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The human nervous system controls all aspects of our body functioning. The human brain is
the central organ of the nervous system This remarkable organ allows us the capacity of
cognition and triggers the curiosity to explore the universe and study neurobiology.Why is the
human brain so special? One explanation is that the cerebral cortex of the human brain, which
is responsible for higher cognition, is largely folded and constitutes over 80% of total brain
mass. The human brain consists of ~ 100 billion neurons (Figure 1A). Neurons are polarized
secretory cells, which are characterized by propagating directional electrical signals, resulting
in the release of extracellular messengers (neurotransmitters) as the chemical signals. The
release site is filled with synaptic vesicles and is defined as the presynapse, whereas the
postsynapse consists of receptors that respond to neurotransmitters. These features enable
neurons to connect with each other or with other cells such as muscles or glands, by forming
functional synapses that control all aspects of the body, such as receiving sensory input (sight,
smell, touch, taste, hearing), moving arms and legs, breathing, heartbeat, complex functions
(memory, thought, emotions).

Neuronal morphology and function are highly correlated. To ensure directional signal
propagation, neurons develop specialized compartments. Neurons are typically segregated into
a somatodendritic and an axonal compartment. The dendrites receive signals and the axons
send signals. The somatodendrite consists of the soma with the nucleus and the protein
synthesis machinery as well as multiple dendrites with short branches. Dendrites receive
complex signals sent by axons from upstream neurons. The signals are then integrated and
processed,which can lead to the formation of action potential that propagates along the shaft of
the axon, resulting in the release of chemical neurotransmitters in the axon terminal. The action
potential is generated at the axon initial segment (AIS), a specializedmembrane structure at the
base of the axon (Kole and Stuart, 2012). The core element of theAIS submembrane complex
is giant scaffold protein, 480 kDa AnkG. It recruits and concentrates ion channels such as
voltage-gated sodium (Nav) and potassium (Kv) channels as well as adhesion molecules such
as the 186 kDa isoform of Neurofascin (NF-186) (Fréal et al., 2016; Jenkins et al., 2015;
Leterrier, 2018) (Figure 1B).
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Figure 1. Human brain and neuron
(A) Top image is a lateral view of the human brain, and bottom a superior view. (B) The brain sends
instructions through electrochemical signals generated by neurons.When a neuron does not send signals,
it holds its membrane potential at approximately -70mV. This is termed the restingmembrane potential,
which is generated by selectively pumping sodium ions out the neuronwhile pumping potassium ions in.
Neurons receive and integrate both excitatory and inhibitory inputs and usually fire an action potential
when the membrane potential is raised to about -55 mV. This is achieved when the excitatory inputs
exceed the inhibitory inputs. Typically, the excitatory neurotransmitters that activate postsynaptic
receptors will lead to the influx of larger numbers of positive ions inside the cell, while the inhibitory
neurotransmitters that activate corresponding receptors will mediate flow of negatively charged ions
inside the cell or positively charged potassium to the out of the cell. An action potential is completed by
the influx of positively charged sodium via the voltage gated sodium channels, which are accumulated in
the AIS by the scaffolding protein AnkG along with several other proteins such as the cell adhesion
molecule neurofascin-186and the IV-spectrin.

NEURONALDEVELOPMENT

During neuronal development, axon formation is the initial step in establishing neuronal
polarity. This is followed by the development of dendrites and later on the formation of
synapses. These processes are typically studied in vitro using the well-established primary
neuron cultures, where the neurons are isolated from the hippocampus or cortex of rats ormice
embryos. Alternatively neuron development can also be studied in vivo, e.g. in the mouse
developingneocortex through in utero electroporation or exvivo electroporation.

Study neuronal development in vitro and in vivo
The in vitro culturing of hippocampus neurons from embryonic rats ormicewas developed by
Garry Banker (Banker and Cowan, 1977), and has extensively been used to study neuronal
development. Dissociated neurons are cultured in the dishes or plates coated with poly-lysine
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and laminin. Developing neurons undergo a characteristic morphological development,
classified in 5 stages. In stage 1 cells are round without neurites; a few hours after plating, the
stage 2 cells first establish short processes with approximately the same length called neurites.
Several hours later, one of the short neurites starts to grow faster and becomes the axon (stage
3).At stage 4, the dendrite forms and the axon undergoes fast collateral branching.A few days
later (stage 5) the dendrite forms dendritic spines and functional synapses. (Figure 2A).
Therefore, neuronal polarization in in vitro systems is initiated by the acquisition of axonal
features, followed by the remaining neurites developing into dendrites. In addition to axon
formation, the complexity of axonal and dendritic morphology, such as length and branching,
have extensively been studied in in vitro systems (Craig and Banker, 1994; Dotti et al., 1988).
However, it should be mentioned that most cells isolated from the embryonic day (E)18 rat
hippocampus or cortex were already polarized into post mitotic neurons before plating. Thus
we should keep in mind that using the in vitro system to study polarization of neurons might
actually correspond to the repolarization of neurons.Moreover, the in vitro culture environment
is completely different from the in vivo tissue environment e.g. it misses extracellular cues.
Therefore, it is important to validate findings from in vitro experiments in in vivo systems.

Since 2012, novel technologies led to in utero or ex vivo electroporation procedures; which
allow the delivery of specific plasmids into neuronal progenitors of mouse brains in order to
label neurons or manipulate their gene expression before they differentiate into neurons
(Azzarelli et al., 2017; dalMaschio et al., 2012). Using thesemethods neuron development can
be studied in its endogenous context (Figure 2B). Cortical excitatory neurons are generated in
ventricular zone of the neocortex by differentiation from neuronal progenitors, a process called
neurogenesis. Neurons typically migrate over long distances across the intermediate zone
before reaching their final destination at specific layers in the cortical plate. Most neurons
undergo axonal-dendritic polarization or multipolar to bipolar transition during migration. The
post mitotic cells form a leading process and a trailing process, which will become dendrites
and axons respectively. Excitatory neurons generated in the ventricular zone migrate to the
cortical plate in an inside-out manner. The early generated neurons (E12.5) migrate to deeper
layerV-IV in the neocortex,while late born neurons (E14.5) pass through the deeper layers and
migrate to superficial layers II-IV(Nadarajah andParnavelas, 2002).
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Figure 2. In vitro and in vivomethods to study neurodevelopment
Thehippocampus isa seahorse-like tissueof theneocortexwhich is responsible for learningandmemory.Primary
cultures of hippocampal neurons have been used to study neurodevelopment for over 30 years since its
establishment.Why is it sopopular toprepareprimaryneuroncultures fromthehippocampus?Oneexplanation is
that theneuronpopulation ismoreuniform than inother regionsof thebrain (Bensonet al., 1994).At the stage of
E18-19whenhippocampusisdissected, it ismainlypopulatedwithpyramidalneurons, theneurogenesisofdentate
granuleneuronshasnotyetbegunandtherearefewglialcells(BankerandCowan,1977).(A)Drawingofcultured
hippocampal neurons stage 1-5. (B) Schematic representation of ex vivo electroporation. E14.5 embryos are
electroporatedintheregionoflateralventriclesofthebrainsasindicatedbytheglassmicro-pipettes, thegreenregion
inthetelencephalonis theareascontaining thetransfectedcells.Theembryobrainsarethencoronallysectionedand
cultured for 4 days, allowing neurons born in the ventricular zone to complete migration to the cortical plate.
Neurons differentiate from radial glial cells (RG) and exhibit amultipolarmorphology.Multipolar neurons (MN)
transform to bipolar neurons (BN)when they leave the intermediate zone. The bipolar neuronsmigrate along the
fibers of radial glia cells until they arrive at the final position in the cortical plate. PN: post-migratory neurons;VZ:
ventricularzone;SVZ:subventricularzone;IZ;intermediatezone;CP:corticalplate.

Features of neuronal polarity
In order to ensure directional signal propagation, neurons employ several overlapping
mechanisms to establish and maintain their polarity. Neuronal polarity is characterized by
many aspects. For instance,membrane bound organelles, such as the nucleus stays in soma, the
Golgi is mainly localized to the soma and dendrites, the rough endoplastic reticulum (ER) is
retained in the somatodendritic compartment whereas the smooth tubular ER localizes to the
axon (Farías et al., 2019). In addition to the asymmetric distribution of membrane bound
organelles, also proteins and mRNAs are sorted to specific compartments, e.g. Synaptic
vesicles (SVs) filledwith neurotransmitters are exclusively sorted to the synaptic boutons in the
axon (Bennett and Scheller, 1994), while postsynaptic receptors and components of the post
synaptic density complex are sorted to dendrites (Kennedy and Ehlers, 2006). In addition, the
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cytoskeleton elements and their associated proteins are differently distributed between axons
and dendrites. Whereas neurofilament proteins are enriched in the axon (Benson et al., 1996),
themicrotubule associated proteinMAP2 localizes to the somatodendritic compartment, while
another microtubule binding protein, Tau, mainly accumulates in axons (Craig and Banker,
1994; Peng et al., 1986). Moreover, in mammalian neurons, microtubule organization is
different in dendrites and axons. Microtubules have mixed orientation in dendrites, while they
are uniformly organized in a plus-end out manner in the axon (Baas et al., 1988). Vesicles,
organelles, proteins and mRNAs can be selectively transported by motor proteins that can
move along the cytoskeleton into axons or dendrites (Figure 3). For instance, the plus-end
directedmotorKinesin-1 exclusively drives cargo transport into axons.

Figure 3. Neuronwith polarized features
Many components in neurons have a specific localization. Since the rough ER which is responsible for
synthesizing secretory andmembrane proteins exhibits a compartmentalized localization to the soma, and
theGolgi apparatuswhich is responsible for proteinmodifications also is confined to the soma, the newly
generated proteins have to be transported over long distance into axons or dendrites, by selective
microtubule-based motor trafficking. Kinesin-1, the major plus-end directed motor mediates cargo
transport exclusively into axons. Microtubules, serve as rails for motor transport and are differently
organized in axons and dendrites (plus-end out in the axon and mixed orientation in the dendrite) and
decoratedwithdifferentMAPs (MAP2 in thedendrites andTau in the axons).

