). Similar results were 
found for the axon entry of lysosomes and the ER (Figure 5B-D,H,I). Imaging 
of Rab3 vesicles, which are mainly transported by kinesin-3 family members 
(Kevenaar et al., 2016), did not reveal differences between control and MAP7D2 
knock-down cells (Figure 5E,F,J). Finally we were able to fully rescue the axonal 
entry of mitochondria upon MAP7D2 depletion by re-expression of the full length 
protein, but not the MAP7D(2N_1C) (Figure 5K-M). Together these data indicate 
that MAP7D2 is required for kinesin-1 mediated cargo transport to enter the axon.

DISCUSSION 
In this study we analyzed the proteins of the MAP7 family in rat hippocampus 
neurons. Mammals have 4 MAP7 family members, of which MAP7, MAP7D1 
and MAP7D2 are expressed in neuronal tissues. We found that these proteins have 
very specific localization patterns; whereas MAP7 and MAP7D1 localize to the 
somatodendritic compartment, MAP7D2 specifically accumulates to the proximal 
axon, largely overlapping with the AIS, and also extends some into the axon. This 
is markedly different to sensory DRG neurons, which do not possess dendrites nor a 
classic AIS, where MAP7 was shown to localize to axon branch points (Tymanskyj 
et al., 2017, 2018). We found that MAP7D2 is tightly associated with proximal axon 
via an N-terminal microtubule binding fragment, which we mapped to a 235 amino 
acid domain. The proximal axon localization of MAP7D2 depends on TRIM46, 
which bundles microtubules in the AIS in a parallel fashion (van Beuningen et al., 
2015). We speculate that MAP7D2 may recognize a modification and/or a change
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Figure 5. MAP7D2 promotes kinesin-1 based cargo transport  
(A-C) Kymographs showing live cell imaging of mitochondria, lysosome or ER (after FRAP) 
in control or MAP7D2 depleted neurons co-transfected with mito-DsRed (A), LAMP1-GFP 
(B) or Rtn4A-GFP (C).
(D) Drawing of the anterograde ER movements along the proximal axon in C.
(E) Kymographs showing live cell imaging of Rab3 vesicles in control or MAP7D2 depleted 
neurons. 
(F) Drawing of the anterograde Rab3 vesicles movement along the proximal axon in D.
(G-J) Quantifications of mitochondria, lysosome, ER or Rab3 vesicles entry into axon as 
described for A-F. n=12-44 neurons.
(K-M) Stills and kymographs for live cell imaging of mitochondria in neurons co-transfected 
with mito-DsRed and indicated constructs (K,L). Quantifications for mitochondria entry 
into axon within 5 minutes upon specified conditions (M). n=12-21 neurons. Unpaired t-test. 
Scale bars: 10 µm. 
P<0.05 *; P<0.01 **; P<0.001 ***. Mann-Whitney Rank Sum Test. Error bars represents 
SEM.

in the microtubule lattice induced by TRIM46 at the AIS. Additionally as MAP7 
microtubule binding and subcellular localization was shown to be influenced by 
phosphorylation (Ramkumar et al., 2018), this might also play a role in targeting 
MAP7D2 to the proximal axon.

Like for other MAP7 proteins, we show that MAP7D2 can interact with all three 
KIF5/kinesin-1 isoforms but not with KIF1A/Kinesin-3. Accordingly, depletion 
of MAP7D2 leads to a reduction of kinesin-1 dependent cargo to enter the axon, 
whereas kinesin-3 dependent RAB3 vesicles were unaffected. Moreover, we 
observed a decreased recruitment of rigor KIF5A to the proximal axon whereas 
endogenous KIF5C is increased in the proximal axon, suggesting that the MAP7D2 
is important for both kinesin-1 recruitment and processivity in the proximal axon. 
These data leads to a model where the kinesin-1 activator MAP7D2 is localized to 
the proximal axon to stimulate kinesin-1 dependent cargo entry into the axon. We 
also observed reduced mitochondria transport in the distal axon upon MAP7D2 
depletion, which may well be caused by the reduced activation of axonal kinesin-1, 
although we cannot exclude that there are low remaining levels of MAP7D2 in the 
distal segment promoting kinesin-1 transport.

 A recent study addressed the functioning of the MAP7 family in both cultured cells 
as well as with purified proteins in vitro and found that there is a high degree of 
redundancy (Hooikaas et al., 2018). In neurons we find that the expression of both 
MAP7D1 as well as MAP7D2 C-terminus end up at the tips of the axon branches, 
suggesting that they bind to kinesin-1 and are co-transported. The MAP7D2 
C-terminus can partially rescue the axonal branching phenotype. When the MAP7D1 
C-terminus is attached to the AIS binding domain of MAP7D2 it hardly rescues the 
axon branching phenotype. Similarly, full length MAP7D2 was able to rescue the 
MAP7D2 knockdown induced kinesin-1 accumulation at the proximal axon and the 
reduced axonal entries of mitochondria, whereas the chimera construct could not or 
only partially rescue the defects. This suggests that MAP7D2 has a unique function 
in regulating kinesin-1 activity in the proximal axon to regulate branching.  
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The idea that spatially confined microtubule-associated proteins form a ‘MAP code’ 
that locally controls microtubule motor activities is an emerging concept. In neurons 
for example, doublecortin stimulates kinesin-3 to target dendrites (Lipka et al., 
2016), whereas MAP2 and SEPT9 were found to prevents kinesin-1 cargo to enter 
the dendrite (Gumy et al., 2017; Karasmanis et al., 2018). For axons the protein Tau 
is suggested to prevent kinesin-1 landing/activity on axonal microtubules (Seitz et 
al., 2002; Vershinin et al., 2007). In this study we found that MAP7D2 promotes 
kinesin-1 transport into the axon of hippocampal neurons. It was shown that MAP7 
and Tau compete for microtubule binding in vitro (Monroy et al., 2018). Whether the 
same applies for Tau and MAP7D2 remains to be seen, although we did not observe 
clear proximal relocalization of Tau upon MAP7D2 depletion. Since mutations in 
kinesin-1 family member KIF5A are associated with several neurological diseases 
(Crimella et al., 2012; Nicolas et al., 2018), in the future it will be interesting to 
address the functions of MAP7 family members in these diseases. 
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STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING 
Further information and requests for resources and reagents should be directed to 
and will be fulfilled by the Lead Contact Casper Hoogenraad (c.hoogenraad@uu.nl).

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals
All animal experiments were performed in compliance with the guidelines for 
the welfare of experimental animals issued by the Federal Government of the 
Netherlands, and were approved by the Animal Ethical Review Committee (DEC) 
of Utrecht University.

Heterologous cell and Hippocampal neuron cultures 
HEK293 cells, Hela cells and African Green Monkey SV40-transformed kidney 
fibroblast (COS7) cells were cultured in a 10 cm plate with 10 ml 50% DMEM/ 50% 
Ham’s F10 medium containing 10% FBS (Gibco) and 1% Penicillin/streptomycin in 
incubator with 37℃and 5% CO2. WT and MAP7D3 knockout Hela cells lines were 
already described (Hooikaas et al., 2018).

Hippocampus were dissected out from embryonic 18 Janvier WISTAR rat brain and 
dissociated with Trypsin in 37℃ water bath. 100K/well neurons were plated in glass 
coverslips pre-coated with Poly-L-lysine (37.5 μg/ml, Sigma) and Laminin (1.25μg/
ml, Sigma). Neurobasal medium (Invitrogen) containing 2% B27 (Invitrogen), 
0.5 mM glutamine (Invitogen), 15.6 μM glutamate (Sigam) and 1% penicillin/
streptomycin (Invitrogen) were used for neuron culture.

Ex vivo electroporation and organotypic brain slice cultures 
Pregnant C57Bl/6JRj mice were sacrificed by cervical dislocation, and brains 
from E14.5 embryos were electroporated with 1.5µl DNA mixture containing a 
MARCKS-GFP together with shRNA target to MAP7D2 or pSuper empty vector 
(control), which was dissolved in MQ with 0.05% FastGreen FCF Dye (Sigma). 
The DNA mix was injected in the lateral ventricles of the embryonic brains using 
borosilicate glass micro-pipettes (World Precision Instruments) and a PLI-100A 
Picoliter Microinjector (Warner Instruments). Embryonic brains (region in the 
motor cortex) were electroporated using platinum plated electrodes (Nepagene) with 
an ECM 830 Electro Square Porator (Harvard Apparatus) set to 3 unipolar pulses 
of 100ms at 30V with 100ms intervals. Embryonic brains were then isolated and 
collected in ice-cold cHBSS, embedded in 3% SeaPlaque GTG Agarose (Lonza) 
in cHBSS and sectioned coronally into 300μm thick slices using a VT1000 S 
Vibratome (Leica). Slices were collected on Poly-L-lysine and Laminin-coated 
culture membrane inserts (Falcon), placed on top of slice culture medium (70% v/
v Basal Eagle Medium, 26% v/v cHBSS, 20mM D-glucose, 1mM L-glutamine, 0.1 
mg/mL penicillin/streptomycin) and cultured 4 days prior to fixation.
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METHOD DETAILS
Antibody and reagents
The following antibodies were used for the immunofluorescence staining: mouse 
anti-AnkG (Neuromab, 75-146); rabbit anti-TRIM46 (van Beuningen et al., 2015); 
rabbit anti-MAP7D2 (Atlas Antibodies, HPA051508); mouse anti-Tau (Chemicon, 
MAB3420); rat anti-HA (Roche, 1-867-423); mouse anti-MAP7 (MaxPab, B01P); 
Alexa Fluor 405-, Alexa Fluor 488-, Alexa Fluor 568-, Alexa Fluor 647-conjugated 
secondary antibodies (Life Technologies). The following antibodies were used for 
Western blot: mouse anti-mCherry (Clonetech, 632543); rabbit anti-GFP (Abcam, 
ab290); IRDye 680LT- and IRDye 800CW-conjugated secondary antibodies (LI-
COR Biosciences).

Other reagents used in this study include: Taxol (Sigma, T7402); Lipofectamine2000 
(Thermofiser, 11668019), Vectashield mounting medium (Vectorlabs, H-1000).

DNA and shRNA constructs
All full-length MAP7 family protein constructs were cloned by a PCR-based 
strategy into a Bio-mCherry-C1 vector, except for MAP7D1 which has been cloned 
into a Bio-mCherry-C3 vector. MAP7 constructs were generated from Hela cDNA, 
MAP7D1 was cloned based on cDNA from IMAGE clone IRATp970A04109D 
(Source Bioscience), MAP7D2 was cloned based on cDNA of IMAGE clone 
IRAKp961B22199Q (Source Bioscience) and MAP7D3 was cloned based on 
cDNA of IMAGE clone IRAKp961K1163Q (Source Bioscience). All chimeras 
and truncation constructs of MAP7D1 and MAP7D2 were cloned into GW1 
vector(Kapitein et al., 2010). MARCKS-GFP for ex vivo experiment was described 
before (De Paola et al., 2003). The kinesin constructs: pβactin-GFP-FRB, KIF1A 
(1-500)-GFP, KIF5A (1-566)-GFP, KIF5B (1-807)-GFP, KIF5B (1-560)-GFP and 
KIF5C (1-401)-GFP (Gumy et al., 2017; Kapitein et al., 2010; Kevenaar et al., 
2016; Lipka et al., 2016). KIF5C (1-560) was generated by using full length rat 
KIF5C cDNA (NM_001107730.1) as PCR template and was cloned into pβactin-
GFP-FRB vector. Plasmids for live imaging experiments: Mito-dsRed (van 
Spronsen et al., 2013), GFP-SBP-Rtn4A was cloned into GFP C1 vector from 
human RTN4A-GFP (ADDGENE #61807) by Dr. Ginny Farías, LAMP1-GFP 
was cloned into GFP N1 vector from Rat LAMP1-RFP (ADDGENE #1817) by 
Dr. Ginny Farías (Farías et al., 2017), GFP-Rab3C (Kevenaar et al., 2016). The 
following shRNAs were used for knockdown experiments: Rat MAP7D2 shRNA #1 
(5’-ggaacctcctatgagtaaa-3’), MAP7D2 shRNA #3 (5’-ctgaagaagttcaatctat-3’), KIF5A 
shRNA (5’-gagacatcttcaaccacat-3’), KIF5B shRNA (5’-tggagggtaaacttcatga-3’), 
KIF5C shRNA (5’-tgagatctact tggacaaa-3’) .  Mouse MAP7D2 shRNA 
(5’-gagacaaagattagccaaa-3’). ShRNAs for TRIM46 and AnkG has been described 
previously (Kuijpers et al., 2016; van Beuningen et al., 2015).

Transfections and immunofluorescence
HEK293, Hela, or COS7 cells were diluted in a ratio 1:3 24 hours before 
transfection. MaxPEI or phusioere seud for HEK293 cell transfection based on
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manufacture’s protocol and incubated for 24 hours to 36 hours before pull-down 
experiments.

For the DIV0 hippocampus neuron transfection, the Amaxa Rat Neuron 
Nucleofector kit (Lonza) was used based on manufacture’s protocol. Briefly, 120K/
well neurons were transfected with 2 μg DNA and cultured in Neurobasal medium 
(Invitrogen) containing 2% B27 (Invitrogen), 0.5 mM glutamine (Invitrogen), 15.6 
μM glutamate (Sigam) and 1% penicillin/streptomycin (Invitrogen), after 3 days’ 
incubation, neurons were fixed for immunofluorescence and imaging.

For neurons older than DIV0, Lipofectamin 2000 (Invitrogen) was used for 
transfection via manufacture’s protocol. Briefly, 1.8 μg DNA and 3.3 μl Lipofectamin 
2000 reagent were mixed in 200μl Neurobasal medium for 30 minutes. The neuronal 
growth medium was transferred to a new 12 well plate, and the original plate was 
filled with fresh Neurobasal medium supplemented with 0.5 mM glutamine. The 
DNA mix was added into neurons for 45 minutes, washed the coverslips with pre-
warmed Neurobasal medium and placed them to the new plate with growth medium. 
Neurons were imaged after 1 day (all the overexpression experiments) or 3 days (all 
knockdown experiments) transfection.

For immunofluorescence experiments, neurons were fixed with 4% PFA 
(paraformaldehyde) for 10-15 minutes, washed 3 times with PBS (phosphate buffer 
saline), and incubated with primary antibodies in GDB buffer (0.2% BSA, 0.8 M 
NaCl, 0.5% Triton X-100, 30 mM phosphate buffer) overnight at 4℃. Neurons were 
then washed with PBS for 3 times, incubated with secondary antibodies in GDB 
buffer for 45 minutes at room temperature, followed by washing 3 times with PBS 
and mounting with Vectashield mounting medium (Vector Laboratories).

Fixed cell Imaging
After immunofluorescence staining, neurons were imaged using a Nikon Eclipse 80i 
upright microscope or a Zeiss LSM700 confocal laser scanning microscope. A Plan 
Fluor 40x NA 1.30 oil objective was used for upright microscope. For the confocal 
microscope, a Plan Apochromat 20x NA 0.8 dry objective, 40x NA 1.3 oil and 63x 
NA 1.4 oil objectives were used.

Live cell imaging and Photo bleaching experiments
All the live imaging was performed on a Nikon Eclipse TE2000E inverted 
microscope equipped with Evolve 512 EMCCD camera (Roper Scientific), spinning 
disk confocal (Roper Scientific), incubate chamber (Tokai Hit) and MetaMorph 
7.7.5 software (Molecular Device) was used for all the live imaging experiments. 
In order to visualize mitochondria, ER, lysosome and Rab3 vesicles, neurons 
were transfected with Mito-dsRed, Rtn4A-GFP, Lamp1-GFP and GFP-Rab3C 
respectively as described previously. Neurons were maintained in 37℃ /5% CO2 
and imaged with 1 frame/s for 5 minutes using a Plan Fluor 40x NA 1.3 oil objective 
for the mitochondria and ER transport, 1 frame/s for 3 minutes using a Plan Apo VC 
60x NA 1.3 oil objective for the lysosome transport and 4 frames/s for 40 seconds 
by using a Plan Apo VC 100x NA 1.4 oil objective for the Rab3 vesicle transport.
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For image acquisition of ER movement, fluorescence recovery after photobleaching 
(FRAP) experiment was performed at the beginning of axons by using the ILas2 
system (Roper Scientific). For the mitochondria imaging upon MAP7D2 rescue and 
distal axon transport experiment, multi-position acquisition setting was used for 
imaging 3 neurons at the same time, in total for 15-30 minutes, and quantifications 
were normalized to 5 minutes. For FRAP experiments with all MAP7 family 
members both in COS7 cells and neurons, movies were taken for 3 minutes at 1 
frame/s and indicated areas were bleached at 10 seconds.

GFP pull-down and mass spectrometry
GFP pull-down experiments were performed using GFP-trap magnetic beads 
(ChromoTek) against either HEK293 cell lysates or rat brain lysates. HEK293 cells 
were transfected with different kinesin constructs tagged with GFP at the C terminus 
or GFP-FRB empty construct as contrtol for 2 days and then lysed by incubating 
cells for 30 minutes on ice in lysis buffer (20 mM Tris-HCl pH8.0, 150 mM NaCl, 
1% Triton X-100 and 1x protease inhibitor cocktail), cell lysates were centrifuged 
at 13,000 rpm for 10 minutes and the supernatants were incubated with beads for 
40 minutes at 4℃. Rat brains were lysed with the same lysis buffer, centrifuged at 
16,000 g for 20 minutes and the supernatants were incubated with the beads already 
bound to kinesins with GFP tagged constructs for 2 hours. After incubation, beads 
were washed 3 times with wash buffer (25 mM Tris-HCl pH8.0, 100 mM NaCl, 
0.1% NP40). For protein elution, beads were boiled with NuPAGE LDS 4 sample 
buffer (Invitrogen), centrifuged, and supernatants were run on a 4-12% NuPAGE 
tris-acetate gel (Invitrogen). Gels were stained with Colloidal Blue kit (Invitrogen), 
and samples were cut from SDS-PAGE gel lanes for mass spectrometry as described 
before (Kevenaar et al., 2016). 

Biotin-streptavidin pull-down and western blot
Streptavidin pull-down assays were performed by using Dynabeads M-280 
streptavidin beads (Invitrogen). HEK293 cells were transfected with bio-mCherry-
MAP7D2 and BirA together with GFP-FRB or GFP-FRB tagged KIF1A-MDC (1-
500), KIF5A-MDC (1-566), KIF5B-MDC (1-560) or KIF5C-MDC (1-560) . After 
24-48 hours, cells were harvested in ice-cold PBS and lysed with lysis buffer (100 
mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100 and 1x protease inhibitor 
cocktail). Cell lysates were centrifuged at 13,000 rpm for 7 minutes and the 
supernatants were incubated with streptavidin beads which were already blocked 
by 0.2% Chicken Egg Albumine (Sigma). After incubating for 40 minutes at room 
teraperature, beads were washed 3-5 times with wash buffer (50mM Tris pH7.5, 150 
mM NaCl, 0.5% Triton X-100 and 1x protease inhibitor cocktail). Samples were 
eluted with SDS/DTT sample buffer and boiled for subsequent western blot assay.

For the western blot assays, samples were loaded into 10% SDS-PAGE gels and 
transferred to nitrocellulose membrane. Membranes were blocked with 2% BSA 
(bovine serum albumin) in PBS/0.05% Tween 20. Primary antibodies were diluted 
in blocking buffer and incubated with the membranes overnight at 4°C, washed 3 
times with PBS/0.05% Tween 20 and incubated with secondary IRDye 680LT or 
IRDye 800LT antibodies for 45 minutes at room temperature. Membranes were 
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then washed 3 times with PBS/0.05% Tween 20 and scanned on Odyssey Infrared 
Imaging system (LI-COR Biosciences).

Slice immunofluorescence and imaging
Mice brain slices from 4 days organotypic cultures were fixed with 4% 
paraformaldehyde in PBS. Fixed slices were then permeabilized and blocked in 10% 
Normal Goat Serum (NGS)/0.2% Triton X-100/PBS. The signal was increased by 
staining with an anti-GFP antibody overnight, followed by secondary Alexa 488 
antibody staining. Slices were washed 4 times for 15 min in PBS in between. Slices 
were mounted using Vectashield mounting medium (Vector Laboratories) containing 
DAPI. Z-stack acquisitions were taken using a LSM700 (Zeiss) confocal microscope 
equipped with a Plan-Apochromat 20x NA 0.8 objective with a 0.5x magnification.

QUANTIFICATION AND STATISTICAL ANALYSIS 

All statistical details including the definitions of n, numbers of n and statistical tests 
performed can be found in each Figures and Figure legends. Sigma Plot or GraphPad 
were used for graphs and statistics. T-test or Mann-Whitney U test was performed 
for statistics and p<0.05 was considered significant.

Image processing and analysis were performed using ImageJ, Matlab, and Adobe 
Photoshop. Phylogenetic analysis Conserved Coiled coil motif within MAP7 
family proteins was defined by using Pfam and Coiled Coils Prediction (Prabi), 
while MAP7 domain was defined using Pfam. ClustalX and Mega5 were used for 
alignment and phylogenetic tree analysis based on conserved domains.

Protein localizations in neurons. 
To study protein localization in neurons, images stained for different axonal 
markers were obtained by confocal microscope, tracings were made along axons 
by using segmented lines in ImageJ and average intensity profiles were normalized 
by MatLab program as previously described (van Beuningen et al., 2015). For the 
endogenous MAP7D2 and AnkG distributions, the relative alignment of intensity 
profiles was made according to the position of maximum intensity in the AnKG 
staining.

Analysis of polarity index. 
MAP7 family members were expressed in DIV9 neurons, and fixed at DIV10, 
stained for AnkG and TRIM46. Average intensity of 20 µm in the AIS or dendrite 
were measured. Rigor-KIF5A-GFP was expressed in DIV1 neurons together with 
control or MAP7D2 shRNAs, and fixed at DIV4, stained for TRIM46 for marker 
of the axon, average intensity of 10 µm in the AIS or dendrite were measured, at 
least 2 dendrites were included and background was subtracted. Polarity index was 
calculated with the formula: PI = (Id-Ia)/(Id+Ia). Id corresponds to mean dendrite 
intensity, while Ia is the mean AIS intensity. PI > 0 indicates the polarization is 
biased toward dendrite and PI < 0 to the AIS.
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Analysis of Endogenous protein. 
To validate both the efficiency of MAP7D2 shRNAs, neurons transfected with 
control or shRNAs were stained with MAP7D2 antibody. The staining intensity was 
calculated by measuring the average intensity of the proximal axons (50 µm) and 
subtracting the intensity of areas adjacent to the axons with the same length, leaving 
a final intensity value per axon. For TRIM46 and AnkG level analysis, the average 
intensity of 20 µm in the AIS in the transfected neuron was normalized to the same 
region of non-transfected neighbouring neuron. For the MAP7D2 shRNA specificity 
experiment, MAP7D3 (average intensity at the proximal axon of around 20 µm) and 
MAP7 (average soma intensity) were measured.

Analysis of FRAP experiments. 
For the FRAP analysis, the mean intensities of bleached area were correct by 
subtracting background with the same ROI region frame by frame and calculated as 
I(t)= I_(bleached region) (t) – I_background (t). The normalization of recovery R_
norm  (t) was calculated according to the formula:

R_norm (t)=(I(t)-I(0))/(<I(∆t)>-I(0))

I (0) corresponds to the mean intensity of regions directly after bleaching, <I(∆t)>-
intensity averaged over 5 frames before bleaching. To correct bleaching due to 
imaging, the non-bleached region next to the bleached region was account and 
calculated:

R(t)= R_norm  (t)×(<I_control (∆t)-I_background (t)>)/(I_control (t)-I_background 
(t) )

I_control corresponds to the mean intensity of the non-bleached region and time 
interval ∆t denotes 5 initial frames before bleaching. The curves were made by 
averaging each frame the recovery rate.

Quantification of ex vivo neuronal migration. 
The degree of neuronal migration was quantified as described previously (Hand et 
al 2015). Briefly, the positions of the cell bodies of GFP-positive neurons within the 
cortex were measured by Image J plugin, the Analyze Particle. The relative position 
of neurons in the regions of interest was recorded in terms of distance between the 
ventricle and the pial surface. The position information, including neurons across 
the entire Z series in the electroporated neocortial region together with the top (pial 
surface) and bottom (ventricle) boundaries, were imported to Excel. Based on the 
relative position of each neuron and the total numbers of neurons counted, the radial 
cell distribution along the radial axis was obtained by further data processing using 
an Excel macro and expressed as percentage of migration.

Quantification of axon branching. 
To quantify the axon branches of each neuron, an ImageJ plugin, NeuronJ (Meijering 
et al., 2004) was used for tracing the morphology of axon.
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Quantification of axon formation by electroporation or Taxol inducement. 
For the analysis of axon formation by electroporation, neurons were stained with 
either TAU or TRIM46 as markers for polarization. For the Taxol inducement of 
axon formation, DIV3 neurons were transfected with Psuperb, MAP7D2 shRNA 
together with GFP as described before, after 1 day, a concentration of 20 nM Taxol 
was added to neurons for maintaining 48 hours. Neurons were stained with TRIM46 
as an axon marker, imaged on the confocal microscope, and images were analyzed 
using ImageJ software.

Quantifications of organelle and vesicle movement. 
To quantify organelle dynamics, kymographs were made using Kymoreslicewide 
plugins in ImageJ on the proximal or distal axons. For the ER movement, FRAP was 
used to remove the background. 
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Figure S1, related to Figure 1

Figure S2, related to Figure 2

Figure S3, related to Figure 3
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Figure S6, related to Figure 4, 5
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Figure S1, related to Figure 1. Characterization of the MAP7, MAP7D2 and MAP7D3 
antibodies in neurons and cultured cells.   
(A) corresponds to figure 1B. Representative images of DIV21 neurons co-stained for MAP7 
(red) and TRIM46 (green). Square box is magnified below. Scale bars: 50 µm (A: upper 
row), 20 µm (A: bottom row)
(B) Line scans indicate normalized intensity of MAP7 and TRIM46 from soma to axon.
(C) Polarity index of MAP7 and TRIM46 in DIV21 hippocampal neurons (n=15 neurons).
(D) DIV10 neurons were transfected with mCherry-MAP7, mCherry-MAP7D1, mCherry-
MAP7D2 or mCherry-MAP7D3 for 2 days, and stained for MAP7D2 (green). Arrowheads 
correspond to the proximal axon where MAP7D2 antibody recognizes mCherry-MAP7D2.
(E) DIV10 neurons were transfected with mCherry-MAP7, mCherry-MAP7D1, mCherry-
MAP7D2 or mCherry-MAP7D3 for 2 days, and stained for MAP7D3 (green). Arrowheads 
correspond to the proximal axon where MAP7D3 antibody recognizes mCherry-MAP7D3. 
(F and G) MAP7D3 WT or KO Hela cells were stained for MAP7D3 (green) or MAP7D2 
(green) respectively. DAPI (blue) was used as nucleus marker. The MAP7D2 antibody 
recognizes centrosomes in Hela cells.
Scale bars: 20 µm
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Figure S2, related to Figure 2. MAP7 proteins associate with microtubules by their 
N-terminus and are largely immobile in neurons.   
(A) corresponds to figure 2A and 2C. Representative images of GFP tagged C-terminus of 
MAP7D1 or MAP7D2 in DIV9 neurons, co-stained for TRIM46 for axons.
(B-E) correspond to figure 2A-F. Representative images of truncations and chimeras of 
MAP7D1 and MAP7D2 which are able to bind to microtubules in COS7 cells. Microtubule 
association is marked by antibody against acetylated-tubulin.
 (F) corresponds to figure 2F. COS7 cells expressed with GFP tagged or HA tagged 
MAP7D2(151-387) fragments in first row. The second and third row are representative 
images of DIV9 neuron expressing GFP tagged or HA tagged MAP7D2(151-387) fragments, 
and co-stained for AnkG for axon.
(G and H) FRAP images of mCherry-MAP7, mCherry-MAP7D1 and mCherry-MAP7D2 in 
neurons. Averaged normalized intensity of FRAP graph of mCherry-MAP7 (n=9), mCherry-
MAP7D1 (n=9) and mCherry-MAP7D2 (n=7). Error bars represents SEM.
N means numbers of FRAP regions.
Scale bars: 20 µm (A-D, F); 50 µm (E)
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Figure S3, related to Figure 3. MAP7D2 does not interact with TRIM46, and is not 
essential for AIS assembly.   
(A) Representative images of COS7 cells expressing mCherry-MAP7D2 and GFP-TRIM46 
or GFP-TRIM46 ∆COS. DAPI (blue) was used as nucleus marker. COS domain is essential 
for TRIM46 binding to microtubules.
(B) DIV11 neurons were transfected with control or MAP7D2 shRNAs together with a β-gal 
(red) fill for 3 days and co-stained for TRIM46 and AnkG. Asterisks pinpoint transfected 
neurons in each condition.
(C) Bar graph shows the normalized intensity of AnkG in control (n=30 neurons), or 
MAP7D2 KD (sh1 (n=33) and sh3 (n=33)) compared to neighbouring non-transfected 
neurons.
(D) Bar graph shows the normalized intensity of TRIM46 in control (n=57 neuron), or 
MAP7D2 KD (sh1 (n=60) and sh3 (n=62)) compared to neighbouring non-transfected 
neurons.
(E) Representative images of DIV11 neurons transfected with control or MAP7D2 shRNAs 
together with a β-gal fill (red) for 3 days and co-stained for AnkG (green).
(F) Bar graph shows the average AIS diameters measured by AnkG staining in control 
(n=41), or MAP7D2 KD (sh1 (n=46) and sh3 (n=47)).
P<0.05 *; P<0.01 **; P<0.001 ***. Unpaired t-test. Error bars represents SEM.
Scale bars: 20 µm (A); 10 µm (B, E)
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Figure S4, related to Figure 3. MAP7D2 knockdown does not lead to changes in MAP7 
nor does it lead to expression of MAP7D3.   
(A) DIV11 neurons were transfected with control or MAP7D2 shRNAs together with a 
mCherry-α-tubulin fill for 3 days and stained for MAP7D3 (green). Arrowheads correspond 
to the proximal axon.
(B) Bar graph shows the average intensity of MAP7D3 in the proximal axon under 
Control (n=8), or MAP7D2 KD (sh1 (n=8) and sh3 (n=7)), which is probably background 
fluorescence.
(C) DIV11 neurons were transfected with control or MAP7D2 shRNAs together with a β-gal 
(red) fill for 3 days and stained for MAP7 (green). Arrow heads correspond to the soma of 
transfected neuron.
 (D) Bar graph shows the average intensity of MAP7 in soma under Control (n=12), or 
MAP7D2 KD (sh1 (n=12) and sh3 (n=15)).
P<0.05 *; P<0.01 **; P<0.001 ***. Unpaired t-test. Error bars represents SEM.
Scale bars: 20 µm 
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Figure S5, related to Figure 3. MAP7D2 is important for axon formation and mouse 
cortical neuron migration.   
(A) DIV3 neurons were transfected with control or MAP7D2 shRNAs together with a 
mCherry (red) fill, treated with 20 nM Taxol for 48 hours, and stained for TRIM46 (green). 
Arrow heads mark the axons. Scale bars: 20 µm 
(B) Bar graph shows the numbers of TRIM46 positive neurites per neuron in control before 
(n=27) and after (n=59) Taxol treatment or MAP7D2 KD (sh1 (n=57) or sh3 (n=27)) after 
Taxol treatment. 
(C) Percentage of DIV3 neurons electroporated with control, MAP7D2 sh1 and 3 constructs 
and quantified neurites positive for Tau or TRIM46, n>500 neurons for each condition.
(D) Quantifications of overexpression effect of Control (GFP empty) (n=63), GFP-
MAP7D(2N_1C) (n=60) or GFP-MAP7D2 (n=57) on axon formation, TRIM46 antibody 
was used for marking the axon.
(E) Quantifications of overexpression effect of Control (GFP empty) (n=16), GFP-
MAP7D(2N_1C) (n=12) or GFP-MAP7D2 (n=15) on axon branching, a β-galactosidase fill 
was used for tracing the axon morphology.
(F and G) Representative images of mouse cortex after 4 days of ex vivo electroporated 
with GFP and control or MAP7D2 shRNA. DAPI is in blue. Pail surface at the top and 
ventricle at the bottom are outlined in yellow.  CP, cortical plate; IZ, intermediate zone; SVZ, 
subventricular zone; VA, ventricular zone. Right panels represent GFP only channel. Scale 
bars: 100 µm
(H) Quantifications of the normalized neuronal distribution along the radial axis from 
ventricle to the pail surface under control (N=5 embryos, n=8 slices), mCherry-MAP7D2 
(N=3 embryos, n=7 slices), MAP7D2 shRNA (N=7 embryos, n=13 slices) and MAP7D2 
shRNA plus mCherry-MAP7D2 (N=4 embryos, n=7 slices) for rescue.
P<0.05 *; P<0.01 **; P<0.001 ***. Unpaired t-test. Error bars represents SEM.
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Figure S6, related to Figure 4, 5. MAP7D2 is important for recruitment of Kinesin-1 on 
microtubules, and affects mitochondria transport at distal axon.   
(A) Representative images of COS7 cells co-transfected with KIF5C-MDC-GFP and 
mCherry-MAP7D2 or HA-MAP7D2-N in red. Cell borders are outlined in yellow. HA-
MAP7D2-N lacks the C-terminal kinesin-1 binding domain.
(B) Representative images of neurons co-transfected with Rigor-KIF5A-GFP and Control or 
MAP7D2 shRNAs, and co-stained with TRIM46 for axon. Arrow heads indicate AIS.
(C) Polarity index of Rigor KIF5A-GFP in Control (n=17), MAP7D2 sh1 (n=15) and sh3 
(n=20).
(D) DIV1 neurons were transfected with control or MAP7D2 shRNAs together with a GFP 
fill and mito-dsRed respectively for 3 days, and Representative images at the upper two 
panels shows mito-dsRed and GFP fill in the distal axon, kymographs at the bottom showing 
live cell imaging of mitochondria.  Scale bars: 10 µm 
(E) Quantifications for mitochondria anterograde movement along distal axon within 5 
minutes under control (n=36), MAP7D2 sh1 (n=35) and MAP7D2 sh3 (n=36).
P<0.05 *; P<0.01 **; P<0.001 ***. Unpaired t-test. Error bars represents SEM.
Scale bars: 20 µm 
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ABSTRACT 
The TRIM E3 ligase family member, TRIM46 has been identified as a microtubule-
associated protein (MAP) which localizes to the axon initial segment (AIS) of the 
axon. TRIM46 is important for organizing parallel microtubule bundles in a plus-
end out manner and is required for axon specification and neuronal polarization. 
The COS motif of TRIM46 is essential for microtubule binding. There are 10 TRIM  
proteins containing a COS motif that can be grouped in  three TRIM subfamilies 
(CI, CII, CIII). However, it is not clear whether all COS domain containing TRIM 
family members are able to bind to microtubules and play a role in neuronal 
development. Here, we generated constructs for all 10 COS motif containing 
TRIMs, and observed that CI subfamily, MID1, MID2, TRIM46, TRIM36 are able 
to bind microtubules. Since the genes coding for MID1 and MID2 in humans are 
associated with intellectual disability, we further investigated the role of MID1/
MID2 in developing neurons. We observed that both MID1 and MID2 are important 
for axonal development. Moreover, MID2 plays a role in dendrite development and 
controls dynamics and organization of dendritic microtubules. 
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INTRODUCTION  
Ubiquitination and E3 ligases  
The ubiquitin-proteasome system (UPS) is an important machinery to degrade 
proteins using three kinds of enzymes, a E1 ubiquitin-activating enzyme, a E2 
ubiquitin-conjugating enzymes and a E3 ubiquitin ligase. In addition to targeting 
proteins for proteasomal degradation, ubiquitination plays key roles in re-localizing 
cellular factors and regulating protein activity.  