Several mechanisms have been reported to selectively sort cargos into the axon or the
somatodendritic compartment in order to establish and maintain neuronal polarity. Primarily,
the transport into the axon is determined by the parallel plus-end out oriented microtubule
bundles, one of the features that determines axon identity. A recent finding shows that most
somatodendritic vesicles stop entering the axonat amore proximal region compared to theAIS,
also known as the axon hillock, which is also referred to as the pre-axonal exclusion zone
(PAEZ). Polarized sorting of vesicles at the PAEZ is supposed to depend on their selective
association with specific microtubule motors. For instance, the preference of Kinesin-1 for
stablemicrotubules may contribute to the sorting and trafficking of axonal cargos (Farías et al.,
2015). The more conventional view is that there is a molecular barrier at the base of the axon.
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TheAIS, that separates the axon from the somatodendrite, acts as a diffusion barrier (Leterrier
and Dargent, 2014; Rasband, 2010). In addition to functioning as a diffusion barrier, the AIS
acts as a selectively vesicle filter. Initially a model was suggested in which actin filaments halt
the somatodendritic vesicles and serve as tracks for retrograde myosin directed cargo transport
(Lewis et al., 2009; Watanabe et al., 2012). However, another study shows that myosin-V
recruits and accumulatesKinesin-driven cargos in actin rich hotspots but was not able to return
these cargos to the cell body, suggesting that additional mechanisms are required to retrieve
somatodendritic cargos from the AIS (Janssen et al., 2017). An alternative mechanism for
retrograde transport of somatodendritic cargo was suggested, by locally activating the
microtubule minus-end directed motor dynein, by localizing the dynein regulator NDEL1 to
theAIS via binding toAnkG (Kuijpers et al., 2016). In summary, somatodendritic vesicles that
escape sorting at the PAEZ may be retrieved from the AIS by an actin- and/or microtubule-
based gatekeeping mechanisms. The combination of sorting behaviors along the PAEZ-AIS
region may explain the asymmetric distribution of vesicles, organelles, proteins and mRNAs
between the axonal and somatodendritic domains for neuronal polarization (Figure 4).

Figure 4. Polarized cargo sorting at PAEZ andAIS
Various mechanisms have been reported to regulate cargo sorting into dendrites or axons. Most dendric
cargos are sorted back to the cell body at the very beginning region of axon called the PEAZ, the other
somatodendritic cargos are further sorted at the AIS, where cargos are trapped by actin patches, or
possibly returned by myosin along actin filaments. Another model of regulating cargo reversal is by
locally activatingdyneinbyNDEL1,which is attached to theAISbybinding toAnkG.

MICROTUBULES

In order to account for the different cellular functions of the microtubule cytoskeleton in
diverse cell types and at various developmental stages, it is important to tightly control its
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organization and dynamics. This relies on variousmicrotubule associated proteins (MAPs) and
microtubule based motor proteins as well as on tubulin isotypes and on the post translational
modifications (PTMs).

Microtubules are hollow cylindrical polymers of - and -tubulin dimers. The polymerization
process is regulated by the hydrolysis of -tubulin-bound GTP. Microtubules typically have a
fast growing plus-end and a slow growingminus-end. The plus-end dynamics are regulated by
a group of microtubule plus-end-tracking proteins (+TIPs) such as end bind proteins (EBs),
and theminus-end is stabilized by proteins of the CAMSAPfamily, also referred to asminus-
end-targeting proteins (-TIPs). Microtubules act as ‘roads’ for motor proteins based cargo
transport, but also to form the mitotic spindle to promote chromosome separation during cell
division or to shape cell morphology and form specialized structure such as cilia and flagella
(Akhmanova andSteinmetz, 2008; Jiang andAkhmanova, 2011).

Microtubule assembly
Microtubules are nucleated by the -tubulin ring complex ( -TuRC), a ring like structure that
serves as a template. Inmammalian cells, microtubules can be classified into two subset based
on their site of origin, one is centrosome derived microtubules, the other is non- centrosomal
microtubules. Centrosomal microtubules are generated from centrosomes, the major
microtubule organization center (MTOC) in most mammalian cells. Non-centrosomal
microtubules can be generated by severing of pre-existing microtubules using specific
enzymes or by mechanical breaking, or alternatively by local nucleation at non-centrosomal
sites (Raynaud-Messina and Merdes, 2007; Sulimenko et al., 2017). For dividing cells, the
majority of the microtubules are generated from centrosomes, which localize near the nucleus
at the center of a cell, forming radial array microtubules with their plus-end growing towards
the plasmamembrane. In addition to centrosome anchored microtubules, there is a population
of free microtubules, which is scattered though the cell and capped by CAMSAPs at their
minus-ends,.Moreover, there is a subset ofmicrotubules growing out from theGolgi apparatus
(Efimov et al., 2007) (Figure 5A). For the differentiated epithelial cells, -TuRC is thought to
nucleate microtubules from the cortex at apical surface generating a parallel microtubule
network with the plus-end growing towards the basolateral surface. For differentiated muscle
cells, microtubules are generated from the outer membrane of the nucleus parallel to the long
axis and are important for nuclear positioning (Sanchez and Feldman, 2017). Differentiated
neurons, similar to epithelial cells, undergo centrosome inactivation upon maturation. Over
time the centrosome MTOC is lost resulting in microtubules that are nucleated from non-
centrosomal sites (Stiess et al., 2010). Recently, two studies (Cunha-Ferreira et al., 2018;
Sánchez-Huertas et al., 2016) addressed the mechanisms of how neurons generate
microtubules from non-centrosomal sites. The HAUS/Augmin complex, which was
previously found to recruit and orient -TuRC on pre-existing microtubules for nucleating
microtubule in the mitotic spindle in dividing cells, was also essential to organize parallel plus-
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endoutmicrotubules in the axonand tomaintainmicrotubule density indendrites (Figure 5B).

Figure 5.Microtubule organization in dividing and non-dividing cells
Cartoon illustrating themicrotubule organization in a dividing cell at interphase (A) and in a differentiated
vertebrate neuron (B). (A) In dividing cells, centrosomes at the center of the cell are themajormicrotubule
organization center, generating radial arrays of microtubules with plus-ends towards the plasma
membrane. However, a population of microtubules are also generated from the Golgi membranes.
Moreover, free microtubules capped by minus-end proteins such as CAMSAPs are generated from pre-
existing microtubules by either breaking or severing by enzymes. (B)Vertebrate neurons lose the
centrosome as the major microtubule organization center during maturation. The HAUS/Augmin
complexplays an important role innucleatingmicrotubules frompre-existingmicrotubules .

Microtubule basedmotor proteins
The power of life is a result of the right protein being at the right place and time inside cells,
including neurons. Microtubule based motor transport is the basis for delivering proteins to
their site of action.

Motor proteins are able to walk on microtubules usingATPas energy to transport cargos such
as organelles, vesicles, proteins orRNAs.The human genome codes for 45 kinesinswhich can
be categorized into 14 subfamilies (Lawrence et al., 2004). Most kinesins direct intracellular
cargo transport towards the microtubule plus-end, while the dynein motor drives cargos to the
minus-end of microtubules (Figure 6). In general, motor proteins are characterized by a motor
domain (where ATP hydrolysis takes place to generate forces), a stalk domain (that forms
dimers or tetramers) and a tail domain. The motor domain binds to microtubules, whereas the
tail domain binds to adapter proteins or cargos. Somemotor proteins like theKinesin-1 family
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members are normally autoinhibited by an interaction between its head and tail domain (Kaan
et al., 2011). When binding to cargo, the motor undergoes a conformational change and
become activated. Exogenous expression of a truncated Kinesin-1, with themotor domain and
the coiled coil domain (MDC domain) in neurons, the Kinesin-1-MDC will end up in the
axonal tips (Jacobson et al., 2006). This suggests that truncated Kinesin-1 without tail domain
are relieved from autoinhibition and thus are constitutively active. Emerging evidence has
shown that the relief from autoinhibition depends on adaptor proteins which mediate specific
cargo binding (Gindhart, 2006). Kinesin-1 exclusively drives polarized cargo transport into
axons. The mechanisms by which Kinesin-1 selectively directs transport into axon have been
addressed by several studies. One study showed that Kinesin-1 has a preference for stable
microtubule at the beginning of the axon which is defined as the PAEZ (Farías et al., 2015).
Using optical nanoscopy, it was recently shown by another study that Kinesin-1 selectively
walk on stable acetylatedmicrotubuleswhile kinesin-3 prefer dynamic tyrosinatedmicrotubule
in neurons. Although dendrites have mixes microtubule polarity, the stable microtubules are
mostly oriented plus-end inward, thus guiding Kinesin-1 motors out of dendrites and into
axons (Tas et al., 2017). Kinesin-3 however, drives cargo into both the somatodendritic and the
axonal compartment.

In addition to driving cargo transport into different cellular compartments, kinesins differ in the
cargos they transport. For instance, Kinesin-1 drives transport of organelles (mitochondria,
lysosome, ER,) and RNPs, while Kinesin-3 carries synaptic vesicles (SVs) and dense core
vesicles (DCVs) (Hirokawa et al., 2009). Themechanisms of howKinesin-1 selectively directs
transport into the axon will be further investigated in Chapter 2, where we found that the
MAP7 family member MAP7D2 exclusively localizes to proximal axon where it promotes
Kinesin-1 based cargo transport into axons.

Figure 6.Motor proteinmediated cargo transport on themicrotubule
Cartoon illustrating theKinesinsmediate cargo transport towards themicrotubule plus-end, while dynein
motors carry cargos to themicrotubuleminus-end.
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Microtubule dynamics
Proper control of microtubule dynamics is involved in various events during cell proliferation,
differentiation and migration. The microtubule plus-end is constantly changing between
polymerization/growth and depolymerization/shrinking, which is referred to as the dynamic
instability (Mitchison and Kirschner, 1984). The transition from growth to shrinking is called
catastrophe and the reverse is called rescue. Such dynamic instability allows cells to respond to
extracellular environment by rapidly reorganizing the microtubule cytoskeleton, to e.g.
generate forces and to guidemotor trafficking.Agroup ofmicrotubule-associated proteins (end
binding, lattice binding, motors etc.), as well as other factors, like GTPase, guanine nucleotide
exchange factors (GEFs) and drugs (taxol, vinblastine) are known to regulate microtubule
dynamics.