During UPS mediated protein degradation, the substrate is covalently decorated with 
ubiquitin peptides through an enzymatic cascade where the E3 ligase confers for 
substrate specificity. TRIM family proteins (Hatakeyama, 2017), with more than 80 
mammalian homologues, belong to the RING type E3 ubiquitin ligase family, which 
play various roles in apoptosis, protein quality control, autophagy, pathogenesis and 
oncogenesis. Many studies have shown that TRIM loss of function is associated 
with cancer, developmental disorders as well as disease in immune systems.

COS motif TRIM family proteins   
TRIM family proteins share a conserved N-terminal RBCC (one Ringer finger/one 
or two B boxes/one coiled coil) domain, while their C-terminus contains diverse 
domains that control their subcellular distribution and function, such as COS 
domains, fibronectin type III repeats (FNIII), PRY domains, SPRY domains, acid-
rich regions (ACID) and etc. By using bioinformatics, the COS motif containing 
TRIM proteins are classified into 3 subfamilies, CI (MID1, MID2, TRIM67, TRIM9, 
TRIM 36, TRIM46), CII (TRIM54, TRIM55, TRIM63), CIII (TRIM42) (Short 
and Cox, 2006). The COS motif was reported to direct TRIMs to microtubules 
potentially linking E3 ubiquitin ligase activity to microtubule cytoskeleton. 

CI family TRIMs 
TRIM46 specifically localizes to the newly specified axons and is enriched in 
the initial part of the axon. It forms uniformly oriented microtubule bundles 
with their plus-end out and is required for axon specification and neuronal 
polarity. Heterologous overexpression of TRIM46 in cells induces closely spaced 
microtubule bundles linked by electron dense cross-bridges, which resembles the 
axon specific microtubule fascicles (van Beuningen et al., 2015). Recently, by 
using newly developed correlative light and electron microscopy approach, it was 
revealed that TRIM46 localizes to the electron dense cross-bridges and depletion 
of TRIM46 causes loss of microtubule fasciculations in the axon of mature neurons 
(Harterink et al., 2019). In addition, by in vitro reconstitution assays, it was reported 
that TRIM46 bundles parallel microtubules and specifically promotes growth of 
parallel-oriented microtubules (Fréal et al., 2019). Interestingly, the role of TRIM46 
in axonal microtubule organization is probably independent of its E3 ligase activity, 
since putative substrates and enzymatic activity for TRIM46 have not been reported 
and no interaction with E2 ubiquitin-conjugating enzymes was found (Deshaies and 
Joazeiro, 2009; Napolitano et al., 2011). 
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TRIM36, the closest paralog of TRIM46, is also a microtubule-associate protein, 
which plays a role in in acrosome exocytosis (Kitamura et al., 2003). Two 
studies done in Xenopus (Cuykendall and Houston, 2009; Yoshigai et al., 2009) 
demonstrated that TRIM36 has a role in somite arrangement during embryogenesis. 
TRIM36 regulates cortical rotation and dorsal axis formation potentially through 
controlling protein stability required for microtubule polymerization and proper 
positioning of dorsal Wnt signal during early development. Recently, it has been 
shown that TRIM36 is upregulated in prostate cancer and to be a novel androgen-
responsive gene (Liang et al., 2018), which dramatically enhances the efficacy of 
anti-androgen drugs against prostate cancer (Liang 2018). TRIM36 can associate 
with kinetochore protein CENP-H, and overexpression of TRIM36 delays cell cycle 
progression and suppresses cell proliferation of NIH3T3 cells (Miyajima et al., 
2009) and prostate cancer cells (Kimura et al., 2018; Liang et al., 2018). Moreover, 
homozygous missense mutation c.1522C > A (p.Pro508Thr) in the TRIM36 gene 
correlates with Anencephaly, characterized by lack of brain tissues and cranium 
(Singh 2017), suggesting a role for TRIM36 during early brain development (Singh 
et al., 2017). However, whether and how TRIM36 functions in the development of 
the central nervous system remains largely unknown.

MID1 gene mutations are associated with the X-linked form of Opitz G/BBB 
syndrome (OS) (De Falco et al., 2003), a disorder that is characterized by defects 
along body midline, such as hypertelorism, hypospadias, cleft lip and/or palate and 
is sometimes accompanying cardiac and neurological defects. OS disease related 
mutations are found along the MID1 gene. Since mutations do not correlate with 
specific clinical symptoms, it is hard to uncover molecular mechanisms that underly 
the OS disease onset (Cox et al., 2000). MID1 can bind to microtubules through the 
COS domain and MID1 patient mutations in the C-terminus show a reduced affinity 
for microtubules (Short and Cox, 2006). However, the mechanisms of how MID1 
mutants affect microtubule network and lead to disease is unknown. Previous studies 
revealed that MID1 can bind to alpha4, the regulatory subunit of protein phosphatase 
2A (PP2A), and guide PP2A for proteasomal degradation (Trockenbacher et al., 
2001). The MID1-PP2A complex has been shown to play important roles on 
regulating Tau-phosphorylation and A-ß generation related to Alzheimer’s disease 
(Hettich et al., 2014; Kickstein et al., 2010), promoting allergen and rhinovirus-
induced asthma (Collison et al., 2013) and regulating axon development in mouse 
cortical neuron both in vitro and in vivo (Lu et al., 2013). However, the mechanisms 
of how MID1 regulates neuronal development is yet to be determined. 

MID2 is a close paralog of MID1. They share 80% similarity in amino acid 
sequence and MID2 is supposed to bind to microtubules as well. It was shown to 
promote cytokinesis by targeting the intercellular bridge microtubule stabilizing 
protein Astrin for proteasomal degradation (Gholkar et al., 2016). The MID2 R347Q 
mutation in COS motif  abolishes its microtubule binding affinity and is associated 
with X-linked intellectual disability (Geetha et al., 2014). But mechanisms of 
how MID2 contributes to the microtubule cytoskeleton in developing neurons is 
unknown. The coiled-coil region of MID1 mediates homo-dimerization as well as 
heterodimerization with MID2 (Short et al., 2002). Although it is not clear whether 
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MID1 / MID2 hetero-oligomers exist under physiological conditions, it is essential 
to study these two proteins together.  

TRIM9, a brain specific E3 ligase, is mainly expressed in neurons in the cerebral 
cortex and hippocampus as well as the Purkinje cells of the cerebellum (Berti et 
al., 2002). Its expression level is reduced in the affected brain areas in Parkinson’s 
disease and dementia with Lewy bodies (Tanji et al., 2010). Studies in invertebrates 
and mammals have revealed that TRIM9 plays a role in regulating netrin-dependent 
axon guidance, through the interaction with vasodilator-stimulated phosphoprotein 
(VASP), and the Netrin receptor Deleted in Colorectal Cancer (DCC) (Aiken and 
Buscaglia, 2016; Menon et al., 2015; Plooster et al., 2017). TRIM9 also plays a 
role in innate immune system, and is essential for resolving neuroinflammation to 
promote recovery and repair after brain injury, through regulating β-TrCP activity 
that turns off the NF-κB signaling pathway (Shi et al., 2014; Zeng et al., 2019). 

TRIM67 is the least studied vertebrate Class I TRIM. Two studies show that 
TRIM67 is expressed in the mouse and human brains and to regulate neuritogenesis 
in a mouse neuroblastoma cell line (Yaguchi et al., 2012). It interacts with its paralog 
TRIM9 and the netrin receptor DCC, and is required for proper brain development, 
cognitive ability, and social behavior in mice (Boyer et al., 2018). 

Class II family TRIMs or muscle-specific RING finger (MURF) family proteins
CII family proteins TRIM54/MURF3, TRIM55/MURF2, TRIM63/MURF1 are 
highly conserved paralogues. They localize to the sarcomere. They form homo- 
or hetero-oligomers using their coiled coil domains and  regulate muscle protein 
turnover though their E3 ligase activity (Centner et al., 2001). CII family proteins 
were identified as muscle atrophy-related genes and function redundantly in 
ubiquitin dependent protein degradation in striated muscles. TRIM54 and TRIM63 
double knockout (DKO) mice display hypertrophic cardiomyopathy and skeletal 
muscle myopathy (Fielitz et al., 2007), characterized by abnormal accumulation 
of myosin, which is reminiscent of myosin storage myopathy (MSM) in humans. 
TRIM55 or TRIM63 single KO mice display normal muscles, whereas DKO mice 
develop sever cardiac and mild skeletal hypertrophy (Witt et al., 2008). The muscle 
hypertrophy is likely associated with enhanced muscle protein synthesis in DKO 
mice. 

TRIM54 and TRIM55 were shown to localize to the glutamylated microtubules 
during myogenesis both in vitro and in vivo (Perera et al., 2011; Spencer et al., 
2000). Glutamylated microtubules are accumulating during myogenesis and are 
likely making the stable microtubule arrays  required for active transport of proteins 
for building sarcomeres (Pizon et al., 2005). These observations suggest that CII 
TRIM subfamily members likely bind to and stabilize microtubules in striated 
muscle cells.

Class III subfamily protein
TRIM42 is the only member of the Class II family. However, no studies have 
addressed the function of this protein. In this study, we generated constructs for the 
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Figure 1 Classification of COS domain Tripartite Motif (TRIM) Family Proteins   
(A)Schematic domain structure of TRIM CI (MID1, MID2, TRIM36, TRIM46, TRIM9 
and TRIM67), CII (TRIM54, TRIM55 and TRIM63), CIII (TRIM42) subfamily proteins. 
Abbreviations: R, RING-finger domain; B1, B-box domain 1; B2, B-box domain 2; CC, 
coiled-coil domain; COS, cos box; FN3, fibronectin type III repeat; PRY, PRY domain; 
SPRY, SPRY domain.
(B)Alignment of COS motif amino acid sequences for TRIMs from human, rat and mouse.
(C)Phylogenetic tree analysis for the COS motif of human TRIM proteins . Bold characters 
are TIRMs that can bind microtubules.
(D)Representative images of COS7 cells transfected with GFP-MID1, MID2-GFP, TRIM36-
GFP and TRIM46-GFP, stained for α-tubulin (red).
(E)Representative images of COS7 cells transfected with GFP-TRIM54, TRIM55-HA, 
TRIM63-HA and TRIM9-HA, stained for α-tubulin (red).
(F)Representative images of COS7 cells transfected with TRIM67-HA and TRIM42-HA, 
Nucleus is marked with DAPI (blue). Scale bars: 10 µm (D, E, F)

10 COS motif containing TRIMs, and observed that the CI subfamily, MID1, MID2, 
TRIM46, TRIM36 are able to bind microtubules. we used live cell imaging and fixed 
super resolution imaging techniques to determine the microtubule binding properties 
of MID1 and MID2. We show that MID1 prefers to bind to single dynamic 
microtubules, whereas MID2 densely coats microtubules and makes microtubule 
immobile. Both MID1/MID2 are important for axonal development. Moreover, 
MID2 depletion impaired dendritic development and reduced the dynamics of plus-
end out microtubules in dendrites. Our study reveals important roles of MID1 and 
MID2 in neuronal development, which might provide new insights in understanding 
MID1 and MID2 related diseases.

RESULTS   
Not all COS motif containing TRIMs bind to microtubules
The unique COS motif in TRIM proteins was reported to be essential for 
microtubule binding. By using bioinformatics (Short and Cox, 2006), the COS motif 
containing TRIM proteins were classified into 3 subfamilies, CI (MID1, MID2, 
TRIM67, TRIM9, TRIM36, TRIM46), CII (TRIM54, TRIM55, TRIM63), CIII 
(TRIM42) (Figure 1A,1B). To validate if all the COS motif TRIMs were able to 
bind to microtubules, we cloned these genes and expressed them in COS7 cells. We 
found that MID1, MID2, TRIM36, and TRIM46 (all from the CI subfamily) are able 
to bind to microtubules (Figure D), while the rest either form filaments (TRIM9, 
TRIM54, TRIM55, TRIM63) around the nucleus (Figure 1E) or show a cytoplasmic 
localization (TRIM67, TIRM42) (Figure 1F). TRIM9, TRIM54, TRIM55 and 
TRIM63 form filaments which do not overlap with alpha-tubulin antibody staining 
(Figure 1E). To exclude the possibilities that the lack of colocalization was caused 
by antibody penetration problems, we expressed RFP tagged alpha-tubulin together 
with TRIM9 or TRIM55 in COS7 cells. Again, no colocalization was observed. 
Moreover, depolymerization of microtubules using nocodazole did not affect the 
filaments and no colocalization was observed between filaments and newly formed 
microtubules after washing out nocodazole (Figure 2A, 2B). These results suggest 
that TRIM9 and CII subfamily members are not microtubule binding proteins. In 
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addition, we found no colocalization between TRIM54 and the ER marker Sec61 
or intermediate filament marker Vimentin (Figure 3A-C). Finally, a phylogenetic 
tree analysis based on the COS motifs shows that proteins that are able to bind 
microtubules tend to cluster together (Figure 1C). Taken together, these data suggest 
that not all COS motif TRIM family proteins are able to bind to microtubules.

MID1 and MID2 associate with microtubules
To further test the effect of MID1 and MID2 on microtubules, we performed 
nocodazole experiments to see if MID1/MID2 are able to protect microtubule from 
depolymerization. Consistently, both MID1 and MID2 colocalize with microtubules 
before drug treatment. Upon nocodazole treatment, MID1 becomes cytosolic, 
whereas MID2 becomes punctate. Moreover, MID1 and MID2 relocate to newly 
formed microtubules within 30 min after nocodazole wash out (Figure 2C, 2D). 
These data suggest that MID1 and MID2 bind to microtubules but cannot protect 
microtubules from depolymerization by nocodazole. 

Microtubule heterogeneity is generated by different kinds of post-translational 
modifications (PTMs), which can affect microtubule stability. In addition, PTMs 
can also affect MAP attachment to microtubules. To determine which subset of 
microtubules MID1 and MID2 prefer, we expressed MID1 and MID2 in COS7 
cells and stained for tyrosinated tubulin for dynamic microtubules and acetylated 
tubulin for stable microtubules. We found that MID1 overlaps more with tyrosinated 
microtubules (Figure 4A,B), while surprisingly MID2 shows no overlap with either 
tyrosinated or acetylated microtubules (Figure 4C,D). Since MID2 strongly bundles 
microtubules, and may block the antibodies from reaching the microtubule epitope. 
To validate this, we expressed an mCherry tagged alpha-tubulin together with 
MID2 in COS7 cells, and then stained again for alpha-tubulin. We found that MID2 
colocalizes with mCherry-tubulin (Figure 4E,F). Furthermore, we successfully 
observed MID2 associated microtubules colocalize with acetylated tubulin after 
methanol fixation (Figure 4G,H). Since the thinner microtubule bundles, which 
MID2 decorated in the low MID2 expressing cells are both tyrosinated and 
acetylated, this suggests that MID2 has no preference for these PTMs. Taken 
together, these data suggest that MID1 binds to dynamic microtubules while MID2 
has no preference for dynamic or stable microtubule.

MID2 colocalizes with CAMSAP3 in COS7 cells
To further study the effect of MID2 on microtubules, we performed live cell imaging 
on MID2 expressing COS7 cells. We found that MID2 decorated microtubules 
are immobile (data not shown), as if MID2 anchors microtubules to other cellular 
structures. From the literature, microtubule minus-end binding protein CAMSPAP3 
can anchor microtubules to apical cortices of epithelial cells, also forms similar 
immobile stretches (Toya et al., 2016). To test if MID2 behaves similar to 
CAMSAP3, we co-expressed them in COS7 cells, surprisingly we observed 
colocalization between MID2 and CAMSPAP3 on microtubule bundles (Figure 
5A,B). We also observed MID2 is co-transported with CAMSAP3 in low expressing 
cells (Figure 5C,D). On the other hand, MID1 does not colocalize with CAMSAP3 
(Figure 5E,F), instead MID1 binds to dynamic microtubules which is consistent with  

Thesis.indd   112Thesis.indd   112 2021/1/20   14:15:302021/1/20   14:15:30



113

4

MID1 and MID2 associate with microtubules and control neurodevelopment

HA-TRIM9 RFP-tublin

N
o 

tre
at

m
en

t
N

oc
od

oz
al

W
as

h 
ou

t

Merge HA-TRIM55 RFP-tublin Merge

N
o 

tre
at

m
en

t
N

oc
od

oz
al

W
as

h 
ou

t

N
o 

tre
at

m
en

t
N

oc
od

oz
al

W
as

h 
ou

t

GFP-MID1 α-tubulin Merge GFP-MID2 α-tubulin Merge

N
o 

tre
at

m
en

t
N

oc
od

oz
al

W
as

h 
ou

t

A B

C D

Figure 2 MID1 and MID2 bind microtubules.   
(A,B) COS7 cells were transfected with HA-TRIM9 or HA-TRIM55 together with RFP-
tubulin (red) for 24 hours, the first rows are control without drug treatment, the second rows 
are treated with Nocodozal and the third rows are nocodazole wash out condition. Scale bars: 
10 µm.
(C,D) COS7 cells were transfected with GFP tagged MID1 or MID2, after 24 hours cells 
were fixed and stained for α-tubulin (red)., the first rows are control without drug treatment, 
the second rows are treated with nocodazole and the third rows are nocodazole wash out 
condition. Scale bars: 10 µm.
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our findings that MID1 prefers tyrosinated microtubules. Taken together, these data 
indicate that MID2 prefers to bind CAMSAP3 decorated microtubules, while MID1 
binds to dynamic microtubules.

MID1 is enriched in axons, MID2 mainly forms puncta and stretches in 
somatodendritic compartments and the proximal axon
MID1 and MID2 are both associated with mental retardation, indicating roles 
in neuronal development and/or functioning. Thus, we looked at the expression 
patterns in rat hippocampal neurons. Exogenous expression of MID1 and MID2 in 
neurons shows that MID1 is enriched in axons while MID2 mainly forms puncta in 
the soma, dendrites and the proximal axon (Figure 6A-D).

To determine the dynamics of MID1 and MID2 in neurons, we performed 
fluorescence recovery after photobleaching (FRAP) experiments using GFP-tagged 
proteins. We found that MID1 quickly recovers to 90% 50s after bleaching, while 
MID2 recovers much slower than MID1 (Figure 6E-H). Together these data indicate 
that MID1 dynamically localizes to the axon, while MID2 stretches and puncta are 
less dynamic in neurons.

MID1 and MID2 are both important for axon development
Since MID1 is enriched in axons, we tested whether MID1 is involved in axon 
development. We found that developing DIV4 neurons depleted of MID1 by either 
shRNA #3 or #4 show similar phenotypes; reduced axon branching and total length, 
increased average length and primary axon length compared to control neurons 
(Figure 7A,B). The decreased axonal branching and total length upon MID1 
depletion is against a previous study done in mouse cortical neurons, which showed 
increased total axon length and axonal branching upon knockdown of MID1. 
Therefore, we made a similar shRNA to what was used in that study and tested it 
in rat hippocampal neurons. We observed similar phenotypes as for our shRNA #3 
and #4 for reduced axon branching, but not for the total length. Moreover we were 
able to rescue the axon branching phenotype by re-expression of MID1 (Figure 
7C,D). Taken together, these results suggest that MID1 promotes axon branching in 
rat hippocampal neurons. We observed similar axonal branching phenotypes with 
MID2 shRNA #1, #3 and #4, although the total axonal length was increased (Figure 
7E,F). Together these data indicate that both MID1 and MID2 are important for axon 
development.

MID2 is important for dendrite development and plus-end out microtubule 
dynamics in dendrites
Since MID2 is enriched in the somatodendritic compartment, we determined the 
effect of MID2 depletion on dendritic development. We depleted neurons from 
DIV11 to DIV14 and analyzed their dendritic morphology (Figure 8A). Upon MID2 
depletion, we observed less primary dendrites and less complexity of dendritic 
arbors as revealed by Sholl analysis. The phenotype of fewer primary dendrites can 
be fully rescued by re-expressing full length mCherry-MID2, and the complexity of 
dendritic arborization can be partially rescued (Figure 8B,C). We next determined 
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Figure 3 CIII family TRIM54 does not associate with microtubules, endoplasmic 
reticulum or intermediate filaments.  
(A) COS7 cells were transfected with GFP tagged TRIM54, fixed and stained for α-tubulin 
(magenta) after 24 hours, the upper panels are high expressing cells, and the bottom panels 
are low expressing cells. Scale bars: 5 µm.
(B) COS7 cells were transfected with HA tagged TRIM54 and GFP tagged Sec61 (magenta), 
the upper panels are high expressing cells, and the bottom panels are expressing cells. Scale 
bars: 2 µm.
(C) COS7 cells were transfected with HA tagged TRIM54, after 24 hours cells were fixed 
and stained for Vimentin (magenta), the upper panels are expressing cells, and the bottom 
panels are low expressing cells. Scale bars: 5 µm.
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microtubule dynamics and orientation in neurons, which is critical for shaping 
dendrites. Neurons were transfected with either control or MID2 shRNA together 
with the microtubule plus-end marker GFP-MT+TIP at DIV9 and imaged at DIV12 
(Figure 8D). We observed around 30% GFP-MT+TIP comets are minus-end out 
(retrograde) oriented microtubules and about 70% +TIP comets are plus-end out 
(anterograde) in dendrites of control neurons, while depletion of MID2 leads to a 
reduction in anterograde GFP-MT+TIP comets. This phenotype was rescued by 
mCherry-MID2 (Figure 8E). Moreover, we found no effect of MID2 on microtubule 
dynamics and organizations in axons, where over 90% +TIP comets are plus-end out 
in both control and MID2 depletion neurons (Figure 8C). These results suggest that 
MID2 specifically affects dynamics of plus-end out microtubules in dendrites and is 
important for dendritic development.

DISCUSSION
Homotypic and heterotypic interactions have been observed among TRIM proteins 
(Hatakeyama, 2017). For instance, MID1 can form homo-oligomers or hetero-
oligomers with MID2 and TRIM27, while MID2 can also form homo-oligomers or 
hetero-oligomers with MID1, TRIM27, TRIM29, TRIM32, TRIM42 and TRIM54. 
We have unpublished data showing that TRIM46 can form hereto-oligomers with 
TRIM42 via the RING domain and with TRIM67 via C-terminal FN3/PRY/SPRY 
domain. Therefore, hetero-oligomerization of TRIM proteins may contribute 
to substrate recognition by switching their binding partners, and to a role in the 
regulation of enzymes through molecular interaction or dominant-negative effects. 
Future studies are required to study TRIM proteins systematically and the effect of 
oligomerization.

In this study, we systematically assessed all COS motif containing TRIMs 
(CI,CII,CIII TRIMs), which are supposed to bind to microtubules (Short and Cox, 
2006). However, we observed that only TRIM46, TRIM36, MID1 and MID2 from 
the CI subfamily are able to bind microtubules, suggesting that the presence of a 
COS motif is not enough to target TRIMs to microtubules. Other structures may 
contribute together with the COS motif to bind to microtubules. More studies 

Figure 4 MID1 prefers dynamic microtubules while MID2 prefers stable microtubules. 
(A) COS7 cells were transfected with GFP tagged MID1, fixed and stained for Tyr-tubulin 
(magenta) and Acetyl-tubulin (blue) after 24 hours. Scale bars: 2 µm.
(B) Intensity profiles of each channel along the white line with arrow head are shown.
(C) COS7 cells were transfected with GFP tagged MID2, after 24 hours cells were fixed and 
stained for Tyr-tubulin (magenta) and Acetyl-tubulin (blue). Bottom panel is an enlargement 
of the boxed area. Scale bars: 2 µm.
(D) Intensity profiles of each channel along the white line with arrow head are shown.
(E) COS7 cells were transfected with GFP tagged MID2 together with mCherry-tubulin 
(magenta), fixed and stained for α-tubulin (blue) after 24 hours. Scale bars: 2 µm.
(F) Intensity profiles of each channel along the white line with arrow head are shown.
(G,H) COS7 cells were transfected with GFP tagged MID2, fixed and stained for Acetyl-
tubulin (red) after 24 hours. Scale bars: 5 µm.
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are needed to characterize minimum common microtubule binding domain in 
TRIMs. Our studies are based on exogeneous expression of plasmids, which could 
potentially induce artifacts. Using antibodies or CRISPR Knock-In strategies to 
study COS motif containing TRIMs will be required in the future.

In this study, we mainly focused on the MID1 and MID2 proteins. We found that 
MID1 binds single dynamic microtubules, while MID2 can bundle microtubules. 
MID2 decorated microtubule stretches are static, and colocalizes with CAMSAP3. 
Although MID1 and MID2 share 80% similarity in protein sequences, they bind 
to different subset of microtubules and the way they affect microtubules might be 
different. Furthermore, we found that MID1 localizes predominantly to the axons, 
while MID2 distributes mainly to the soma, to dendrites and to the proximal axon 
in cultured rat hippocampal neurons. The depletion of both MID1 and MID2 affect 
axonal development. We observed MID1 depletion reduced the axon branching 
and total length. The phenotype is against a previous study performed with mouse 
cortical neurons, which showed that MID1 depletion leads to increased axon 
branching and total length (Lu et al., 2013). We found consistent results for axonal 
branching in rat neurons using similar shRNA, but not for the total length.  The 
defects in axon branching can be rescued by re-expressing full length mCherry-
MID1. These data suggest that the function of MID1 for axon development is 
different from other species, or this difference might be the result of a difference in 
neuron culturing, such as differences in coating methods. Moreover, MID2 depletion 
decreased axon branching and increased total axon length, but the phenotype cannot 
be rescued by expressing mCherry-MID2. Considering that MID2 is absent from 
distal axon and mainly enriched in soma, the effect of MID2 on axon morphology is 
likely a secondary effect.

In this study, we investigate the role of MID2 in dendritic development. We 
observed that depletion of MID2 dramatically changes the dendritic arborization. 
MID2 depletion specifically affects the plus-end out microtubule dynamics in 
dendrites. Recent work has shown that most of the plus-end out microtubules 
are dynamic and spatially segregated to the outer dendrites, while minus-end out 
microtubules are stable and tend to distribute to the inner dendrites (Tas et al., 2017).  
Additionally, our results show that MID2 stretches in dendrites are immobile. It is 
tempting to speculate that MID2 bundles and anchors the newly generated plus-end 
out microtubules to other cellular structures in the outer dendrite, or that it serves 
as potential rescue points for a subpopulation of dendritic microtubules. Our study 
on MID2 provides new insights in the understanding of MID2 related X-linked 
intellectual disability. Future work is needed to characterize which cellular structure 
could anchor MID2 decorated microtubules.
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Figure 5 MID2 colocalizes with CAMSAP3, while MID1 decorates dynamic 
microtubules.
(A) COS7 cells were transfected with mCherry tagged MID2 together with GFP-CAMSAP3 
(green), after 24 hours cells were fixed and stained for α-tubulin (blue). Bottom panel is an 
enlargement of the boxed area. Scale bars: 2 µm.
(B,C) COS7 cells were transfected with mCherry tagged MID2 together with GFP-
CAMSAP3 (green), (B) representative images of MID2 stretches colocalizes with 
CAMSAP3. (C) Puncta MID2 and CAMSAP3 in different time points. Scale bars: 2 µm.
(D) Kymographs of mCherry-MID2 and GFP-CAMSAP3 in (C).
(E) Static images of COS7 cells transfected with mCherry tagged MID1 together with GFP-
CAMSAP3 (green).
(F) Upper panels are enlargement of boxed area in (E), bottom panels are kymographs of 
mCherry-MID1 and GFP-CAMSAP3 within 5 min.
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Figure 6 MID1 is enriched in axons while MID2 mainly forms puncta in the soma, 
dendrites and proximal axon.
(A-D) DIV11 neurons transfected with GFP tagged MID1 (A) or MID2 (C) together with 
mCherry-tubulin as fill. Middle yellow panels are zooms in of the boxed area in dendrites, 
the bottom panels are enlargement of the green boxed area of axons. (B) Bar graph shows the 
polarity index of MID1. (D) Bar graph shows the density of MID2 puncta along axons and 
dendrites. Scale bars: 20 µm.
(E, F) Representative FRAP images of axonal GFP-MID1 (E) or dendritic GFP-MID2 puncta 
(F).
(G, H) Averaged normalized intensity of the FRAP region for GFP-MID1 (E) in axons (n=5) 
and GFP-MID2 in dendrites (n=7). Error bars represents SEM.
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Figure 7 MID1 and MID2 are important for axon development.
(A) Representative images of DIV4 neurons transfected with control or MID1 shRNAs 
together with GFP fill. Scale bars: 50 µm.
(B) Quantifications of the numbers of axon branches, total axon length, average length and 
primary axon length of indicated conditions. Control (n=19), MID1 sh2 (n=14), MID1 sh3 
(n=14), MID1 sh4 (n=20).
(C) Representative images of DIV4 neurons transfected with GFP as fill together with 
control, MID1 sh5 or sh5 in the presence of MID1 as rescue. Scale bars: 50 µm.
(D) Quantifications of the numbers of axon branches, total axon length, average length and 
primary axon length of indicated conditions. Control (n=28), MID1 sh5 (n=26) and MID1 
sh5 in the presence of mCherry-MID1 (n=15) as rescue.
(E) Representative images of DIV4 neurons transfected with control or MID2 shRNAs 
together with GFP fill. Scale bars: 50 µm.
(F) Quantifications of the numbers of axon branches, total axon length, average length and 
primary axon length of indicated conditions. Control (n=15), MID2 sh1 (n=16), MID2 sh2 
(n=15), MID2 sh3 (n=15), MID2 sh4 (n=13).
P<0.05 *; P<0.01 **; P<0.001 ***. Unpaired t-test. Error bars represents SEM. 
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Figure 8 MID2 depletion impaired the complexity of dendritic arborization and plus-
end out microtubule dynamics in dendrites
(A) Representative images of DIV14 neurons transfected with control or MID2 shRNA 
together with GFP fill. Dendritic morphology is filled with line in magenta. Scale bars: 50 
µm.
(B) Quantifications of the numbers of primary dendrites of indicated conditions. Control 
(n=14), MID2 shRNA(n=14), MID2 shRNA plus mCherry-MID2 (n=14).
(C) Sholl analysis of dendritic branching at DIV14 in indicated conditions. Control (n=14), 
MID2 shRNA(n=14), MID2 shRNA plus mCherry-MID2 (n=14).
(D) Representative kymographs of DIV12 neurons transfected with control, MID2 shRNA or 
MID2 shRNA plus mCherry-MID2 together with GFP-MT+TIP. Right panels are drawing of 
the anterograde comets (green) and retrograde comets (red) in dendrites. 
(E) Quantifications of the numbers of total, anterograde and retrograde comets of indicated 
conditions in dendrites. Right graph shows the ratio of anterograde comets in dendrites. 
Control (n=10), MID2 shRNA (n=15), MID2 shRNA+mCherry-MID2 (n=10).
(F) Quantifications of the numbers of total, anterograde and retrograde comets of indicated 
conditions in axons. Right graph shows the ratio of anterograde comets in axons. Control 
(n=9), MID2 shRNA (n=7).
P<0.05 *; P<0.01 **; P<0.001 ***. Unpaired t-test. Error bars represents SEM. 
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MATERIALS AND METHODS 
Animals
All animal experiments were performed in compliance with the guidelines for 
the welfare of experimental animals issued by the Federal Government of the 
Netherlands, and were approved by the Animal Ethical Review Committee (DEC) 
of Utrecht University.