+TIPs An example of a plus-tip protein that promotes microtubule polymerization is
XMAP215 (Brouhard et al., 2008), which can bind to tubulin dimers and brings them to the
microtubule plus-end. On the other hand microtubule depolymerization is controlled by a
group ofKinesin families that act as depolymerases instead ofmolecularmotorswalking along
microtubules. These are the kinesin 8, 13, 14 family members. For example, KIF2C (Kinesin
13), also known as mitotic centromere-associated kinesin (MCAK), is concentrated at
microtubule plus-ends and is able to remove tubulin dimers using ATP as energy. For the
regulation of microtubule catastrophes and rescues, the cytoplasmic linker protein (CLIP)-
associated proteins (CLASPs) have been well studied. CLASPS are +TIPS, which are able to
increase microtubule stability and density in many cell types in a variety of species. Overall,
+TIPs are the central players regulating microtubule dynamics. Proteins being recruited to the
microtubule plus-end are either directly binding through their intrinsic structural properties or
through indirect association with direct binding partners (Akhmanova andHoogenraad, 2005).
EBs are direct or autonomous end trackers and can recognize growingmicrotubule ends. They
play key roles in regulating +TIPs via recruiting a variety of regulators controllingmicrotubule
dynamic to the growing plus-end in twoways (Honnappa et al., 2009); either by binding to the
C-terminal EEY/F domain of EBs such as for CLIP-170 (CAP-Gly domain family protein)
and p150Glued (the subunit of dynactin ) or by binding of the EBHdomain of EBs to various
SxIPmotif containing proteins such as the tumor suppressorAPC, the transmembrane proteins
STIM1and theKIF2C/MCAK.

-TIPs In addition to the regulators that control microtubule dynamics at the fast growing
microtubule plus-end, the slow growing minus-end is controlled by a group proteins that
nucleate or stabilize themicrotubules (Akhmanova and Hoogenraad, 2015; Jiang et al., 2014).
-TuRC acts as ring-like template to nucleate microtubules. CAMSAPs proteins (CAMSAP1,
CAMSAP2,CAMSAP3 in human) bind to themicrotubule minus-end directly.Among them,
CAMSAP1 can track the growing minus-end, while the CAMSAP2 and 3 can decorate and
stabilize the microtubule minus-end. Thus, CAMSAPs are defined as microtubule minus-end
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targeting proteins (–TIPs) that control the stability ofmicrotubuleminus-ends, in away serving
as stabilizers for non-centrosomalmicrotubule assemblies.

In addition to end binding proteins, many chemicals have been shown to regulate
microtubule polymerization and depolymerization processes. Paclitaxel, the well-known
anticancer drug, can promote microtubule polymerization, and leads to abnormal mitotic
spindle formation. This results in defective cell divisions and in the killing of the cancer
cells. On the other hand, colchicine (and its analogs) and Nocodazole inhibit microtubule
polymerization, and depolymerize the spindle microtubules, thus blocking mitosis. Not
surprisingly, the use of drugs that target microtubule dynamics have been extremely
valuable to treat cancers (Jordan and Kamath, 2007).

Tubulin codeandpost translationalmodifications (PTMs)
Microtubule networks show a considerable diversity in / -tubulin dimer, the microtubule
“building blocks”. The composition diversity is achieved through the expression of various
tubulin isotypes and PTMs.The concept ‘tubulin code’is used here to describe such a diversity
of combinations of tubulin isotype as well as tubulin PTMs (Gadadhar et al., 2017). The
‘tubulin code’ is supposed to determine the selective association of motor proteins and
microtubule-associate proteins (MAPs). There are 8 - and 9 -tubulin genes in the human
genome, and the expression is finely tuned in different cell types generating variety of
combinations of - and -tubulin heterodimers. For example, neurons express a specific -
tubulin isoform ( III tubulin; TUBB3), cilia and flagella are incorporating IVa and IVb
tubulins (TUBB4AandB) and VI (TUBB1) is enriched in plateletmicrotubules.

The intrinsicmicrotubule diversity is further determinedbydifferent PTMs (Roll-Mecak, 2019)
on - or -tubulin, including acetylation, tyrosination/detyrosination, phosphorylation,
glutamylation, 2-tubulin, glycylation. PTMs vary a lot in different cell types and cellular
compartments. For example, tyrosinated tubulin is enriched atmicrotubules in growth cones of
neurons, whilemicrotubules in axons aremostly detyrosinated and acetylated.Moreover, there
are correlations between PTMs and microtubule dynamics. The dynamic microtubules with
short life time are predominantly tyrosinated, while the stable microtubules with long life time
are enriched in acetylated and detyrosinated tubulin.

Microtubule associated proteins (MAPs)
In addition to intrinsic properties of the microtubule, microtubule diversity is further enlarged
by proteins which are able to associated with microtubules, the MAPs. These contribute to
microtubule network diversity by exhibiting cell type specific expression and specific
spatiotemporal expression. MAPs were initially defined as proteins that bind to and stabilize
microtubules. More recently it is becoming clear thatMAPs can regulate microtubule network
in many other aspects beyond microtubule stability. MAPs can crosslink microtubules,
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organize specialized microtubule structures such as mitotic spindles, cilias and axons or target
microtubules to other cellular structures such as organelles and actin. Moreover MAPs can
regulate motor activity, serving as activators or inhibitors for motor proteins. These functions
forMAPswill be further discussed in the followingparagraphs.

MICROTUBULEBASEDTRANSPORTINNEURON

Microtubule-associated proteins (MAPs) in neuron
In neurons, microtubules play key roles during every stage of development, including
differentiation, migration, polarity establishment, axon and dendrite arborization and the
formation of synaptic connections. Mammalian neurons have a special microtubule
organization with mixed microtubule orientation in dendrites and a parallel plus-end out
microtubule network in axons.Neurons from the human peripheral nervous system (PNS) can
have axons with a total length ranging from 10 mm to 100 m. These extreme long distances
require super stablemicrotubules arrays to ensure efficient transport.

To build these microtubule-highways, neurons express abundant MAPs to regulate the
microtubule tracks. These MAPs include microtubule end bind proteins (-TIPs such as
CAMSAPs and +TIPs such as CLASP) as well as microtubule lattice binding proteins (so
called structuralMAPs), such asMAP1,MAP2,Tau,MAP6,MAP7,Doublecortin (Figure 7).

MAP1 family (MAP1A, MAP1B, MAP1S) MAP1 family members MAP1A, MAP1B and
MAP1S (Halpain and Dehmelt, 2006) are all cleaved by proteolytic enzymes at the C-
terminal tail; generating a heavy chain and a light chain. There are one or two microtubule
binding domains (MTBs)within the heavy chain, while the light chain contains oneMTB and
an actin binding domain. Thus in theory MAP1 family proteins can function as crosslinkers
between two cytoskeleton elements.All MAP1 isoforms are expressed in the nervous system.
MAP1AandMAP1B are predominantly expressed in brain tissues and play important roles in
neuronal development, whileMAP1S is ubiquitously expressed inmany tissues, including the
brain.MAP1S is important formitosis and autophagy in cancer cells.

MAP1A is highly expressed in mature neurons, where it mainly localizes to the
somatodendritic compartment. MAP1A specifically binds to the postsynaptic density protein
PSD-93 , and recruits PSD-93 to dendritic microtubules (Brenman et al., 1998). MAP1A
knockout (KO) mice display impaired learning and memory, defects in synaptic plasticity,
decreased NMDAreceptors transport into dendritic spines and increased PSD-93 degradation
(Takei et al., 2015).

MAP1B is highly expressed in immature neurons during neurodevelopment, where it
distributes along the distal axon. MAP1B is important for axonal development and neuronal
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migration, and MAP1Bmutant mice die before birth at embryonic day (E) 8.5 (Edelmann et
al., 1996; González-Billault et al., 2000). Human patients with MAP1B mutations display
intellectual disability and loss ofwhitematter (Walters et al., 2018);which are brain areasmade
up of myelinated axons. All phenotypes match with the temporal and spatial expression of
MAP1B. MAP1B prefers to bind dynamic tyrosinated microtubules, potentially helping to
maintain a pool of dynamic microtubules required for axon elongation and path finding
(Tortosa et al., 2013;Tymanskyj et al., 2012).

MAP2 MAP2 is the most abundant MAP in brain tissue and specifically localizes to
somatodendritic compartments in neurons. Due to its compartmentalized distribution in
neurons, it has been widely used as the dendritic marker. Depletion of MAP2 decreased
microtubule density in dendrites and reduces dendritic length (Harada et al., 2002) (Akihito
Harada 2002 JCB). There are three or four MTBs in the C-terminus facilitating its association
with microtubules. MAP2 promotes microtubule polymerization, stabilizes and bundles
microtubules aswell as generates spacing betweenmicrotubules (Gamblin et al., 1996).MAP2
KOmice showedno apparent phenotype inbrain cytoarchitecture (Teng et al., 2001).

Tau Tau is abundant in the central and peripheral nervous system, which it predominantly
localizes to the axons.Tau has beenwidely used as amarker for the axon due to its early axonal
distribution just after axon specification. Tau proteins consists of four domains, a N-terminal
projection domain, a proline rich domain, aMTB domain and a C-terminal domain. There are
12Tau isoforms in human. Tau promotes microtubule polymerization and is required for axon
development andmaintenance.The role ofTau to stabilizemicrotubule has been challenged by
a recent study, which claimed that Tau is not a MAPwhich can stabilize axonal microtubules
but rather a labile microtubule ‘holder’ which enable labile domain elongation (Qiang et al.,
2018). InitiallyTauKOmicewere reported to displayno abnormalities in general development,
but further studies revealed that the microtubule density is reduced in small caliber axons but
not large caliber axons (Harada et al., 1994). Hyperphosphorylation of Tau can induce the
formation of neurofilament tangles (NFT), which is one of the pathological hallmarks of
Alzheimer’s disease (AD) and many other Tau pathologies, including frontotemporal lobar
degeneration, pick’s disease, amyotrophic lateral sclerosis (ALS) and some genetic forms of
Parkinson disease (PD) (Spillantini and Goedert, 1998). Mutations in the Tau coding gene in
human leads to frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-
17) (Goedert et al., 1999). Mice models expressing the most common FTDP-17 mutation
(P301L) displayed motor and many other behavior defects as well as NFT and neuron loss in
thebrain,whichmimics thephenotype of humanpatients (Lewis et al., 2000).

MAP6 MAP6, or stable tubule only peptide (STOP) is broadly expressed in vertebrates tissues
including brain, heart, muscle, kidney, lung and testis (Aguezzoul et al., 2003).MAP6 protects
microtubules from cold or drug induced depolymerization. In neurons, MAP6 is enriched in



General introduction

15

1

axons and is required for microtubule stabilization, facilitating microtubule based cargo
transport and axonal development. Palmitoylation cycles within the N-terminus control the
polarized distribution into the axons and shuttles MAP6 from membrane bound vesicles to
axonalmicrotubules (Tortosa et al., 2017).

MAP7 family The microtubule-associated protein MAP7 (ensconsin in Drosophila) was
described as an essential Kinesin-1 cofactor by promoting Kinesin-1 recruitment to
microtubules (Barlan et al., 2013; Sung et al., 2008).MAP7 is required for all knownKinesin-
1 dependent processes in the polarized Drosophila oocyte (Metivier et al., 2018) and it is
essential for Kinesin-1 mediatedmyonuclear positioning inmammalianmyotubes (Metzger et
al., 2012). Moreover, 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-MAP115), 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 bind to Kinesin-1. MAP7 and MAP7D1 are broadly expressed and were
described to play a role in neurodevelopment, including axonal development in cultured
neurons (Koizumi et al., 2017; Tymanskyj et al., 2017, 2018). MAP7D2 on the other hand is
predominantly expressed in brain tissues, while MAP7D3 is only expressed in non-brain
tissues (Niida and Yachie, 2011). The subcellular localizations of MAP7 family proteins and
MAP7D2function in neuronal cellswill bediscussed inChapter 2 in this thesis.

Doublecortin family The doublecortin domain containing family members include the
doublecortin (DCX) and the doublecortin like kinases DCLK1 and DCLK2. DCX is
expressed in migrating immature neurons and is widely used as marker for newly born
postmitotic neurons. It localizes to the growing ends of neurites or leading processes (Francis et
al., 1999). Patients with mutations in the DCX microtubule binding domain can have
lissencephaly, which is caused by a failure of neuronal migration to the right place in cerebral
cortex. The regulatory mechanisms underlying DCX related disease onset is likely through
participating LIS1-Dynein dependent nucleus and centrosome coupling (Tanaka et al., 2004),
which is key for neuronal migration. DCX directly binds to LIS1 and mutations in LIS1 or
DCX share strikingly similar features in humans (Caspi et al., 2000). Unlike DCX, DCLK1 is
expressed in both immature and mature neurons, where it predominantly localizes to the
somatodendritic compartments. Overexpressing DCLK1 increased dendritic complexity (Shin
et al., 2013),while depletion ofDCLKsdecreased thedendritic complexity (Lipka et al., 2016).
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Figure7.Compartmentalizationofmicrotubuleassociatedproteins (MAPs) inneuron
Cartoon illustrating the neuronal microtubule cytoskeleton decorated with various MAPs in different
compartments. MAP2, MAP1A, DCLK1 are present in somatodendritic compartment, while Tau,
MAP1BandMAP6 localize to theaxon.

“MAP code” controls motor activity in neuron
In mammalian neurons, the polarized microtubule arrays with mixed plus-end and minus-end
outmicrotubules in dendrites and only plus-end outmicrotubules in axons serve as the tracks to
drive motors with cargos to different compartments (Baas et al., 1988). This model was
supported by the discoveries that plus-end directed Kinesin-1 motors specifically drive cargos
into axons, while theminus-end directed dyneinmotors guide cargos out of axons (Kapitein et
al., 2010; Nakata and Hirokawa, 2003). However, the other plus-end directed kinesins such as
kinesin-3 can drive cargos into dendrites aswell,which cannot be explainedby thismodel.

In addition to the special microtubule organization in neurons, the microtubule cytoskeleton is
further modified by specific microtubule PTMs. This so called “tubulin code” contributes to
themicrotubule heterogeneity in neurons, andmight provide cues for selective cargo transport.
For instance, the preference of Kinesin-1 for stable microtubules may contribute to the sorting
and trafficking of axonal cargos (Farías et al., 2015). By using optical nanoscopy, it was
recently shown that within the mixed dendritic microtubule arrays stable acetylated
microtubules aremostly oriented plus-end inward and guideKinesin-1motors out of dendrites
(Tas et al., 2017). But still, the regulatory mechanisms of Kinesin-1 and many other motors
remains unclear.

Not only the specific “tubulin code” in neurons, but also the spatially confined microtubule-
associated proteins form a ‘‘MAP code’’ that may locally control microtubule motor activities
(Figure 8). In the somatodendritic compartment, for example, doublecortin stimulates kinesin-3
to target dendrites (Lipka et al., 2016), whereas it inhibits Kinesin-1 from landing and walking
on microtubules (Monroy et al., 2019). The same applies for MAP2 and SEPT9, which were
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found to prevent Kinesin-1 cargo from entering the dendrite (Gumyet al., 2017; Karasmanis et
al., 2018). Since Kinesin-1 was found to be important for dendritic spine morphogenesis,
synaptic plasticity and memory formation (Zhao et al., 2020), it is unclear what promotes
kinesin-1 in dendrites.

In the axon however, the MAP7 protein was shown to promote axonal branching in DRG
neurons (Tymanskyj et al., 2017). In vitro reconstitution experiments, theMAP7 proteins were
show to activate Kinesin-1 through binding and recruiting Kinesin-1 to microtubules
(Hooikaas et al., 2019; Monroy et al., 2018). In contrast the axonal protein Tau is suggested to
prevent Kinesin-1 from landing and/or activity on axonal microtubules (Seitz et al., 2002). It
was shown that MAP7 and Tau compete for microtubule binding in in vitro protein
reconstitution assays (Monroy et al., 2018). Whether the same takes place in neurons remains
tobe seen.

Furthermore, the MAP1B, which is enriched in the developing axon, prevents retrograde
axonal transport of mitochondria while Tau inhibits anterograde transport of mitochondria
(Jiménez-Mateos et al., 2006). Since mitochondria are anterogradely transported by Kinesin-1
and retrogradely driven by dynein, it seems that Tau prevents Kinesin-1 transport andMAP1B
inhibits dynein transport of mitochondria in axons. MAPs that regulate Kinesin-1 activity will
bediscussed inChapter2 in this thesis.

Figure8.MAPs inhibitKinesin-1mediatedcargo transport
Cartoon illustrating howKinesin-1 is inhibited byMAP2, Septin 9, andDCLK1 in dendrites, and byTau
in theaxon.
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SCOPEOF THIS THESIS

The microtubule cytoskeleton is essential for nearly every stage of neurodevelopment, from
differentiation, migration, polarization, axon and dendrite development to synapse connections.
During these processes, microtubules serves as ‘roads’ for motor proteins mediated cargo
transport over long distances. As the neurons from human PNS can have axons with a total
length ranging from 10 mm to 100 m, the microtubule based motors transport life sustaining
materials such as organelles, proteins ormRNAs from the soma to the axon terminal. Neurons
express abundantMAPs to regulate themicrotubule cytoskeleton.MAPswere initially defined
as proteins that bind to and stabilize microtubules. More recently it is becoming clear that
MAPs can regulate the microtubule network in many other ways, which will be explored in
this thesis. In chapter 2we describe the emerging concept that regionally confined MAPs act
as a “MAP code” regulating motor activity. We found that MAP7 family members
MAP7/7D1 are specifically enriched in somatodendritic compartment of the neuron, whereas
MAP7D2 localizes in the proximal axon and promotes Kinesin-1 mediated cargo transport
into axons. In chapter 3we discussed how theE3 ubiquitin ligase familymembersMID1 and
MID2 associate withmicrotubule cytoskeleton and control axon and dendrite development. In
chapter 4 we show how MAPs act as microtubule crosslinkers to form the proximal axon
specific microtubule fascicles. In chapter 5 we discuss the cross-talk between TRIM46
induced parallel microtubules and the AnkG mediated membrane scaffolding coordinate to
drive theAIS assembly to establish neuronal polarity. In chapter 6we discuss themechanisms
that underlie the specific microtubule organizations in axons; the “MAP code” that guide
Kinesin-1 with cargos out of dendrites and into axons; the mechanisms of how MAPs are
confined to different compartments of neurons andhowMAPs regulate axonbranching.
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SUMMARY

Themotor 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 neuronalmigration.
We propose a model in which MAP7D2 in the proximal axon locally promotes kinesin-1
mediated cargoentry into the axon.

INTRODUCTION

Themicrotubule 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
molecularmotors to transport cargo in a directionalmanner. Plus-end directed kinesin-1motors
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, themechanism
bywhich the axonal entry of kinesin-1dependent cargo transport is regulated remainsunclear.

Several regulatorymechanismshave 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 sortingmechanismsmayplay 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). ThemammalianMAP7 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
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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 inneuronal cells.

In this study, we show that MAP7D2 interacts with all three kinesin-1 family members and
accumulates in proximal axon.We found thatMAP7D2 localizes to theproximal 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
cargoentry into the axon.