Antibody and reagents
The following antibodies were used for the immunofluorescence staining: mouse 
anti-mCherry (Clonetech, 632543); rabbit anti-GFP (Abcam, ab290), rat anti-HA 
(Roche, 1-867-423), mouse anti-alpha-tubulin (Sigma-Aldrich,T5168), mouse anti-
acetylated-tubulin (Sigma-Aldrich, T7451), rat anti-tyrosinated-tubulin (Abcam, 
ab6160), mouse anti-Vimentin (Sigma-Aldrich); Alexa Fluor 405-, Alexa Fluor 
488-, Alexa Fluor 568-, Alexa Fluor 647-conjugated secondary antibodies (Life 
Technologies). 

Other reagents used in this study include: Nocodazole (Sigma-Aldrich, M1404); 
Lipofectamine2000 (Thermofiser, 11668019), Vectashield mounting medium 
(Vectorlabs, H-1000).

DNA and shRNA constructs
All TRIM CI, CII, CIII family protein constructs with GFP or HA at the N-terminus 
were cloned into GW1, all TRIM protein constructs with GFP and HA at C-terminus 
were cloned into pβactin-GFP vector or GW2-HA vector respectively, except for 
mCherry-MID1 and MID2 which has been cloned into a Bio-mCherry-C1 vector. 
Human MID1 constructs were cloned based on gift from Dr. Susann Schweiger. 
Human MID2 was from Dr. Mike Boxem’s cDNA library which lost 60 bp at 
the beginning, was repaired in this paper using gimbson assembly. TRIM36 and 
TRIM46 were described before (van Beuningen et al., 2015). Human TRIM9 
isoform 2, TRIM54 isoform 2 and TRIM55 isoform 6 was cloned based on cDNA 
library from Dr. Mike Boxem. Mouse TRIM67 was generated from p3x-FLAG-
TRIM67 construct which was gift from Dr. Shigetsugu Hatakeyama. Mouse 
TRIM63 was cloned based on gift from Dr. AJ Marian. Human TRIM42 was cloned 
based on cDNA from Image clone 40146505 (Dharmacon), GFP-MT+TIP, RFP-
tubulin, mCherry-tubulin (Yau et al., 2014), GFP-Sec61β (Lindhout et al., 2019) and 
GFP-CAMSAP3 (Jiang et al., 2014)  construct was already described before.

The following shRNAs were used for knockdown experiments:
Rat MID1 shRNA #1 (5’-GCAGATTGCAAACTGTAAA-3’), 
Rat MID1 shRNA #2 (5’-CCCTCCCACAATTAGAGAA-3’), 
Rat MID1 shRNA #3 (5’-GCCAAGTTGACAGAGGAAT-3’), 
Rat MID1 shRNA #4 (5’- GGAATGTGATCTTCTCATT-3’), 
Rat MID1 shRNA #5 (5’-GACCTGTG TTACTTGCGAA-3’); 
Rat MID2 shRNA #1 (5’-GGTTATGAAACTGA GAAAG-3’), 
Rat MID2 shRNA #2 (5’-TGTCCTACATGCAGGTATG-3’), 
Rat MID2 shRNA #3 (5’-TGAGCGAATTGCATGTCAG-3’), 
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Rat MID2 shRNA #4 (5’- GTGTCAAGAGAGCATGTAA-3’).

Heterologous cell and Hippocampal neuron cultures 
African Green Monkey SV40-transformed kidney fibroblast (COS7) cells were 
cultured in a 10 cm plate with 10 ml 50% DMEM/ 50% Ham’s F10 medium 
containing 10% FBS (Gibco) and 1% Penicillin/streptomycin in incubator with 
37℃and 5% CO2. 

Hippocampus were dissected out from embryonic 18 rat brain and dissociated with 
Trypsin in 37℃ water bath. 100K/well neurons were plated in glass coverslips 
pre-coated with Poly-L-lysine (37.5 μg/ml, Sigma) and Laminin (1.25μg/ml, 
Sigma). Neurobasal medium (Invitrogen) containing 2% B27 (Invitrogen), 0.5 mM 
glutamine (Invitrogen), 15.6 μM glutamate (Sigma) and 1% penicillin/streptomycin 
(Invitrogen) were used for neuron culture.

Transfections and immunofluorescence
COS7 cells were diluted in a ratio 1:3 24 hours before transfection. MaxPEI were 
used for COS7 cell transfection based on manufacture’s protocol and incubated for 
24 hours to 36 hours before immunofluorescence experiments.

For neurons, Lipofectamin 2000 (Invitrogen) was used for transfection via 
manufacture’s protocol. Briefly, 1.8 μg DNA and 3.3 μl Lipofectamin 2000 reagent 
were mixed in 200μl Neurobasal medium for 30 minutes. The neuronal growth 
medium was transferred to a new 12 well plate, and the original plate was filled 
with fresh Neurobasal medium supplemented with 0.5 mM glutamine. The DNA 
mix was added into neurons for 45 minutes, washed the coverslips with pre-
warmed Neurobasal medium and placed them to the new plate with growth medium. 
Neurons were imaged after 1 day (all the overexpression experiments) or 3 days (all 
knockdown experiments) transfection.

For immunofluorescence experiments, neurons were fixed with 4% PFA 
(paraformaldehyde) for 10-15 minutes, washed 3 times with PBS (phosphate buffer 
saline), and incubated with primary antibodies in GDB buffer (0.2% BSA, 0.8 M 
NaCl, 0.5% Triton X-100, 30 mM phosphate buffer) overnight at 4℃. Neurons were 
then washed with PBS for 3 times, incubated with secondary antibodies in GDB 
buffer for 45 minutes at room temperature, followed by washing 3 times with PBS 
and mounting with Vectashield mounting medium (Vector Laboratories). COS7 cells 
was fixed with cold Methanol for 10 minutes in -20℃. For STED super-resolution 
imaging, COS7 cells was fixed with extraction protocol.

Fixed cell Imaging
After immunofluorescence staining, neurons were imaged using a Nikon Eclipse 80i 
upright microscope or a Zeiss LSM700 confocal laser scanning microscope. A Plan 
Fluor 40x NA 1.30 oil objective was used for upright microscope. For the confocal 
microscope, a Plan Apochromat 20x NA 0.8 dry objective, 40x NA 1.3 oil and 63x 
NA 1.4 oil objectives were used.
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Gated STED (gSTED) imaging of acetylated and tyrosinated microtubules was 
performed with a Leica TCS SP8 STED 3X microscope using a HC PL APO 
100x/1.4 oil STED WHITE objective.

Live cell imaging and Photo bleaching experiments
All the live imaging was performed on a Nikon Eclipse TE2000E inverted 
microscope equipped with Evolve 512 EMCCD camera (Roper Scientific), spinning 
disk confocal (Roper Scientific), incubate chamber (Tokai Hit) and MetaMorph 7.7.5 
software (Molecular Device) was used for all the live imaging experiments. Neurons 
were maintained in 37℃ /5% CO2 and imaged with 1 frame/s for 5 minutes using 
a Plan Apo VC 100x NA 1.4 oil objective for the MID1 and MID2 imaging. For 
FRAP experiments movies were taken for 3 minutes at 1 frame/s and indicated areas 
were bleached at 10 seconds.

Data analysis and statistics
Image processing and analysis were performed using ImageJ, Matlab, and 
Adobe Photoshop.  Sigma Plot and GraphPad were used for graphs and statistics. 
Unpaired t-test was performed for statistics and p<0.05 was considered significant. 
Phylogenetic analysis Conserved COS motif within CI-CIII TRIM family proteins 
was defined by using Pfam. ClustalX and Mega5 were used for alignment and 
phylogenetic tree analysis based on conserved domains.

Protein localizations in neurons. 
To study protein localization in cells, tracings were made along arrows by using 
segmented lines in ImageJ and intensity profiles was made according to the position 
of maximum intensity.

Analysis of polarity index. 
MID1 was expressed in DIV9 neurons, and fixed at DIV10. Average intensity of 
around 50 µm in axon or dendrite were measured. Polarity index was calculated with 
the formula: PI = (Id-Ia)/(Id+Ia). Id corresponds to mean dendrite intensity, while Ia 
is the mean axon intensity. PI > 0 or PI < 0 indicates the polarization biased toward 
dendrite or axon.

Analysis of MID2 puncta. 
To analyse the distributions of MID2 in neurons. The puncta were counted along the 
dendrite and axons (around 50 µm). The average number of puncta per micron was 
present at last.

Analysis of FRAP experiments. 
For the FRAP analysis, the mean intensities of bleached area were correct by 
subtracting background with the same ROI region frame by frame and calculated as 
I(t)= I_(bleached region) (t) – I_background (t). The normalization of recovery R_
norm  (t) was calculated according to the formula:

R_norm (t)=(I(t)-I(0))/(<I(∆t)>-I(0))
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I (0) corresponds to the mean intensity of regions directly after bleaching, <I(∆t)>-
intensity averaged over 5 frames before bleaching. To correct bleaching due to 
imaging, the non-bleached region next to the bleached region was account and 
calculated:

R(t)= R_norm  (t)×(<I_control (∆t)-I_background (t)>)/(I_control (t)-I_background 
(t) )

I_control corresponds to the mean intensity of the non-bleached region and time 
interval ∆t denotes 5 initial frames before bleaching. The curves were made by 
averaging each frame the recovery rate.

Quantification of axon morphology. 
To quantify the axon branches, total axon length, average axon length, primary axon 
length of each neuron, an ImageJ plugin, NeuronJ (Meijering et al., 2004) was used 
for tracing the morphology of axon.
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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‐VAP 
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 
findings, we propose a model where the ER‐localized 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.
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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 specifically, 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 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 fluorescent 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 identified as regulator
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of synaptic transmission in Aplysia californica, where it was specifically 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 & Levine, 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.

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 first 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). 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 quantifiable read‐out of exo‐ and 
endocytosis efficiency at presynaptic sites (Fig 1B). Live neurons were incubated 
with antibodies recognizing the luminal side of SV membrane protein Syt, while 
neurons were briefly stimulated by bicuculline. Subsequently, neurons were fixed 
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and the fluorescence 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 and D). In 
addition, VAPA and VAPB knockdown resulted in a slight decrease in bouton size 
and bouton density (Figs 1C, and S1B and 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 identified 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 
(Figs 1E and 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 confirmed 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 efficiently co‐precipitated with BioGFP‐SCRN1 (Fig 1F and 
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 identified in both HEK293T lysates and brain extracts 
(Figs 1H and 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 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 and K). The presynaptic phenotype in SCRN1 knockdown neurons was
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rescued by expressing wild‐type GFP‐SCRN1 (Fig 1J and 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

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 fixed 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) Quantifications of fluorescence 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 identified with pull‐down assay 
followed by mass spectrometry analysis of purified 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) Quantifications of fluorescence 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.
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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 
flanking 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 identified 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(‐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 specific 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 (Figs S2D–
I, 3A and E, and 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 
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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).

Thesis.indd   143Thesis.indd   143 2021/1/20   14:15:522021/1/20   14:15:52



144

5

Chapter 5 VAP–SCRN1 interaction

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‐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.

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 and 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 (Figs 3C–F, and 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 (Figs 2F and 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
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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‐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 fluorescent 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 fluorescent 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 fluorescent 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 fluorescent 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 significant; *P < 0.05; **P < 0.01, 
by Mann–Whitney U‐test.

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 (Figs 3B, 4A, and 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 (Figs 3C, S3C, 4A, and EV4A and 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 and D). 
Similarly, both in VAP and 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 
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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 and F). These results confirm 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 (Figs 4C and D, and S4G). 
The dense ER patches observed when expressing wild‐type SCRN1 represented 
stabilized ER structures (Figs 4C and D, and S4G; Movies S1 and S2). 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 (Figs 4C and D, 
and S4G; Movie S3). 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 
magnification 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 resolved the dense neuronal ER structures, which 
enabled us to distinguish individual ER tubules and sheets in neurons expressing 
ER membrane marker GFP‐Sec61β (Movie S4; Figs 4E, and S4H and 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. More specifically, these 
neurons showed severe discontinuity of ER tubules in axons, and overall less dense 
and irregular ER structures in axons, dendrites, and soma (Figs 4E, and S4H and 
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, 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 
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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, and 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 and 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 (Figs 5A and B). These data imply that 
the VAP‐SCRN1 interactions, which we identified 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+ influx 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+ influx. 
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 field stimulation (Fig 5C). Presynaptic boutons were identified 
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+ influx 
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+ influx, 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 basal Ca2+ levels 
were obtained by determining the ratio (F0/Fmax) of fluorescent 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 Fmax. In VAP knockdown 
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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, respectively. Zooms represent typical boutons. Scale bars: 5 μm (full size) 
and 2 μm (zoom).
(B) Quantifications of fluorescence 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 field 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 field 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 fluorescent 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 (Fmax) 
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 fluorescence (F) normalized to the maximum GCaMP6f fluorescence 
(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.
(I) Average basal GCaMP6f fluorescence (F0) normalized to the max GCaMP6f fluorescence 
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 fluorescence (F) normalized to the maximum R‐GECO1 fluorescence 
(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 fluorescence (F0) normalized to the maximum R‐GECO1 
fluorescence 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 significant; *P < 0.05; **P < 0.01; 
***P < 0.001, by Mann–Whitney U‐test.
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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+ influx, as higher basal Ca2+ levels will result in a lower extracellular‐
cytoplasmic Ca2+ concentration gradient. Consistently, presynaptic Ca2+ levels 
were significantly 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 identified 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 confirmed 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 confirmed the interaction between VAP and SCRN1, and identified 
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 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 
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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 identified 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 defined 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 specific 
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 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 findings 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

Thesis.indd   153Thesis.indd   153 2021/1/20   14:15:562021/1/20   14:15:56



154

5

Chapter 5 VAP–SCRN1 interaction

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 findings 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 specifically 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+ influx 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+ influx, 
and SV exocytosis was identified 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., 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 
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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 
findings 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 specifically.

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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Materials 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 transferred back to their original 
medium. Cells were maintained for 4 days (for knockdown experiments) or 24–48 h 
(for other experiments) prior to fixation 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, fixed, 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); 
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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 identified by a previously reported 
algorithm (Murphy & Levine, 2016). More specifically, 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 
identified 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), 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).
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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 difluoride 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% 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 Scientific) 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 five 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 
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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 five 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 identifier PXD014534.

Immunofluorescence staining
Cells were fixed 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 first 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.

Expansion microscopy sample preparation
Expansion microscopy was performed according to proExM protocol (Tillberg et 
al, 2016). Briefly, 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 fluorescent microspheres adhered to cell surfaces, thereby this cell boundary 
marker simplified 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 parafilm‐covered glass slide. The chamber was prefilled 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 humidified 
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 fixed 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‐Neofluar 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

Thesis.indd   159Thesis.indd   159 2021/1/20   14:15:562021/1/20   14:15:56



160

5

Chapter 5 VAP–SCRN1 interaction

fluorescence intensity measurements, settings were kept the same for all conditions. 
Confocal microscopy of fixed 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 
(Scientific 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 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 
fixed, stained with secondary antibodies, and subjected to image quantifications and 
analysis.

Image quantification and analysis
Quantifications of fluorescent Syt intensity at presynaptic boutons
Presynaptic boutons were identified by swellings along the axon using expressed 
RFP as fill, 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 fixed size of ø 1.39 μm/ø 7 pix.

SCRN1 knockdown quantifications
SCRN1 knockdown efficiency was analyzed in cortical neurons (DIV4) co‐
transfected with RFP and a single SCRN1 shRNA. The average fluorescence 
intensity was measured of the somatic region without nucleus.

Quantifications 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 field 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 Scientific), a Photometrics Evolve 512 
EMCCD camera (Roper Scientific), and an incubation chamber (Tokai Hit) mounted
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on a motorized XYZ stage (Applied Scientific 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 fixed ROI. Fluorescent values were 
corrected for background fluorescence and normalized to the maximum fluorescent 
intensity within seven frames after ionomycin treatment (F/Fmax). Relative basal 
Ca2+ levels were determined by the F0/Fmax ratio, where baseline values (F0) 
were obtained by averaging the fluorescent intensities of the five 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 Scientific; 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, fluorescence intensity of 
the bleached region was corrected for background noise and for overall bleaching 
occurring during acquisition. Next, the post‐bleaching fluorescent recovery values 
were normalized to the baseline fluorescence, which was defined by the average 
fluorescent intensity of five initial frames prior to onset of photo‐bleaching.