RESULTS
MAP7D2 localizes to theproximalaxon
To study the subcellular distributions ofMAP7 familymembers in neurons, we first expressed
mCherry taggedMAP7,MAP7D1,MAP7D2andMAP7D3 in primary cultured hippocampal
neurons (Figure 1A).WhereasMAP7 andMAP7D1aremainly present in the somatodendritic
compartment, MAP7D2 and MAP7D3 localize to the proximal axon overlapping with the
axon initial segment (AIS) markers TRIM46 andAnkyrinG (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 thatMAP7 familymembers have a distinct distribution in neurons.

Since MAP7D3 is only expressed in non-brain tissues andMAP7D2 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 ofMAP7D2.To study the localization of endogenous
MAP7D2, we performed immunofluorescence labelling of cultured neurons. In agreement
with the exogenousmCherry-MAP7D2 distribution, antibodies against endogenousMAP7D2
labelled the proximal axon overlappingwithAnkG (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 atmicrotubules inWTHela cells but not inMAP7D3KOHela 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
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expressed. Taken together, these data indicate that MAP7D2 is exclusively expressed in the
proximal axonof hippocampal neuron.

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 thatMAP7D2 localizes to
theproximal axondirectly after neuronal polarization.

Figure1.MAP7D2 isenriched inproximalaxon
(A)Schematic domain structure ofhumanMAP7familymembers.Numbers represent aminoacids.
(B) DIV15 neurons expressing mCherry tagged MAP7 proteins and co-stained for AnkG (green),
TRIM46 (blue). Bar graph shows the polarity index ofMAP7 proteins togetherwithAnkGandTRIM46
(n > 10 neurons in each group). Bottom panels are zooms of the proximal axons and line scans for the
normalized intensityof eachchannel fromsoma toaxon.
(C) DIV3 neurons expressing mCherry-MAP7D2 and stained for TAU (green). Line graphs of each
channel are shown.
(D) DIV14 neurons stained with endogenousMAP7D2 (green) and AnkG (red). Line graph shows that
MAP7D2fluorescence alignswithAnkGmaximumintensity (n=21).
(E,F) DIV1 neurons stained for endogenousMAP7D2 (green) and TAU (red). Line scans for stage 2, 3
showthenormalized fluorescent intensity fromsoma to axon.
Scalebars:20µm(B,D), 50µm(C,E).
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MAP7D2 localizes toproximal axon through itsmicrotubule-bindingdomain
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) aswell asMAP7D2 (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). Tomap theminimal regions required for the axon specific localization,
we generated chimeric proteins by swapping domains of theN-terminal parts ofMAP7D1and
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 inneurons (Figure 2FandS2F).

To determine the dynamics of MAP7D2 in cells, we performed fluorescence recovery after
photobleaching (FRAP) experiments in the proximal axon usingN-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 thatMAP7D2 stably localizes to
theproximal axon through itsN-terminalmicrotubule-binding domain.

Figure2.MAP7D2stably localizes toproximalaxonthrough itsdomainaa151-387
(A)OverviewofMAP7D1andMAP7D2 truncations andchimeras.
(B) DIV9 neurons expressing mCherry taggedMAP7D1 andMAP7D2 respectively, and co-stained for
TRIM46(green).
(C-F) DIV4 or DIV9 neurons expressing with GFP tagged N-MAP7D1, N-MAP7D2, indicated
chimeras inA,orMAP7D2aa151-387, andco-stained forTRIM46(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.
Scalebars:20µm(D);50µm(B,C,E,F)
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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 andAIS scaffolding proteinAnkyrin 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 depletedTRIM46orAnkGwith short hairpinRNAs (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 thatMAP7D2’s localization to the proximal
axon depends on TRIM46 but not AnkG. To address whether MAP7D2 interacts with
TRIM46,we co-expressed them inCOS7cellswhere they co-localize onmicrotubule 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 thatMAP7D2 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 withMAP7D2 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 theAIS segment uponMAP7D2depletion (Figure S3E,F).MAP7D3could not be
detected upon MAP7D2 depletion and neither did we find changes in MAP7 localization,
arguing against a potential compensatorymechanismbyotherMAP7proteins (FigureS4).

Figure3. MAP7D2 is important foraxondevelopment
(A) DIV14 control, TRIM46 depleted or AnkG depleted neurons co-transfected with " "-gal (red), and
stained forMAP2 (blue),MAP7D2(green).Arrowheadspoint to theproximal axon.
(B)Bargraphshows theaverage intensityofMAP7D2 ineachcondition. n=9-10neurons.
(C) DIV14 control or MAP7D2 depleted neurons co-transfected with " " fill, and stained for AnkG
(blue),MAP7D2(green).
(D)Bargraphshows the average intensity in the specified condition. n=15-20neurons
(E and F) Representative images of DIV4 neurons of indicated conditions, together with GFP (E) or
mCherry fill (F).
(G,Hand I)Quantificationsof thenumbersofaxonbranchesof indicatedconditions.. n=19-123neurons.
P<0.05*;P<0.01**;P<0.001***.Unpaired t-test. Errorbars representsSEM.
Statistics in (G)wasmadebycontrol, in (H,I)wasmadebyMAP7D2sh1.
Scalebars:20µm(A,C); 50µm(E,F)
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MAP7D2 is important forneuronalmigrations andaxondevelopment
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 ofMAP7D2but notMAP7D1 (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
targetingMAP7D2 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, therewas a small but significantly reduction in the number ofTau 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 axonbranching andpotentially 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 tomigrate.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 thatMAP7D2 is important for neuronalmigration (FigureS5F-H).

MAP7D2activity requiresproximal axon localizationandkinesinbinding
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 themutant 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 all three 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 aswell as specific features of theMAP7D2C-terminus are important determinants
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foraxonal branching.

All threekinesin-1 familymembers interactwithMAP7D2
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 GFPantibodies, incubated
with rat brain extracts, and isolated proteins were analyzed bymass 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 fromHEK cells and brain extracts (Figure 4A). MoreMAP7D1was
pulled down frombrain lysates,which can be explained by that dendritic enrichedMAP7D1 in
neurons is muchmore abundant than axonalMAP7D2. The differences inMAP7 protein pull
down between brain tissue lysates versusHEK293 cell lysates again indicates thatMAP7D2 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
threekinesin-1 familymembers interactwithMAP7D2.

MAP7D2regulates 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 activeKIF5 (KIF5C-MDC) togetherwith a
full lengthMAP7D2 orMAP7D2-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 byMAP7D2 and then walks away. Themicrotubule
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 byMAP7D2, we expressed it in control or MAP7D2 depleted neuron.We
observed a significant decrease of theRigor-KIF5Ain the proximal axon inMAP7D2depleted
neuron (Figure S6B,C), suggesting that MAP7D2 is important for kinesin-1 recruitment to
microtubules in theproximal 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
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significant reduction in proximal localized kinesin-1whereasMAP7D(2N_1C) did not (Figure
4F-G).Together this suggests thatMAP7D2stimulates kinesin-1 activity in theproximal axon.

Figure 4. MAP7D2 interacts with kinesin-1 family and affects kinesin-1 distribution in the
proximalaxon
(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 ofHEK293 cells transfected with
indicatedconstructs, probed forGFPandmCherry.
(C) Representative images of neurons with control, MAP7D2 sh1 or sh3 and fixed at DIV3, stained for
KIF5Cand theaxonalmarkerTau.Arrowheadspoint to theproximal axon.
(D and E) Quantifications of KIF5C intensity or ratio at the beginning and the end of axon in indicated
conditions. n=15-32neurons.
(F and G) Quantifications of KIF5C intensity or ratio at the beginning and the end of axon in specified
conditions. n=19-27neurons.
P<0.05*;P<0.01**;P<0.001***.Unpaired t-test. Errorbars representsSEM.
Scalebars:20µm(C)
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MAP7D2 is required forkinesin-1based 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; Wo niak et al.,
2009). To investigatewhether kinesin-1mediated cargo trafficking is affected byMAP7D2we
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 andMAP7D2 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-1mediated cargo transport to enter the axon.

Figure5.MAP7D2promoteskinesin-1basedcargo 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)Drawingof the anterogradeERmovements along theproximal axon inC.
(E)Kymographs showing live cell imagingofRab3vesicles incontrol orMAP7D2depletedneurons.
(F)Drawingof theanterogradeRab3vesiclesmovement along theproximal axon inD.
(G-J)Quantifications ofmitochondria, lysosome, ERorRab3 vesicles entry into axon as described forA-
F.n=12-44neurons.
(K-M) Stills and kymographs for live cell imaging of mitochondria in neurons co-transfected with mito-
DsRed and indicated constructs (K,L). Quantifications formitochondria entry into axonwithin 5minutes
uponspecified conditions (M). n=12-21neurons.Unpaired t-test. Scalebars: 10µm.
P<0.05*;P<0.01**;P<0.001***.Mann-WhitneyRankSumTest.Errorbars representsSEM.
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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,
MAP7D2specifically accumulates to the proximal axon, largely overlappingwith theAIS, and
also extends some into the axon.This ismarkedly different to sensoryDRGneurons,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 ofMAP7D2 depends onTRIM46, 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 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), thismight alsoplay a role in targetingMAP7D2 to theproximal 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 uponMAP7D2
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
promotingkinesin-1 transport.

A recent study addressed the functioning of theMAP7 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.TheMAP7D2C-terminus canpartially rescue the axonal branchingphenotype.
When theMAP7D1 C-terminus is attached to theAIS 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
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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 theproximal axon to regulate branching.

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 thatMAP7D2promotes kinesin-1 transport into the axon of hippocampal neurons. It
was shown thatMAP7andTau compete formicrotubule 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 familymember KIF5Aare 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 familymembers in these diseases.
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STARMETHODS

CONTACTFORREAGENTANDRESOURCESHARING

Further information and requests for resources and reagents should bedirected to andwill be
fulfilled by theLeadContactCasperHoogenraad (c.hoogenraad@uu.nl).

EXPERIMENTALMODELANDSUBJECTDETAILS

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 theAnimalEthicalReviewCommittee (DEC)ofUtrechtUniversity.

Heterologous cell andHippocampal neuroncultures
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
dissociatedwithTrypsin in 37 water bath. 100K/well neuronswere plated in glass coverslips
pre-coated with Poly-L-lysine (37.5 g/ml, Sigma) and Laminin (1.25 g/ml, Sigma).
Neurobasal medium (Invitrogen) containing 2% B27 (Invitrogen), 0.5 mM glutamine
(Invitogen), 15.6 M glutamate (Sigam) and 1% penicillin/streptomycin (Invitrogen) were
used for neuron culture.

Exvivo electroporation andorganotypicbrain slice cultures
Pregnant C57Bl/6JRj mice were sacrificed by cervical dislocation, and brains from E14.5
embryos were electroporated with 1.5µl DNAmixture containing a MARCKS-GFP together
with shRNAtarget toMAP7D2or pSuper empty vector (control), whichwas dissolved inMQ
with 0.05% FastGreen FCF Dye (Sigma). The DNAmix was injected in the lateral ventricles
of the embryonic brains using borosilicate glass micro-pipettes (World Precision Instruments)
and a PLI-100APicoliterMicroinjector (Warner Instruments). Embryonic brains (region in the
motor cortex) were electroporated using platinum plated electrodes (Nepagene) with an ECM
830Electro Square Porator (HarvardApparatus) set to 3 unipolar pulses of 100ms at 30Vwith
100ms intervals. Embryonic brains were then isolated and collected in ice-cold cHBSS,
embedded in 3% SeaPlaque GTGAgarose (Lonza) in cHBSS and sectioned coronally into
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300 m 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, 0.1mg/mLpenicillin/streptomycin) andcultured 4 days prior to fixation.

METHODDETAILS

Antibodyandreagents
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
(AtlasAntibodies,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-CORBiosciences).

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

DNAandshRNAconstructs
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: p actin-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 andwas cloned into p actin-GFP-FRBvector. 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 GFPN1 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
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shRNA (5’-tggagggtaaacttcatga-3’), KIF5C shRNA (5’-tgagatctacttggacaaa-3’). Mouse
MAP7D2 shRNA (5’-gagacaaagattagccaaa-3’). ShRNAs for TRIM46 and AnkG has been
describedpreviously (Kuijpers et al., 2016; vanBeuningen et al., 2015).

Transfectionsand immunofluorescence
HEK293,Hela, or COS7 cellswere diluted in a ratio 1:3 24 hours before transfection.MaxPEI
or phusioere seud forHEK293 cell transfection based onmanufacture’s protocol and incubated
for 24hours to 36hours before pull-downexperiments.

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 g DNA and cultured in Neurobasal medium (Invitrogen) containing 2%
B27 (Invitrogen), 0.5 mM glutamine (Invitrogen), 15.6 M 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 g DNA and 3.3 l Lipofectamin 2000 reagent were
mixed in 200 l 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 0.5mMglutamine. TheDNAmixwas 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 knockdownexperiments) 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
(VectorLaboratories).

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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Livecell imagingandPhotobleaching 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 andRab3 vesicles, neuronswere transfected withMito-dsRed, Rtn4A-GFP, Lamp1-
GFPand GFP-Rab3C respectively as described previously. Neurons were maintained in 37
/5%CO2and imagedwith 1 frame/s for 5minutes using a Plan Fluor 40xNA1.3 oil objective
for the mitochondria and ER transport, 1 frame/s for 3 minutes using a PlanApoVC 60x NA
1.3 oil objective for the lysosome transport and 4 frames/s for 40 seconds by using a PlanApo
VC 100x NA 1.4 oil objective for the Rab3 vesicle transport. 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 settingwas used for imaging 3 neurons at the same time, in total for 15-30minutes,
and quantifications were normalized to 5 minutes. For FRAP experiments with all MAP7
familymembers both inCOS7cells and neurons,movieswere taken for 3minutes at 1 frame/s
and indicated areaswere bleached at 10 seconds.

GFPpull-downandmass 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 30minutes on ice in lysis buffer (20
mMTris-HCl pH8.0, 150mMNaCl, 1%TritonX-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 40minutes at 4 . Rat brains were lysedwith 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
withColloidal Blue kit (Invitrogen), and sampleswere cut fromSDS-PAGEgel lanes formass
spectrometry as described before (Kevenaar et al., 2016).

Biotin-streptavidinpull-downandwesternblot
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
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PBS and lysed with lysis buffer (100mMTris-HCl pH 7.5, 150 mMNaCl, 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 EggAlbumine (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 subsequentwestern blot assay.

For thewestern 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 680LTor IRDye 800LTantibodies for 45minutes at room temperature.
Membranes were then washed 3 times with PBS/0.05% Tween 20 and scanned on Odyssey
Infrared Imaging system (LI-CORBiosciences).

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 secondaryAlexa 488 antibody staining. Slices werewashed 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
objectivewith a 0.5xmagnification.

QUANTIFICATIONANDSTATISTICALANALYSIS

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, andAdobe 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
conserveddomains.

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



Chapter 2

52

2

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 theposition ofmaximum intensity in theAnKGstaining.

Analysis of polarity index.MAP7 familymemberswere expressed inDIV9 neurons, and fixed
at DIV10, stained forAnkG and TRIM46.Average intensity of 20 µm in theAIS 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 10µm in theAIS or dendriteweremeasured, at least 2 dendriteswere included and
background was subtracted. Polarity index was calculated with the formula: PI = (Id-
Ia)/(Id+Ia). Id corresponds tomean dendrite intensity, while Ia is themeanAIS intensity. PI > 0
indicates the polarization is biased towarddendrite andPI< 0 to theAIS.

Analysis of Endogenous protein. To validate both the efficiency ofMAP7D2 shRNAs, neurons
transfected with control or shRNAs were stained with MAP7D2 antibody. The staining
intensity was calculated bymeasuring 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. ForTRIM46 andAnkG 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 regionnext to the bleached regionwas 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.
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Quantification of ex vivo neuronal migration.The degree of neuronalmigration was quantified
as described previously (Hand et al 2015). Briefly, the positions of the cell bodies of GFP-
positive neuronswithin the cortexweremeasured by Image J plugin, theAnalyze Particle. The
relative position of neurons in the regions of interestwas 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)wasused for tracing themorphology of axon.

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
transfectedwith Psuperb,MAP7D2shRNAtogetherwithGFPas describedbefore, after 1 day,
a concentration of 20 nMTaxolwas added to neurons formaintaining 48 hours. Neuronswere
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 theERmovement, FRAPwasused to remove thebackground.

SUPPLEMENTAL INFORMATION INVENTORY

Supplemental Figures S1 S6

FigureS1, related toFigure 1

FigureS2, related toFigure 2

FigureS3, related toFigure 3

FigureS4, related toFigure 3

FigureS5, related toFigure 3

FigureS6, related toFigure 4, 5
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SUPPLEMENTARYFIGURES
Figure S1, related to Figure 1. Characterization of theMAP7,MAP7D2 andMAP7D3 antibodies
inneuronsandculturedcells.
(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 indicatenormalized intensityofMAP7andTRIM46fromsoma to axon.
(C)Polarity indexofMAP7andTRIM46 inDIV21hippocampalneurons (n=15neurons).
(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 axonwhereMAP7D2antibody recognizesmCherry-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 axonwhereMAP7D3antibody recognizesmCherry-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
inHela cells.
Scalebars:20µm
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Figure S2, related to Figure 2. MAP7 proteins associate with microtubules by their N-terminus
andare largely immobile inneurons.
(A) corresponds to figure 2A and 2C. Representative images of GFP tagged C-terminus of MAP7D1 or
MAP7D2 inDIV9neurons, co-stained forTRIM46for 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
antibodyagainst acetylated-tubulin.
(F) corresponds to figure 2F. COS7 cells expressed with GFP tagged or HA taggedMAP7D2(151-387)
fragments in first row. The second and third row are representative images of DIV9 neuron expressing
GFP taggedorHA taggedMAP7D2(151-387) fragments, andco-stained forAnkGfor axon.
(G and H) FRAP images of mCherry-MAP7, mCherry-MAP7D1 and mCherry-MAP7D2 in neurons.
Averaged normalized intensity of FRAP graph ofmCherry-MAP7 (n=9), mCherry-MAP7D1 (n=9) and
mCherry-MAP7D2 (n=7).Error bars representsSEM.
NmeansnumbersofFRAP regions.
Scalebars:20µm(A-D,F); 50µm(E)
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Figure S3, related to Figure 3. MAP7D2 does not interact with TRIM46, and is not essential for
AISassembly.
(A) Representative images of COS7 cells expressing mCherry-MAP7D2 and GFP-TRIM46 or GFP-
TRIM46 COS.DAPI (blue)was used as nucleusmarker. COSdomain is essential forTRIM46 binding
tomicrotubules.
(B)DIV11 neuronswere transfectedwith control orMAP7D2 shRNAs togetherwith a -gal (red) fill for
3daysandco-stained forTRIM46andAnkG.Asteriskspinpoint transfectedneurons in eachcondition.
(C) Bar graph shows the normalized intensity of AnkG in control (n=30 neurons), orMAP7D2KD (sh1
(n=33)and sh3 (n=33)) compared toneighbouringnon-transfectedneurons.
(D) Bar graph shows the normalized intensity of TRIM46 in control (n=57 neuron), or MAP7D2 KD
(sh1 (n=60)andsh3 (n=62)) compared toneighbouringnon-transfectedneurons.
(E) Representative images of DIV11 neurons transfected with control or MAP7D2 shRNAs together
witha -gal fill (red) for 3daysandco-stained forAnkG(green).
(F) Bar graph shows the average AIS diameters measured by AnkG staining in control (n=41), or
MAP7D2KD(sh1 (n=46)andsh3 (n=47)).
P<0.05*;P<0.01**;P<0.001***.Unpaired t-test. Errorbars representsSEM.
Scalebars:20µm(A);10µm(B,E)
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Figure S4, related toFigure 3.MAP7D2knockdowndoes not lead to changes inMAP7nor does it
lead toexpressionofMAP7D3.
(A) DIV11 neurons were transfected with control or MAP7D2 shRNAs together with a mCherry- -
tubulin fill for 3daysand stained forMAP7D3(green).Arrowheadscorrespond to theproximal axon.
(B) Bar graph shows the average intensity of MAP7D3 in the proximal axon under Control (n=8), or
MAP7D2KD(sh1 (n=8)andsh3 (n=7)),which is probablybackground fluorescence.
(C)DIV11 neuronswere transfectedwith control orMAP7D2 shRNAs togetherwith a -gal (red) fill for
3daysand stained forMAP7(green).Arrowheads correspond to the somaof transfectedneuron.
(D) Bar graph shows the average intensity of MAP7 in soma under Control (n=12), or MAP7D2 KD
(sh1 (n=12)andsh3 (n=15)).
P<0.05*;P<0.01**;P<0.001***.Unpaired t-test. Errorbars representsSEM.
Scalebars:20µm
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Figure S5, related to Figure 3. MAP7D2 is important for axon formation and mouse cortical
neuronmigration.
(A)DIV3 neuronswere transfectedwith control orMAP7D2 shRNAs togetherwith amCherry (red) fill,
treated with 20 nM Taxol for 48 hours, and stained for TRIM46 (green). Arrow heads mark the axons.
Scalebars:20µm
(B) Bar graph shows the numbers of TRIM46 positive neurites per neuron in control before (n=27) and
after (n=59)Taxol treatmentorMAP7D2KD(sh1 (n=57)or sh3 (n=27)) afterTaxol treatment.
(C) Percentage of DIV3 neurons electroporated with control, MAP7D2 sh1 and 3 constructs and
quantifiedneurites positive forTauorTRIM46,n>500neurons for eachcondition.
(D) Quantifications of overexpression effect of Control (GFP empty) (n=63), GFP-MAP7D(2N_1C)
(n=60)orGFP-MAP7D2(n=57)onaxon formation,TRIM46antibodywasused formarking 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 -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.Rightpanels representGFPonlychannel.Scale bars: 100µm
(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. Errorbars representsSEM.
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FigureS6, related toFigure4,5.MAP7D2 is important forrecruitmentofKinesin-1on
microtubules, andaffectsmitochondria transportatdistal 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-1bindingdomain.
(B) Representative images of neurons co-transfected with Rigor-KIF5A-GFP and Control or MAP7D2
shRNAs, andco-stainedwithTRIM46for axon.Arrowheads indicateAIS.
(C)Polarity indexofRigorKIF5A-GFP inControl (n=17),MAP7D2sh1 (n=15)andsh3 (n=20).
(D)DIV1neuronswere transfectedwithcontrol orMAP7D2shRNAs togetherwithaGFPfill andmito-
dsRed respectively for 3days, andRepresentative images at theupper twopanels showsmito-dsRed and
GFPfill in thedistal axon,kymographsat thebottomshowing livecell imagingofmitochondria. Scale
bars: 10µm
(E) Quantifications for mitochondria anterograde movement along distal axon within 5 minutes under
control (n=36),MAP7D2sh1 (n=35)andMAP7D2sh3 (n=36).
P<0.05*;P<0.01**;P<0.001***.Unpaired t-test. Errorbars representsSEM.
Scalebars:20µm
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ABSTRACT