Electric field stimulation and real‐time Ca2+ dynamics
All experiments were carried out in modified 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 field 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 
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(Nikon). Fluorescence emission was detected using a 40× oil‐immersion objective 
[Nikon Apo, numerical aperture (NA) 1.3] and ET‐GFP filter (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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Figure S1.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 
bassoon‐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 pSuper 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 identified with pull‐down assay 
followed by mass spectrometry analysis of purified 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 
immunostained 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) BioGFP‐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) Quantifications of fluorescence intensity of endogenous SCRN1 in cortical neurons 
(DIV4) co‐expressing 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.
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Figure S2.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).
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Figure S3.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) Quantifications 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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Figure S4.SCRN1 oligomerizes and regulates ER remodeling together with VAP
(A) Quantifications of reticular localization of expressed VAPB in COS7 cells (%). 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. 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) Quantifications 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) Quantifications 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 
BioGFP‐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 expansion 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) immunostained 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 analysis including Bonferroni correction (A, B).
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Neuronal microtubule organization and motor-driven transport are crucial for 
neuronal development and functioning (Kapitein and Hoogenraad, 2015). Structural 
microtubule-associated proteins (MAPs) are highly involved in the organization 
of microtubule arrays and intracellular transport in neurons, and mutations in 
structural MAPs are linked to various neurodevelopmental disorders, psychiatric 
conditions and neurodegenerative diseases (Tortosa et al., 2016). Although some 
structural MAPs have been exhaustively investigated and characterized, the 
majority of structural MAPs are not well studied, and several important questions 
remain unsolved (Bodakuntla et al., 2019). For example: Is there competition or 
cooperation between different MAPs for microtubule binding? How are local MAPs 
concentrations regulated? What is the influence of microtubule modifications on the 
binding of certain MAPs? 

In this thesis, we found that different MAPs could cooperate and control 
microtubule organization and neurodevelopment. In Chapter 2, our results show 
that KIFC3 interacts and colocalizes with CAMSAP2 on dendritic microtubules. 
The cooperation between KIFC3 and CAMSAP2 is critical for the stabilization 
of dendritic microtubules. In Chapter 3, it is found that MAP7D2 interacts with 
Kinesin1 and promotes Kinesin1-driven transport in the proximal axon. The 
interaction and cooperation are important for neuronal polarization and migration. 
Several mechanisms may regulate local MAP concentration. First, it might be 
regulated by other MAPs. CAMSAP2 is known to recognize and bind to the 
microtubule minus-ends. KIFC3 is a microtubule minus-end directed motors, but 
overexpressed KIFC3 does not show specific binding on microtubule minus-ends 
in cell lines. In Chapter 2, we found that the endogenous KIFC3 colocalizes with 
the endogenous CAMSAP2 at microtubule minus-ends in neurons. And the minus-
end binding of KIFC3 could be regulated by the interaction with CAMSAP2. In 
Chapter 3, we found another way to regulate the microtubule binding of MAPs. 
Certain MAPs contain more than one microtubule binding domain, which can 
have different microtubule binding affinity and/or microtubule preference. There 
are two microtubule binding domains in MAP7D2, the coil-coiled domain and the 
P-domain (a region full of potential phosphorylation sites). The coil-coiled domain 
does not show specific microtubule binding, but the P-domain could recognize the 
stable microtubules. The mechanism might be the same for other MAPs that have 
multiple microtubule binding domains. The direct relationship between MAPs and 
microtubule modification is not clear yet, but we do find that the microtubule binding 
of certain MAPs correlates to the modification. KIFC3 in Chapter 2 and MAP7D2 
in Chapter 3 specifically bind to acetylated microtubules (relatively stable), while 
MID1 in Chapter 4 prefers tyrosinated microtubules (relatively dynamic). However, 
the details for this preferential binding  are still largely remain unclear. This thesis 
aims to expand our understanding of the structural MAPs and their contribution to 
neuronal polarization. 
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The Axonal Microtubule Cytoskeleton
In axons all microtubules show a uniform and highly bundled plus-end out 
orientation (Heidemann et al., 1981; Kapitein and Hoogenraad, 2015; Yau et al., 
2016). The parallel microtubule bundling and characteristic stabilization of these 
microtubules is crucial for axon formation (van Beuningen and Hoogenraad, 
2016). While most axonal microtubules are relatively stable, recent studies show 
mature neurons also contain a small portion of dynamic microtubules (Kapitein 
and Hoogenraad, 2015; Yau et al., 2016). In the past decade, various MAPs that 
are involved in the regulation of axonal microtubules have been identified and 
characterized. In the axon, the best-studied structural MAP is Tau, mutations of 
which are associated with various neurological diseases, such as frontotemporal 
dementia and Alzheimer’s disease (AD) (Del Carmen Alonso, 2010; Gao et al., 
2018; Ghetti et al., 2015; Irwin et al., 2013; Tolnay and Probst, 1999). Tau is 
highly enriched in the distal axon and is commonly used as an axonal marker. For 
a long time, Tau was believed to stabilize microtubules in the axon, however more 
recent data argue against a microtubule stabilizing function for Tau (Qiang et al., 
2018). Most research focuses on the phosphorylated Tau, which cannot bind to 
microtubules, and its roles in AD. However, the precise effect of Tau on microtubule 
organization remains unclear and still needs further investigation. Tau could be 
more important for the microtubule organization in distal axon and is absent from 
axon initial segment (AIS) in mature neuron. In the AIS, microtubules are bundled 
together with a very regular spacing and electron-dense cross-bridges can be 
observed between microtubules by using electron microscopy (Harterink et al., 
2019; Palay et al., 1968). The microtubule fascicles extend into the proximal axon, 
but are not found in the distal axon (Leterrier et al., 2017). TRIM46 (Tripartite Motif 
Containing 46) and MTCL1 (Microtubule Crosslinking Factor 1) are the potential 
microtubule crosslinkers responsible for those fascicles (Satake et al., 2017). The 
microtubule plus-end binding EB1 and EB3 are also found enriched in the AIS. 
There, instead of microtubule plus-end tracking, EB1 and EB3 bind to the lattice of 
microtubules and participate in the maintenance of the AIS by binding to the scaffold 
protein Ankyring-G (AnkG) (Leterrier et al., 2011). In Chapter 4, we studied MID1, 
a paralogue of TRIM46, which is also involved in microtubule stabilization in the 
axon, but the mechanism remains largely unclear. The region between soma and AIS 
is known as axon hillock or pre-axonal exclusion zone (PAEZ) (Farias et al., 2015). 
The microtubule minus-end binding protein CAMSAP2 (Calmodulin-Regulated 
Spectrin-Associated Protein 2) is enriched in PAEZ and it might stabilize the 
minus-ends of axonal microtubules (van Beuningen et al., 2015; Yau et al., 2014). 
CAMSAP3 (Calmodulin-Regulated Spectrin-Associated Protein 3) is more enriched 
in the proximal and distal axon, prefers dynamic microtubules and is suggested to 
be important to maintain microtubule dynamics in the axon (Pongrakhananon et 
al., 2018). Another complex involved in microtubule minus-ends stabilization is 
HAUS/Augmin, which is found to regulate microtubule nucleation in the axon by 
interacting with the γ-tubulin ring complex (γ-TuRC) (Cunha-Ferreira et al., 2018; 
Sanchez-Huertas et al., 2016). The newly formed microtubules by HAUS are at 
relatively shallow angles (Petry et al., 2013; Petry et al., 2011), and the ordered 
arrangement of microtubule array ensures the uniform polarity in axon.
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New Insights into Dendritic Microtubule Organization
Dendritic microtubules are highly organized in neurons. Unlike axons, in which 
microtubules have a uniform organization, dendrites have microtubules with a 
mixed polarity: half plus-ends out and half minus-ends out (Baas et al., 1988; Yau 
et al., 2016). Recently, it was found that the microtubules with the same orientation 
preferentially bundle together in dendrites (Figure 1A), although the microtubule 
crosslinkers responsible for this specific architecture remain elusive (Tas et al., 
2017). The bundled microtubules with uniform polarity can promote persistent 
Kinesin motility (Balabanian et al., 2017; Conway et al., 2014; Tas and Kapitein, 
2018). In addition, the orientation of dendritic microtubules highly correlates to 
their post-translation modifications (PTMs), which therefore might explain the 
predominantly axonal transport by Kinesin1, that prefer the stable microtubules 
(minus-ends out in dendrite and plus-ends out in axon) and the accumulation of 
Kinesin3, that prefer the dynamic (plus-ends out in dendrite) microtubules, at 
dendrite tips (Tas et al., 2017). Hereby, this specialized organization could be 
crucial for selective and efficient transport in neurons (Tas and Kapitein, 2018). In 
Chapter 2 we found that CAMSAP2 and KIFC3 can specifically crosslink minus-
end out microtubules in dendrites, and therefore locally control the bundling and/
or stabilization of microtubules (Cao et al., 2020). Plus-end out microtubules in 
dendrites are also grouped together (Figure 1A), but the microtubule crosslinkers 
targeting those microtubules remain unclear (Tas et al., 2017). A potential candidate 
could be MAP2, which is known to be involved in microtubule spacing, although 
there is no direct evidence showing MAP2 specificity for subsets of microtubules. 
Another structural MAP, MAP4, as a microtubule crosslinker could also be good 
candidates for future studies (Mogessie et al., 2015). The microtubule binding 
(MTB) domain of MAP4 is very similar to MAP2 and Tau, and a neuron specific 
isoform of MAP4 was found recently  (Chen et al., 1992; Dehmelt and Halpain, 
2005; Mogessie et al., 2015). The neuron specific MAP4 might also be involved 
in microtubule crosslinking and spacing in neurons. In Chapter 4, we found that 
another TRIM46 paralog, MID2, binds to microtubules in dendrites and specifically 
regulates plus-ends out microtubules. Our preliminary results show that MID2 
protect microtubules from catastrophe and new microtubules could regrow from 
MID2 puncta in COS7 cells (data not shown), thus MID2 may serve as rescue point 
to maintain microtubule dynamics (Figure 1C).

Kinesin14 Family Proteins Function as Microtubule Crosslinkers
Kinesin superfamily proteins are molecular motors and their motor domain allows 
them to bind to and move along microtubules (Hirokawa et al., 2009). Kinesins are 
well known for their functions in intracellular transport, including the transport of 
membranous organelles, protein complexes and mRNAs. Unlike most Kinesins, 
which have their motor domain at the N-terminus and move toward the plus-end 
of the microtubules, the motor domain of Kinesin14 family proteins are C-terminal 
and they move towards the microtubule minus-ends (Hirokawa et al., 2009; Lipka 
et al., 2016). In rodents and human, there are 3 members in the Kinesin14 family, 
KIFC1, KIFC2 and KIFC3. Based on their microtubule minus-end directed motility, 
Kinesin14 proteins are important for intracellular transport in cell lines and neurons. 
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Figure 1, The microtubule organization in dendrite. 
Grey cycle and grey lines indicate cell membrane, red circles indicate minus-end out 
microtubules and blue circles indicate plus-end out microtubules. Red crossings on the cell 
membrane indicate actin. Lines between microtubules represent microtubule crosslinking 
proteins. (A) Section view of dendrite: The minus-end out microtubules (red circles) are highly 
bundled and stabilized. The minus-end out microtubules could also be stabilized by ER. 
The plus-end out microtubules (blue circles) are loosely bundled by different microtubule 
crosslinkers (lines in different colors between blue circles). (B)-(C): Dark blue and dark 
orange lines indicate stable (long-lived) microtubules and light blue, and light orange lines 
indicate dynamic (short-lived) microtubules. Red dots represent microtubule plus-ends. (B): 
The longitudinal enlargement of Region1 in (A). APC2 (brown dots) crosslink minus-end out 
microtubules, which localizes to the outer edge of the dendrite, and promote the microtubule 
dynamics. (C): The longitudinal enlargement of Region2 in (A). MID2 (brownish-green 
dots) crosslink plus-end out microtubules near the outer edge of dendrite and promote the 
maintenance of the microtubule dynamics.
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For example, KIFC1 is required for the motility and fission of early endocytic 
vesicles (Nath et al., 2007) and ciliary membrane protein transport (Lee et al., 2018). 
KIFC2 is enriched in dendrites and important for multivesicular body-like organelle 
transport (Hirokawa, 1997; Saito et al., 1997). KIFC3 is involved in the transport of 
annexin XIIIb–associated membranes in epithelial cells (Noda et al., 2001). Apart 
from intracellular transport, Kinesin14 proteins are also involved in the maintenance 
of various cellular structures. For example, KIFC1 (She et al., 2017) and KIFC3 (Xu 
et al., 2002) regulate the positioning and structural integrity of the Golgi apparatus 
by anchoring it to microtubules. KIFC3 is also involved in peroxisome positioning 
(Dietrich et al., 2013).

Kinesin14 proteins are known to directly regulate microtubule organization. 
Besides its motor domain, KIFC1 has an extra microtubule binding MTB domain 
(the first coiled-coil domain) in the N-terminal tail, which allows KIFC1 to bundle 
or slide microtubules. KIFC1 and its function on microtubule organization is 
well studied in mitosis (Vitre et al., 2020), where KIFC1 can crosslink and slide 
microtubules during the spindle formation (Cai et al., 2009; Mountain et al., 1999). 
Recent data also shows that KIFC1 crosslinks and stabilizes axonal microtubule 
in neurons (Muralidharan and Baas, 2019). The additional MTB domain in the 
N-terminus is not found in KIFC2 and KIFC3. Recently, KIFC3 was shown to 
form a tetrameric complex in vitro (Hata et al., 2019), which potentially explains 
how KIFC3 bundles and slides microtubules. Another potential explanation is 
that KIFC3 binds to other MAPs, which would provide extra microtubule-binding 
sites. In Chapter 2, we discovered that KIFC3 interacts with CAMSAP2 and that 
the KIFC3-CAMSAP2 complex is important for the stabilization of minus-end out 
microtubules in dendrites. New findings on dendritic microtubule organization show 
that most minus-ends out microtubules are stable in dendrites (Tas et al., 2017). 
As both KIFC3 and CAMSAP2 preferentially localize at stable microtubules, this 
could explain why the KIFC3-CAMSAP2 complex mainly targets the minus-ends 
out microtubules in dendrites (Jiang et al., 2014; Tas et al., 2017). Therefore, the 
microtubule preference could be the reason for the minus-ends out microtubules 
targeting by the KIFC3-CAMSAP2 complex. Our results suggest that the KIFC3-
CAMSAP2 complex bundles but does not slide microtubules in dendrites. While the 
motor function of KIFC3 is crucial for the microtubule bundling and stabilization, 
it is still not clear how this motor domain is involved in microtubule organization. 
Here, we speculate that the KIFC3-CAMSAP2 complex promotes minus-end out 
microtubules bundling and stabilization in dendrites and the force generated by the 
KIFC3 motor is important for microtubule crosslinking. Recently, KIFC2 was found 
to control apical dendrite branching (Szczurkowska et al., 2020), but KIFC2 did 
not show any direct effect on microtubule organization. Further investigation could 
focus more on the direct regulation of KIFC2 on  cytoskeleton.

Microtubule Minus-end Regulation in Neurons
The microtubule minus-end is less studied than the plus-end in neurons. Microtubule 
minus-ends are relatively stable, though it also shows dynamics in vivo and in 
vitro (Feng et al., 2019). The γ-TuRC is predominantly present at centrosomes and 
thought to promote microtubule nucleation and to cap the minus-ends (Kollman 
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et al., 2011). During neuronal maturation, the centrosome becomes inactive and 
the HAUS complex starts to promote non-centrosomal microtubule nucleation by 
interacting with γ-TuRC (Cunha-Ferreira et al., 2018; Sanchez-Huertas et al., 2016). 