TheTRIME3 ligase familymember, TRIM46 has been identified as amicrotubule-associated
protein (MAP) which localizes to the axon initial segment (AIS) of the axons. 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 TRIMs 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 10COSmotif containingTRIMs,
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
dendriticmicrotubules.

INTRODUCTION

UbiquitinationandE3 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 regulatingprotein activity.

During UPSmediated 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.

COSmotifTRIMfamilyproteins
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
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(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 linkingE3ubiquitin ligase activity tomicrotubule cytoskeleton.

CI familyTRIMs
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 ofTRIM46
in cells induces closely spaced microtubule bundles linked by electron dense cross-bridges,
which resembles the axon specificmicrotubule fascicles (vanBeuningenet 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).

TRIM36, the closest paralog ofTRIM46, is also amicrotubule-associate protein, which plays a
role in in acrosome exocytosis (Kitamura et al., 2003). Two studies done in Xenopus
(Cuykendall andHouston, 2009;Yoshigai et al., 2009) demonstrated thatTRIM36has 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 genemutations 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
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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 andMID1 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. It shares 80% similarity in amino acid sequence and is
supposed to bind tomicrotubules aswell. It was shown to promote cytokinesis by targeting the
intercellular bridgemicrotubule stabilizing proteinAstrin 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 howMID2 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 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 -
TrCPactivity that turns off theNF- B signaling pathway (Shi et al., 2014;Zenget 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 receptorDCC, and is required for proper brain development, cognitive ability, and social
behavior inmice (Boyer et al., 2018).
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Class II familyTRIMsormuscle-specificRINGfinger (MURF) familyproteins
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 musclemyopathy (Fielitz et al., 2007), characterized by abnormal accumulation of
myosin, which is reminiscent of myosin storage myopathy (MSM) in humans. TRIM55 or
TRIM63 single KOmice display normal muscles, whereas DKOmice develop sever cardiac
and mild skeletal hypertrophy (Witt et al., 2008). The muscle hypertrophy is likely associated
with enhancedmuscle protein synthesis inDKOmice.

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
stabilizemicrotubules in striatedmuscle cells.

Class III subfamilyprotein
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 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

NotallCOSmotif containingTRIMsbind tomicrotubules
The unique COSmotif in TRIMproteins was reported to be essential formicrotubule 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),
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CII (TRIM54, TRIM55, TRIM63), CIII (TRIM42) (Figure 1A,1B). To validate if all the COS
motif TRIMswere able to bind tomicrotubules, 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
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 COSmotifs 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 tobind tomicrotubules.

MID1andMID2associatewithmicrotubules
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, bothMID1 andMID2 colocalize withmicrotubules before drug treatment. Upon
nocodazole treatment,MID1 becomes cytosolic, whereasMID2 becomes punctate.Moreover,
MID1 andMID2 relocate to newly formedmicrotubules within 30min after nocodazole wash
out (Figure 2C, 2D).These data suggest thatMID1 andMID2 bind tomicrotubules but cannot
protectmicrotubules fromdepolymerization bynocodazole.

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 thatMID2 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
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the thinner microtubule bundles, whichMID2 decorated in the lowMID2 expressing cells are
both tyrosinated and acetylated, this suggests that MID2 has no preference for these PTMs.
Taken together, these data suggest thatMID1 binds to dynamicmicrotubules while MID2 has
nopreference for dynamic or stablemicrotubule.

MID2colocalizeswithCAMSAP3 inCOS7cells
To further study the effect ofMID2onmicrotubules, we performed live cell imaging onMID2
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),
insteadMID1 binds to dynamicmicrotubules which is consistent with our findings thatMID1
prefers tyrosinated microtubules. Taken together, these data indicate that MID2 prefers to bind
CAMSAP3decoratedmicrotubules,whileMID1binds to dynamicmicrotubules.

MID1 is enriched in axons,MID2mainly formspuncta and stretches in somatodendritic
compartmentsand theproximalaxon
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 andMID2 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.

MID1andMID2areboth important foraxondevelopment
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
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knockdownofMID1.Therefore,wemade a similar shRNAtowhatwas used in that study and
tested it in rat hippocampal neurons.Weobserved 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 ofMID1 (Figure 7C,D). Taken together, these
results suggest thatMID1 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
MID2are important for axondevelopment.

MID2 is important for dendrite development and plus-end outmicrotubule 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 determinedmicrotubule 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 andMID2depletion 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
TRIMproteinsmay 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
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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
bindmicrotubules, suggesting that the presence of a COSmotif is not enough to target TRIMs
to microtubules. Other structures may contribute together with the COS motif to bind to
microtubules.More studies are needed to characterizeminimumcommonmicrotubule 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 containingTRIMswill be required in the future.

In this study, wemainly focused on theMID1 andMID2 proteins.We found thatMID1 binds
single dynamic microtubules, while MID2 can bundle microtubules. MID2 decorated
microtubule stretches are static, and colocalizes with CAMSAP3.Although MID1 andMID2
share 80% similarity in protein sequences, they bind to different subset ofmicrotubules and the
way they affect microtubules might be different. Furthermore, we found that MID1 localizes
predominantly to the axons,whileMID2 distributesmainly 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 observedMID1depletion 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 ofMID1 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 thatMID2 stretches in dendrites are
immobile. It is tempting to speculate thatMID2bundles and anchors the newly generated plus-
end out microtubules to other cellular structures in the outer dendrite, or that it serves as
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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.

MATERIALS ANDMETHODS

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 theAnimalEthicalReviewCommittee (DEC)ofUtrechtUniversity.

Antibodyandreagents
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 (LifeTechnologies).

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

DNAandshRNAconstructs
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 p actin-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 fromDr. Susann Schweiger. HumanMID2was fromDr.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 whichwas gift fromDr. ShigetsuguHatakeyama.MouseTRIM63was 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-Sec61 (Lindhout et al., 2019) and GFP-CAMSAP3 (Jiang et al., 2014) construct was
alreadydescribedbefore.
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The following shRNAs were used for knockdown experiments: Rat MID1 shRNA #1 (5’-
GCAGATTGCAAACTGTAAA-3’), MID1shRNA #2 (5’- CCCTCCCACAATTAGAGAA-3’),
MID1shRNA #3 (5’- GCCAAGTTGACAGAGGAAT-3’), MID1shRNA #4 (5’-
GGAATGTGATCTTCTCATT-3’),MID1shRNA#5 (5’- GACCTGTGTTACTTGCGAA
-3’); MID2 shRNA#1 (5’- GG TTATGAAAC TGAGAAAG -3’), MID2shRNA #2 (5’-
TGTCCTACATGCAGGTATG -3’),MID2shRNA#3 (5’- TGAGCGAATTGCATGTCAG-
3’),MID2shRNA#4 (5’-GTGTCAAGAGAGCATGTAA-3’).