The CAMSAP (Calmodulin-Regulated Spectrin-Associated Protein) family proteins 
are known to regulate microtubule minus-end dynamics in neurons. All CAMSAPs 
proteins contain a calponin homology (CH) domain, 4 predicted coiled-coil domains 
and a characteristic domain for CAMSAP family proteins, the calmodulin-regulated 
spectrin-associated (CKK) domain (Figure 2A) (Baines et al., 2009). The CKK 
domain of CAMSAPs can specifically recognize and bind to microtubule minus-
ends (Atherton et al., 2019). Besides, CAMSAP2 and CAMSAP3 have an extra 
MTB domain, which is not found in CAMSAP1. Both CAMSAP2 and CAMSAP3 
can decorate and stabilize microtubule lattice, and their binding also inhibits the 
growth of microtubule minus-ends (Jiang et al., 2014). In neurons, CAMSAP2 
promotes the stabilization of dendritic microtubules, and CAMSAP3 is important to 
maintain a dynamic microtubule pool within the axon (Figure 2D) (Pongrakhananon 
et al., 2018; Yau et al., 2014). Microtubule minus-ends decorated by CAMSAP2 and 
CAMSAP3 are generally thought to be stable and to not show dynamics in cells (Cao 
et al., 2020; Tanaka et al., 2012). Unlike CAMSAP2 and CAMSAP3, that decorate 
and stabilize microtubule lattice, CAMSAP1 binds to microtubule minus-ends and 
tracks growing minus-ends in cell lines and in vitro (Figure 2B) (Hendershott and 
Vale, 2014; Jiang et al., 2014). In Drosophila, there is only one CAMSAP family 
protein, Patronin. Similar to CAMSAP1, Patronin was shown to track and move with 
the growing microtubule minus-ends in dendrites (Feng et al., 2019; Hendershott and 
Vale, 2014). The difference on minus-ends tracking properties among CAMSAPs 
could be explained by the MTB domain, found in CAMSAP2/3. The CKK domain 
tracks microtubule minus-ends but shows weaker microtubule binding, while the 
MTB domain shows stronger microtubule binding but cannot track minus-ends 
(Jiang et al., 2014). CAMSAP2/3 could recognize and bind microtubule minus-
end by their CKK domain and MTB domain. MTB domain of CAMSAP2/3 further 
promotes their microtubule binding affinity, thus inhibits the minus-ends tracking 
by CKK domain. CAMSAP1 does not have the MTB domain, therefore it can 
only recognize and track minus-ends by its CKK domain. Interestingly, in neurons 
CAMSAP1 is expressed in both dendrites and the axon and knock down (KD) of 
CAMSAP1 was shown to induce multiple axons in vitro and migration defects in 
vivo (Zhou et al., 2020b). CAMSAP1 might protect microtubule minus-ends from 
depolymerization, maintain the stability of microtubule seeds and control the neuron 
polarity (Zhou et al., 2020b). However, it is not clear if this phenotype is due to a 
direct effect of CAMSAP1 on microtubules, as KD of CAMSAP1 did not affect the 
microtubule organization in cell lines (Jiang et al., 2014). And it is also unclear if 
CAMSAP1 could track growing microtubule minus-ends in live neurons. Additional 
studies should focus on the role of CAMSAP1 at neuronal microtubule minus-ends 
to elucidate its effect on the microtubule cytoskeleton in neurons.  

WDR47 (WD Repeat Domain 47) interacts with all 3 CAMSAP proteins and it is 
found to cooperate with CAMSAP3 to regulate microtubule organization in the axon 
(Chen et al., 2020). In younger neurons, WDR47 facilitates the neurite localization 
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Figure 2: CAMSAP family proteins regulate microtubule minus-ends.  
(A), The secondary structure of CAMSAP1, CAMSAP2 and CAMSAP3. All CAMSAP 
family proteins contain a calponin homology (CH) domain, 4 predicted coiled-coil (CC) 
domains and a calmodulin-regulated spectrin-associated (CKK) domain. CAMSAP2 and 
CAMSAP3 have an extra MTB domain and a Katanin binding helix, which is indicated in 
purple. 
(B), CAMSAP1 tracks microtubule minus-ends and promotes persistent growth of minus-
ends with EB1/3 complex. WDR47 might enhance the microtubule minus-end binding of 
CAMSAP1. MARK2 could phosphorylate CAMSAP1 and weaken the microtubule binding 
affinity of CAMSAP1. Without CAMSAP1, the microtubule “seed” might be depolymerized 
by Kinesin13 family proteins. 
(C), CAMSAP2 and CAMSAP3 stabilize microtubule minus-ends and inhibit the growth 
of minus-ends. WDR47 promotes the minus-ends binding of CAMSAP2 and CAMSAP3. 
Together with WDR47, CAMSAP2 and CAMSAP3 form long stretches in neurons and 
promote the elongation of microtubule minus-ends. Katanin binds to microtubule minus-
ends, cuts the microtubule, and shortens CAMSAP2/3 stretches. 
(D), In neurons, CAMSAP2 prefers long-lived microtubules, forms long stretches, and 
stabilizes microtubule minus-ends. CAMSAP3 binds to short-lived microtubules and 
promotes microtubule dynamics. CAMSAP1 might bind to the growing minus-ends. 

of CAMSAP3, which suggests that the long CAMSAP2 and CAMSAP3 stretches in 
mature neurons might also be regulated by WDR47 (Pongrakhananon et al., 2018; 
Yau et al., 2014) (Figure 2C). It is likely that WDR47 regulates the functioning 
of CAMSAP1 in neurons, however this has thus far not been demonstrated. 
The microtubule-severing enzyme, Katanin, can interact with CAMSAP2 and 
CAMSAP3 to cut the microtubules and shorten CAMSAP2/3 stretches (Jiang et al., 
2018). Perhaps, WDR47 might counter Katanin cutting microtubules by competitive 
binding, but the mechanism remains elusive. Katanin binding domain was not found 
in CAMSAP1 (Figure 2A), and it is also known that Patronin protects microtubule 
minus-ends against Kinesin13-induced depolymerization (Goodwin and Vale, 2010). 
Therefore, it would be interesting to investigate if the microtubule regulation of 
CAMSAP1 is also Kinesin13 related (Figure 2B). 

Another interesting candidate is Ninein, that is concentrated at the subdistal 
appendages of the centriole (Martin and Akhmanova, 2018). Ninein could anchor 
microtubule minus-ends to centrosome, and is also involved in non-centrosomal 
microtubule organization (Delgehyr et al., 2005; Goldspink et al., 2017; Moss 
et al., 2007; Wang et al., 2015). In epithelial cells, Ninein is found to relocalize 
from centrosome to non-centrosomal sites (Moss et al., 2007). In neurons, similar 
relocalization was observed and it is due to alternative splicing mediated by RNA-
binding proteins, Rbfox (Ohama and Hayashi, 2009; Zhang et al., 2014). C-terminal 
segment of Ninein associates with the centriole, and alternative splicing induces a 
frameshift and truncates the C terminus of Ninein, thus Ninein translocates from 
centrosome to non-centrosomal loci in neurons (Zhang et al., 2014). It would be 
interesting to investigate if Ninein regulates the minus-ends of centrosomal and/or 
non-centrosomal microtubules in neurons. More studies are needed to further reveal 
the role of microtubule minus-end binding proteins and microtubule minus-ends 
organization in neuronal polarity.
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MAP7 Family Proteins Regulates Kinesin1 Transports
The MAP7 protein family consists of 4 members in mammals, MAP7, MAP7D1, 
MAP7D2 and MAP7D3 (Hooikaas et al., 2019). They are all expressed in the 
nervous system, except MAP7D3 (Pan et al., 2019). In Chapter 3, we investigate 
all MAP7 members in neurons. MAP7 proteins are characterized by their coiled-
coil domain (also called MAP7 domain) at the C- terminus (Figure 3A), which is 
known to bind to the Kinesin1 family proteins (Metzger et al., 2012). There is no 
evidence showing that MAP7 family members could directly regulate microtubule 
organization in neurons. Instead, they are known to promote Kinesin1-related 
transport (Barlan et al., 2013). Recent studies show that the N-terminus of MAP7 
proteins (Figure 3A) is also conserved (Hooikaas et al., 2019; Pan et al., 2019; 
Tymanskyj et al., 2018). There are two domains at the N-terminus, a coiled-coil 
domain and a P-domain (a region full of potential phosphorylation sites), and they 
both can bind microtubules independently (Masson and Kreis, 1995; Tymanskyj 
et al., 2018). Unlike the coiled-coil domain, which binds all microtubules, the 
P-domain seems to be more important for the selective microtubule binding in 
neurons (Figure 3B). In DRG neurons, MAP7 is enriched at axon branchpoints and 
prefers stable microtubules (Tymanskyj and Ma, 2019) but it loses its microtubule-
binding specificity when the P-domain is removed (Tymanskyj et al., 2018). In 
primary cultured hippocampal neurons, we found that MAP7 is more enriched in 
the proximal dendrites. As microtubules in the proximal dendrite are relatively more 
stable (Yau et al., 2016), this nicely coincides with the fact that MAP7 prefers stable 
microtubules. Moreover, we found that MAP7D2 specifically localizes to the AIS 
where it promotes Kinesin1 cargo transport into axon. And it is the P-domain of 
MAP7D2 that determines its AIS localization. 

Here, we propose that the coiled-coil domain of MAP7 proteins is important for their 
microtubule binding affinity, that the P-domain is required to recognize a specific 
subset of microtubules and that the MAP7 domain is important for Kinesin1 binding 
(Figure 3B). P-domains from different MAP7 family proteins might recognize 
microtubules with different PTMs, parallel/antiparallel microtubules or bundled 
microtubules with different spacing, thus specifically bind to dendritic or axonal 
microtubules. For example, the P-domain of MAP7D2 might prefer stable and/or 
parallel microtubules in the axon, so that it could recognize axonal microtubules. 
Based on the binding to microtubules and Kinesin1 proteins, there might be 
4different models for MAP7 functioning. Model 1: The MAP has strong microtubule 
binding affinity and transiently binds Kinesin1 (Figure 3C). In this case the MAP 
stays bound to the microtubule, where it could recruit and/or activate Kinesins    

Figure 3: MAP7 family proteins promote Kinesin1 transport.  
(A), The secondary structure of MAP7, MAP7D1 and MAP7D2. They all have coiled-coil 
(CC) domain, P-domain, Pro-rich region and MAP7 domain. 
(B), A general model for Kinesin1 regulation by MAP7 proteins. The coiled-coil domain 
binds to microtubules but has no preference, while the P-domain helps to recognize and bind 
specific microtubules. The MAP7 domain interacts with Kinesin1 and regulates Kinesin1 
movement on microtubules. 
(C)-(F), 4 different models of Kinesin1 regulation.
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to move along the microtubule. This model explains the promotion of Kinesin1-
related transport by MAP7D2 in the axon (Pan et al., 2019). Model 2: The MAP 
shows weak microtubule binding and strong Kinesin1 binding (Figure 3D). The 
MAP localizes to the microtubules where it recruits and/or activates Kinesin. While 
Kinesin starts to move, due to the force generated by the motor the MAP dissociates 
from the microtubule, which leads to the MAP moving together with the Kinesin 
along the microtubule. Dissociation or slowing down of the motor might lead to 
reassociation of the MAP with microtubules. Such co-transport was observed for 
MAP7D3 with Kinesin1 in an in vitro reconstitution assay and in a mammalian cell 
line (Hooikaas et al., 2019). Model 3: The MAP has strong microtubule binding and 
strong Kinesin binding (Figure 3E). The MAP could recruit and anchor Kinesin to 
the microtubule. The MAP-Kinesin complex on microtubules could inhibit Kinesin 
movement, crosslink microtubules, or promote microtubule sliding. The Kif5b-
MAP7 dependent nuclear positioning may be explained by this model (Metzger 
et al., 2012). Model 4: The MAP has weak microtubule binding and weak Kinesin 
binding (Figure 3F). In this model, the MAP would be more cytosolic in cells, and 
could promote the transient and local transport of Kinesin. This latter model appears 
the most likely for MAP7D1 in primary cultured neurons, where our preliminary 
results indeed show that MAP7D1 is more cytosolic in dendrites (data not shown).

MID1 and MID2 Regulates Neuronal Microtubule Organization
TRIM46 from TRIM superfamily is known to control neuronal polarity and axon 
specification by microtubule bundling and stabilization (van Beuningen et al., 
2015). The TRIM superfamily, also called RBCC superfamily, is characterized by a 
RING finger domain, a B-box domain, and a coiled-coil domain at the N-terminus 
(Figure 4) and belongs to the E3 ubiquitin ligases superfamily (Hatakeyama, 
2017). The general function of E3 ubiquitin ligases superfamily proteins is to 
mediate E2 ubiquitin-conjugating enzymes (Figure 4) to recognize the substrate 
(Hatakeyama, 2017). Interestingly, TRIM46 does not require this E3 ligase activity 
to bundle and stabilize microtubules (van Beuningen et al., 2015). According to the 
C-terminal domains, TRIM superfamily can be further divided into 9 subfamilies. 
To investigate if other TRIM proteins are also involved in neuronal polarity and 
microtubule organization, we investigated all proteins from TRIM C-I, C-II and 
C-III family. We found that only MID1, MID2, TRIM46 and TRIM36 could bind 
to microtubules. They all belong to type C-I family, which is characterized by the 
C-terminal COS domain, fibronectin type III motif and B30.2-like domains (Figure 
4). In humans, MID1 gene mutations are associated with the X-linked form of Opitz 
G/BBB syndrome (Cox et al., 2000; De Falco et al., 2003) and a MID2 mutation is 
associated with X-linked intellectual disability (Geetha et al., 2014), which indicates 
that MID1 and MID2 are indeed important for proper development of the central 
nervous system. Furthermore, we found that MID1 and MID2 are also important for 
neuronal microtubule organization.

MID1 is enriched in the axon and KD of MID1 leads to more dynamic axonal 
microtubules, which suggests that MID1 is involved in microtubule stabilization. 
Although axonal microtubules are quite stable, there is still a dynamic microtubule 
pool present (Baas et al., 2016). MID1 might recognize those dynamic microtubules  
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Figure 4: The secondary structure of MID1, MID2, TRIM46 and FSD1.  
RING: RING finger domain, B1: Type I B-box domain, B2: Type II B-box domain, CC: 
coiled-coil domain, COS: COS domain, FN3: Type III fibronectin domain, SPRY: SPla and 
the RYanodine Receptor domain, PRY-SPRY domain: also named B30.2 domain, PRY motif 
extension with SPRY domain. The dashed lines indicate the homology between proteins.

and immobilize them, as MID1 prefers dynamic microtubules in COS7 cells. Unlike 
MID1, MID2 is more enriched in dendrites and MID2 KD leads to less dendrite 
branching and less anterograde comets in dendrites. This suggests that MID2 is 
important to maintain dendritic microtubule dynamics. However, it is unclear how 
MID2 would specifically recognize plus-ends out microtubules.

Much remains elusive about the functioning of MID1 and MID2, including the 
microtubule binding mechanism. In TRIM46, the COS domain (specialized coiled-
coil domain) is important for microtubule binding (Short and Cox, 2006; van 
Beuningen et al., 2015). The COS domain of MID1 together with the neighboring 
coiled-coil domain is known to bind microtubules directly in vitro, though the 
binding is quite weak (Wright et al., 2016). The mutation or depletion of the COS 
domain abolishes the microtubule binding of MID1, MID2 and TRIM46 (Cox et al., 
2000; Geetha et al., 2014; van Beuningen et al., 2015). However, we found that the 
overexpression of the COS domain itself in cells did not bind to microtubules (data 
not shown). The coiled-coil domain of TRIM5α, TRIM C-IV family member, was 
found to be involved in homo-oligomerization (Hatakeyama, 2017; Mische et al., 
2005; Short and Cox, 2006). Thus, we believe that the COS domain together with 
the neighboring coiled-coil domain (Figure 4) is important for the multimerization of 
MID1, MID2 and TRIM46 (Short and Cox, 2006). Moreover, other studies indicate 
that the multimerization of MID1 and MID2 could be crucial for microtubule 
binding (Cainarca et al., 1999; Short and Cox, 2006). The SPRY domain of FSD1 
is highly similar to the SPRY domain of MID1 and MID2, and it can bind to 
microtubules independently (D'Cruz et al., 2013; Tu et al., 2018). It suggests that the 
C-terminus of MID1 and MID2 are responsible for microtubule binding (Figure 4). 
However further investigations are necessary to map the exact MTB domain(s) of 
MID1 and MID2. 
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MID1 and MID2 both contain a RING finger domain, which binds to E2 ubiquitin-
conjugating enzymes and is important for E3 ligase activity (Hatakeyama, 2017). 
MID1 and MID2 are known to be involved in the ubiquitination of protein 
phosphatase 2A (Du et al., 2014; Short et al., 2002), though it is still unclear if the 
E3 ubiquitin ligase function is needed for microtubule organization. It is possible 
that, like for TRIM46, the E3 ligase activity of MID1 and MID2 is not involved 
in microtubule organization and that the RING finger domain has an additional 
function. For example, the RING domain of TRIM46 is necessary for axon targeting 
(van Beuningen et al., 2015), and it might be the same for MID1 to localize in the 
axon. The enrichment of MID2 in dendrites remains unclear., Rescue experiments 
in MID KD neurons with expression of MID1 and MID2 truncations and chimeric 
constructs could be useful to further investigate this question. 

Endoplasmic Reticulum Associated with Microtubules in Axon
ER (Endoplasmic Reticulum) distribution and sheet/tubule balance are highly 
influenced by microtubules in mammalian cells (Dabora and Sheetz, 1988; Lee and 
Chen, 1988; Lu et al., 2009; Terasaki et al., 1986; Waterman-Storer and Salmon, 
1998). Lots of ER transmembrane proteins, such as CLIMP63 (Cytoskeleton 
Associated Protein 4), P180 (Ribosome Binding Protein 1), REEP1 (Receptor 
Accessory Protein 1), and Sec61b, are found to directly interact with microtubules. 
Recently, a connection between the ER and the microtubule network was also 
observed in neurons, and found to be important for the establishment of microtubule 
organization and neuronal polarity (Farias et al., 2019; Gurel et al., 2014). P180 is 
an ER shaping protein present in ER tubules and it is enriched in proximal axon in 
neurons. Similar to MAP7 family proteins, P180 binds to microtubules and Kinesin 
1 proteins, stabilizes and bundles microtubules (Farias et al., 2019; Ogawa-Goto et 
al., 2007). In addition, its Kinesin 1 binding domain has been suggested to contribute 
to organelle translocation (Özkan et al., 2020). CLIMP63 is known to generate 
and maintain flattened ER cisternae, and it also binds to microtubules (Farah et al., 
2005; Nikonov et al., 2007; Shibata et al., 2008; Vedrenne et al., 2005; Voeltz et al., 
2006; Westrate et al., 2015). In neurons, CLIMP63 is present in dendrites and binds 
to MAP2 (Renvoise and Blackstone, 2010; Sandoz and van der Goot, 2015). P180 
and CLIMP63 could act as unconventional MAPs (associated to ER membrane) to 
contribute to neuronal microtubule organization. Conversely, the microtubules are 
also involved in the stabilization and transport of ER tubules in neurons (Figure 
1A). The entrance of ER tubules into dendrites apparently depends on EB comets, 
while the ER entrance into the axon largely depends on Kinesin1 (Farias et al., 
2019). The ER is also important for the Ca2+ homeostasis, lipid synthesis and 
delivery, and signaling. In Chapter 5, we show that VAPA/B and SCRN1 colocalize 
at the ER tubules at presynaptic sites and modulate synaptic vesicle (SV) recycling. 
Furthermore, the VAPA/B-SCRN1 complex is also important to maintain proper ER 
morphology. It is known that VAPA/B facilitates membrane contact sites between 
the ER and other organelles. The membrane contacts might promote the fast 
lipid transfer between ER and other organelles, thus stabilize ER and control ER 
continuity and dynamics. Recently, microtubule nucleation was found at presynapse 
where it promotes SV motility and exocytosis (Qu et al., 2019). Since we found 
that smooth ER in the axon is important for SV recycling, it would be interesting to   
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investigate if the ER complex is involved in the local microtubule nucleation at the 
presynapse.

Future Perspective
This thesis mainly discusses MAPs and their functions in microtubule 
organization during neuron development. Many questions remain and require 
further investigations. The availability of antibodies is a limiting factor in our 
studies, which complicates studying our candidate proteins at the endogenous 
level. Furthermore, the regulation of microtubule dynamics by MAPs is a highly 
concentration-dependent biophysical process; overexpression of MAPs often leads 
to hyperstabilization and bundling of the microtubule network. Two recent technical 
developments might overcome these hurdles of cellular neurodevelopment research 
and show great promise for substantial progress in the near future. 

The recently developed HITI (Homology Independent Targeted Integration) 
CRISPR (clustered regularly interspaced short palindromic repeats) knock-in 
approach enables tagging proteins endogenously in post-mitotic neurons (Suzuki 
et al., 2016; Willems et al., 2020). This allows investigation of the structural 
MAPs at physiological levels. The study of mammalian neuronal development 
and functioning is typically performed in rodent cultured neurons or brain slices. 
The results obtained with these model organisms might not fully recapitulate the 
human situation. Neurons derived from human induced pluripotent stem cells 
(hiPSCs) could be a good way to overcome this problem and make a more relevant 
model to study human disorders and develop potential drugs (Lancaster et al., 
2013; Lindhout et al., 2020; Meijer et al., 2019; Zhao and Bhattacharyya, 2018). In 
addition to iPSC-induced neurons, a glia-induced-neuron system exists, in which 
the repression of a single RNA binding polypyrimidine-tract-binding (PTB) protein 
can transdifferentiate mouse (in vivo) and human (in vitro) astrocytes into functional 
neurons (Qian et al., 2020; Xue et al., 2013). In mouse brains, the induced neurons 
could target proper brain regions in vivo and repair damaged brain function (Qian et 
al., 2020; Zhou et al., 2020a). This provides an exciting new approach to study brain 
function and neuron development. For example, glia-induced-neuron can be applied 
to study axon initiation and dendrite development during the trans-differentiation. 
Compared to iPSC induced neurons, the PTB system might offer a cleaner situation 
with less contamination from other cells types or immature neurons during the 
culture (Pistollato et al., 2017). The relatively low costs and convenience also make 
it better and cheaper for biochemistry and mass spectrometry-based quantitative 
proteomic studies (Xue et al., 2013). Furthermore, PTB system could reduce the 
risk of tumor formation, and be a potential therapy for neurodegenerative disease, 
including Parkinson’s disease (Li et al., 2008; Qian et al., 2020; Wang et al., 2012).   

This thesis shows the importance of MAPs during neuronal development and 
functioning. Though many open questions remain, with the benefits of newly 
developed techniques and methods, the functions of neuronal MAPs and how they 
are involved in the neuronal microtubule organization and neuronal transport will 
likely be further revealed in the future. 
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Abbreviation Definition
AD Alzheimer’s Disease
AIS Axon Initial Segment
AnkG Ankyring-G
CAMSAP1/2/3 Calmodulin-Regulated Spectrin-Associated Protein 1/2/3
CH domain Calponin Homology Domain
CLIMP63 Cytoskeleton Associated Protein 4
CRISPR Clustered Regularly Interspaced Short Palindromic 

Repeats)
C-terminus/terminal Carboxyl-terminus/terminal
EB1/2/3 End Binding Family Protein 1/2/3
ER Endoplasmic Reticulum
hiPSCs Human-induced Pluripotent Stem Cells
HITI Homology Independent Targeted Integration
KD Knock Down
KIFC1/2/3 Kinesin Family Member C1/C2/C3
MAP(s) Microtubule Associated Protein(s)
MAP7D 1/2/3 MAP7 Domain Containing 1/2/3
MID1 Midline 1
MID2 Midline 2
mRNA Messenger Ribonucleic Acid
MTB domain The Microtubule Binding Domain
MTCL1 Microtubule Crosslinking Factor 1
N-terminus/terminal Amino-terminus/terminal
P180 Ribosome Binding Protein 1
PAEZ Pre-axonal Exclusion Zone
REEP1 Receptor Accessory Protein 1
SCRN1 Secernin 1
TRIM Tripartite Motif (RING, B-box and Coiled-coil)
TRIM46 Tripartite Motif Containing 46
VAPA/B Vesicle-associated Membrane Protein-associated Protein 

A/B
WDR47 WD Repeat Domain 47
γ-TuRC γ-tubulin Ring Complex
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English Summary

The human brain is the most complicated organ, that processes the information 
from the sensory organs, forms memories and controls motor functions. Neurons 
are the fundamental units of the brain. These highly specialized cells are connected 
via synapses. There are 100 billion neurons in the human brain that form the 
enormous complexity. To understand how the brain works, it is essential to study the 
fundamental units, the neurons. Neurons are highly polarized cells and critically rely 
on their cytoskeletal filaments to acquire and maintain their specialized morphology 
and functions. Microtubules are the major cytoskeletal components of neurons 
and they are important for neurodevelopment from differentiation, migration 
and development to synapses connection. They serve as tracks for long distance 
transport, support neuronal morphology, and control local signaling events. In 
neurons, microtubules are organized into a specialized architecture. Neurons express 
abundant microtubule-associated proteins (MAPs). It is becoming clear that MAPs 
are critical for the establishment and maintenance of the microtubule architecture. 
To date, our understanding on MAPs and their function is still quite limited, and it is 
what we aim to explore in this thesis. 
In Chapter 2, we describe a novel mechanism that regulates the dendritic 
microtubule organization by KIFC3 and CAMSAP2. Calmodulin-Regulated 
Spectrin-Associated Proteins (CAMSAPs) are known for microtubule minus-ends 
stabilization. KIFC3 from Kinesin14 family is a microtubule minus-end directed 
motor protein. The regulation of microtubule minus-ends and the functions of minus-
end directed motors are relatively less studied in neurons. We found that in neurons, 
KIFC3 and CAMSAP2 colocalize at the microtubule minus-ends and anchor them 
to other microtubules in dendrites. Apart from that, it was found that the KIFC3/ 
CAMSAP2 complex could specifically crosslink and stabilize minus-ends out 
microtubules in dendrites. Our findings help to understand the establishment and the 
spatial arrangement of dendritic microtubules. Furthermore, our data also provide 
new insights into the stabilization of microtubule minus-ends in neurons.
Chapter 3 investigates the regulation of MAPs on motor activity. Kinesin1 is well 
known for intracellular transport in neuronal axon. Our results show that MAP7 
family protein, MAP7D2, specifically concentrated at the proximal axon and locally 
promotes Kinesin1-mediated cargo transport. Here, we propose the model that 
Kinesin1-driven transport could be locally regulated by MAP7D2, and the MAP-
Kinesin collaboration is important for neurodevelopment and polarization. 
In Chapter 4, we look into the TRIM E3 ligase family proteins. TRIM46 is a new 
identified MAP, that localizes to the axon initial segment, crosslinks microtubules 
and is required for neuronal polarity and axon specification. It is still not clear how 
TRIM46 binds to the microtubules, but the COS domain of TRIM46 is essential for 
its microtubule binding and neuronal functions. There are 10 TRIMs from 3 TRIM 
subfamilies (CI, CII and CIII) that contains the COS domain. Our results show 
that only MID1, MID2 TRIM46 and TRIM36 from the TRIM-CI subfamily could 
bind to microtubules. Furthermore, we found MID1 and MID2 are important for 
neurodevelopment.
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Recently, the Endoplasmic Reticulum (ER) is found to be involved in the 
establishment of microtubule organization and neuronal polarity. In Chapter 5, we 
investigate SCRN1 and VAPA/B and their functions in the ER tubules at presynaptic 
sites. Our data show that the SCRN1/VAP complex is important for proper ER 
morphology, maintenance of ER continuity and dynamics, preservation of Ca2+ 

homeostasis and synaptic vesicle cycling. It is unclear if the ER complex at the 
presynapse is involved in microtubule nucleation and/or organization, but it would 
be interesting for future study. 
In this thesis, we shed light on multiple functions and regulations of MAPs during 
neuronal development. We addressed the emerging concept that MAPs crosslink 
microtubules and contribute to the specific microtubule organization in neurons. 
Furthermore, we explored the MAPs and their regulation on motor activity. 
Our insights may support future research in the field of neuronal microtubule 
organization and MAPs to unravel the role of those proteins in neurodevelopment 
and brain functions.
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Nederlandse Samenvatting
Het humane brein is het meest complexe orgaan dat informatie van de sensorische 
organen verwerkt, herinneringen vormt en de motorische functies bestuurt. Neuronen 
zijn de fundamentele eenheden van de hersenen. Deze zeer gespecialiseerde cellen 
staan met elkaar in verbinding via synapsen. Er zijn 100 miljard neuronen in het 
humane brein die samen de enorme complexiteit vormen. Om te kunnen begrijpen 
hoe het brein werkt, is het essentieel de fundamentele eenheden te bestuderen: de 
neuronen. Neuronen zijn zeer gepolariseerde cellen en zijn voor een groot gedeelte 
afhankelijk van de filamenten van het cytoskelet om hun gespecialiseerde morfologie 
en functies te verkrijgen en te behouden. Microtubuli zijn de belangrijkste 
componenten van het neuronale cytoskelet en ze zijn essentieel voor de ontwikkeling 
van neuronen, van differentiatie, migratie en ontwikkeling tot aan de connectie van 
synapsen. Ze dienen als sporen voor transport over lange afstanden, ondersteunen 
neuronale morfologie en besturen lokale signaaloverdracht. In neuronen vormen 
microtubuli een gespecialiseerde architectuur en komen microtubule-associated 
proteins (MAPs) in overmaat tot expressie. Het wordt duidelijk dat MAP’s cruciaal 
zijn voor het opzetten en onderhouden van deze microtubuli structuur. Tot op heden 
is ons begrip van MAP's en hun functie nog vrij beperkt, en dat is wat we willen 
onderzoeken in dit proefschrift.
In Hoofdstuk 2 beschrijven we een nieuw mechanisme dat de organisatie van 
dendritische microtubuli reguleert door KIFC3 en CAMSAP2. Calmoduline-
gereguleerde spectrine-geassocieerde eiwitten (CAMSAP's) staan bekend om hun 
stabilisatie van de minus-uiteinden van microtubuli. KIFC3 van de Kinesin14-
familie is een motoreiwit dat altijd richting de minus-kant van microtubuli 
beweegt. De regulatie van microtubulus minus-uiteinden en de functies van minus-
eind gerichte motoren zijn relatief weinig bestudeerd in neuronen. We ontdekten 
dat in neuronen, KIFC3 en CAMSAP2 colokaliseren bij de microtubuli minus-
uiteinden en dat ze deze verankeren aan andere microtubuli in dendrieten. Verder 
werd gevonden dat het KIFC3/CAMSAP2-complex in dendrieten een subgroep 
van microtubuli kan crosslinken en stabiliseren, namelijk specifiek de microtubuli 
die hun minus-uiteinden naar buiten hebben gericht. Onze bevindingen dragen bij 
aan het begrijpen van het ontstaan van dendritische microtubuli en hun ruimtelijke 
ordening. Bovendien bieden onze gegevens ook nieuwe inzichten in de stabilisatie 
van microtubulus minus-uiteinden in neuronen.
Hoofdstuk 3 onderzoekt de regulatie van MAPs op motorische activiteit. Kinesin1 
staat bekend om zijn rol in intracellulair transport in neuronale axonen. Onze 
resultaten laten zien dat MAP7-familie-eiwit MAP7D2 specifiek geconcentreerd 
is in het proximale axon en daar lokaal het door Kinesin1 gemedieerd transport 
bevordert. Hier stellen we het model voor dat Kinesin1-aangedreven transport 
lokaal kan worden gereguleerd door MAP7D2, en dat MAP-Kinesin-samenwerking 
belangrijk is voor neuronale ontwikkeling en polarisatie.
In Hoofdstuk 4 onderzoeken we de eiwitten van de TRIM E3-ligase-familie. 
TRIM46 is een nieuw geïdentificeerd MAP. Het is gelokaliseerd bij het axon initieel 
segment (AIS), het crosslinkt microtubuli en is van belang voor neuronale polariteit 
en axon-specificatie. Het is nog steeds niet duidelijk hoe TRIM46 zich bindt aan de
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microtubuli, maar het COS-domein van TRIM46 is essentieel voor deze binding en 
zijn neuronale functies. Er zijn 10 TRIM's uit 3 TRIM-subfamilies (CI, CII en CIII) 
die het COS-domein bevatten. Onze resultaten laten zien dat alleen MID1, MID2, 
TRIM46 en TRIM36 uit de TRIM-CI-subfamilie konden binden aan de microtubuli. 
Verder vonden we dat MID1 en MID2 belangrijk zijn voor de ontwikkeling van 
neuronen.
Onlangs is gebleken dat het Endoplasmatisch Reticulum (ER) betrokken is bij de 
organisatie van microtubuli en neuronale polariteit. In Hoofdstuk 5 onderzoeken we 
de eiwitten SCRN1 en VAPA/B en hun functies in de ER-tubuli op presynaptische 
locaties. Onze bevindingen tonen aan dat het SCRN1/VAP-complex belangrijk is 
voor een goede ER-morfologie, de handhaving van ER-continuïteit en dynamiek, 
het behoud van Ca2 + homeostase en de kringloop van synaptische blaasjes. Het 
is onduidelijk of het ER-complex bij de presynaps betrokken is bij de nucleatie 
en/of organisatie van microtubuli, maar het zou interessant zijn voor toekomstig 
onderzoek.
In dit proefschrift belichten we meerdere functies en regulaties van MAP's tijdens 
de neuronale ontwikkeling. We hebben het opkomende concept behandeld, namelijk 
dat MAP's microtubuli crosslinken en bijdragen aan de specifieke microtubuli-
organisatie in neuronen. Verder hebben we de MAP's en hun regulering van motor 
activiteit onderzocht. Onze inzichten kunnen toekomstig onderzoek op het gebied 
van de organisatie van neuronale microtubuli en MAP's ondersteunen om de rol van 
die eiwitten in neuronale ontwikkeling en hersenfuncties te ontrafelen.
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Anyway, there needs to be an end. Thank you all for being with me in my ‘story’. 
My best wishes to you all.
Yujie Cao
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