Heterologous cell andHippocampal neuroncultures
African Green Monkey SV40-transformed kidney fibroblast (COS7) cells were cultured in a
10 cmplate with 10ml 50%DMEM/ 50%Ham’s F10medium containing 10%FBS (Gibco)
and1%Penicillin/streptomycin in incubatorwith 37 and5%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 g/ml, Sigma) and Laminin (1.25 g/ml, Sigma). Neurobasalmedium (Invitrogen)
containing 2% B27 (Invitrogen), 0.5 mM glutamine (Invitogen), 15.6 M glutamate (Sigam)
and1%penicillin/streptomycin (Invitrogen)were used for neuron culture.

Transfectionsand immunofluorescence
COS7 cells were diluted in a ratio 1:3 24 hours before transfection. MaxPEI were used for
COS7 cell transfection based onmanufacture’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 g DNA and 3.3 l Lipofectamin 2000 reagent were mixed in 200 l
Neurobasalmedium for 30minutes.The neuronal growthmediumwas transferred to a new12
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 knockdownexperiments) 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 coldMethanol for 10 minutes in -20 . For
STEDsuper-resolution imaging,COS7cellswas fixedwith extraction protocol.
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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.

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
WHITEobjective.

Live cell imaging and Photo bleaching experimentsAll the live imagingwas performed on
a Nikon Eclipse TE2000E inverted microscope equipped with Evolve 512 EMCCD camera
(Roper Scientific), spinning disk confocal (Roper Scientific), incubate chamber (TokaiHit) and
MetaMorph 7.7.5 software (Molecular Device) was used for all the live imaging experiments.
Neurons were maintained in 37 /5%CO2 and imagedwith 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
experimentsmovieswere taken for 3minutes at 1 frame/s and indicated areaswere bleached at
10 seconds.

Dataanalysis and statistics
Image processing and analysis were performed using ImageJ, Matlab, andAdobe Photoshop.
Sigma Plot and GraphPad were used for graphs and statistics. Unpaired t-test was performed
for statistics andp<0.05was 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 basedonconserveddomains.

Protein localizations in neurons. To study protein localization in cells, tracings were made
along arrows by using segmented lines in ImageJ and intensity profiles wasmade according to
theposition ofmaximum 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
micronwas present at last.
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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 regionnext to the bleached regionwas 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)wasused for tracing themorphology of axon.
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Figure 1. Classification of COS domain TripartiteMotif (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 COSmotif amino acid sequences for TRIMs from human, rat andmouse.
(C) Phylogenetic tree analysis for the COS motif of human TRIM proteins. Bold characters are
TIRMs that can bindmicrotubules.
(D) Representative images of COS7 cells transfected with GFP-MID1, MID2-GFP, TRIM36-GFP
and TRIM46-GFP, stained for -tubulin (red).
(E) Representative images of COS7 cells transfected with GFP-TRIM54, TRIM55-HA, TRIM63-
HA and TRIM9-HA, stained for -tubulin (red).
(F) Representative images of COS7 cells transfected with TRIM67-HA and TRIM42-HA,
Nucleus is markedwith DAPI (blue).
Scale bars: 10 µm (D, E, F)
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Figure2.MID1andMID2bindmicrotubules.
(A,B) COS7 cells were transfectedwithHA-TRIM9orHA-TRIM55 togetherwithRFP-tubulin (red) for
24 hours, the first rows are control without drug treatment, the second rows are treated with Nocodozal
and the third rowsarenocodazolewashout condition.Scalebars: 10µm.
(C,D) COS7 cells were transfected with GFP taggedMID1 orMID2, after 24 hours cells were fixed and
stained for -tubulin (red)., the first rows are control without drug treatment, the second rows are treated
withnocodazoleand the third rowsarenocodazolewashout condition.Scalebars: 10µm.
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Figure 3. CIII family TRIM54
does not associate with micro-
tubules, endoplasmic reticulum
or intermediate filaments.
(A) COS7 cells were transfected
with GFP tagged TRIM54, fixed
and stained for -tubulin
(magenta) after 24 hours, the
upper panels are high expressing
cells, and the bottom panels are
lowexpressing 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
expressingcells.Scalebars: 2µm.
(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
lowexpressing cells. Scale bars: 5
µm.
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Figure4.MID1prefersdynamicmicrotubuleswhileMID2prefers stablemicrotubules.
(A)COS7cellswere transfectedwithGFP taggedMID1, fixed and stained forTyr-tubulin (magenta) and
Acetyl-tubulin (blue) after 24hours.Scalebars: 2µm.
(B) Intensityprofiles of eachchannel along thewhite linewitharrowheadare shown.
(C) COS7 cells were transfected with GFP taggedMID2, after 24 hours cells were fixed and stained for
Tyr-tubulin (magenta) andAcetyl-tubulin (blue). Bottompanel is an enlargement of the boxed area. Scale
bars: 2µm.
(D) Intensity profiles of eachchannel along thewhite linewitharrowheadare shown.
(E) COS7 cells were transfectedwithGFP taggedMID2 togetherwithmCherry-tubulin (magenta), fixed
andstained for -tubulin (blue) after 24hours. Scalebars:2µm.
(F) Intensityprofiles of eachchannel along thewhite linewitharrowheadare shown.
(G,H) COS7 cells were transfected with GFP tagged MID2, fixed and stained for Acetyl-tubulin (red)
after 24hours.Scalebars: 5µm.
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Figure5.MID2colocalizeswithCAMSAP3,whileMID1decoratesdynamicmicrotubules.
(A) COS7 cells were transfected with mCherry tagged MID2 together with GFP-CAMSAP3 (green),
after 24 hours cells were fixed and stained for -tubulin (blue). Bottom panel is an enlargement of the
boxedarea.Scalebars: 2µm.
(B,C) COS7 cells were transfected with mCherry taggedMID2 together with GFP-CAMSAP3 (green),
(B) representative images of MID2 stretches colocalizes with CAMSAP3. (C) Puncta MID2 and
CAMSAP3indifferent timepoints. Scalebars:2µm.
(D)KymographsofmCherry-MID2andGFP-CAMSAP3in (C).
(E) Static images of COS7 cells transfected with mCherry taggedMID1 together with GFP-CAMSAP3
(green).
(F)Upper panels are enlargement of boxed area in (E), bottompanels are kymographs ofmCherry-MID1
andGFP-CAMSAP3within5min.
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Figure 6.MID1 is enriched in axons whileMID2mainly forms puncta in the soma, dendrites and
proximalaxon.
(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 ofMID1. (D) Bar
graphshows thedensityofMID2punctaalongaxonsanddendrites. Scale bars: 20µm.
(E,F)RepresentativeFRAP imagesof axonalGFP-MID1(E)ordendriticGFP-MID2puncta (F).
(G,H) Averaged normalized intensity of the FRAP region for GFP-MID1 (E) in axons (n=5) and GFP-
MID2 indendrites (n=7).Errorbars representsSEM.
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Figure7.MID1andMID2are important foraxondevelopment.
(A)Representative imagesofDIV4neurons transfectedwithcontrol orMID1shRNAs togetherwith
GFPfill. Scalebars: 50µm.
(B)Quantificationsof thenumbersofaxonbranches, total axon length, average length andprimary axon
lengthof indicatedconditions.Control (n=19),MID1sh2 (n=14),MID1sh3 (n=14),MID1sh4 (n=20).
(C)Representative imagesofDIV4neurons transfectedwithGFPas fill togetherwithcontrol,MID1sh5
or sh5 in thepresenceofMID1as rescue.Scalebars: 50µm.
(D)Quantificationsof thenumbersof axonbranches, total axon length, average lengthandprimary axon
lengthof indicatedconditions.Control (n=28),MID1sh5 (n=26)andMID1 sh5 in thepresenceof
mCherry-MID1 (n=15)as rescue.
(E)Representative imagesofDIV4neurons transfectedwithcontrol orMID2shRNAs togetherwith
GFPfill. Scalebars: 50µm.
(F)Quantificationsof thenumbersof axonbranches, total axon length, average lengthandprimary axon
lengthof indicatedconditions.Control (n=15),MID2sh1 (n=16),MID2sh2 (n=15),MID2sh3 (n=15),
MID2sh4 (n=13).
P<0.05*;P<0.01**;P<0.001***.Unpaired t-test. Errorbars representsSEM.
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Figure 8. MID2 depletion impaired the complexity of dendritic arborization and plus-end out
microtubuledynamics indendrites
(A) Representative images of DIV14 neurons transfected with control or MID2 shRNA together with
GFPfill.Dendriticmorphology is filledwith line inmagenta. Scalebars: 50µm.
(B) Quantifications of the numbers of primary dendrites of indicated conditions. Control (n=14), MID2
shRNA(n=14),MID2shRNAplusmCherry-MID2 (n=14).
(C) Sholl analysis of dendritic branching at DIV14 in indicated conditions. Control (n=14), MID2
shRNA(n=14),MID2shRNAplusmCherry-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 retrogradecomets (red) indendrites.
(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),MID2shRNA+mCherry-MID2 (n=10).
(F) Quantifications of the numbers of total, anterograde and retrograde comets of indicated conditions in
axons.Rightgraphshows the ratio of anterogradecomets in axons.Control (n=9),MID2 shRNA(n=7).
P<0.05*;P<0.01**;P<0.001***.Unpaired t-test. Errorbars representsSEM.
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ABSTRACT

Selective cargo transport into axons and dendrites over themicrotubule network is essential for
neuron polarization. The axon initial segment (AIS) separates the axon from the
somatodendritic compartment and controls the microtubule dependent transport into the axon.
Interestingly, the AIS has a characteristic microtubule organization; it contains bundles of
closely spaced microtubules with electron dense cross-bridges, referred to as microtubule
fascicles. The microtubule binding protein TRIM46 localizes to the AIS and when
overexpressed in non-neuronal cells forms microtubule arrays that closely resemble AIS
fascicles in neurons. However, the precise role of TRIM46 in microtubule fasciculation in
neurons has not been studied. Here we developed a novel correlative light and electron
microscopy approach to study AIS microtubule organization. We show that in cultured rat
hippocampal neurons of both sexes, TRIM46 levels steadily increase at the AIS during early
neuronal differentiation and at the same time closely spaced microtubules form, whereas the
fasciculated microtubules appear at later developmental stages. Moreover, we localized
TRIM46 to the electron dense cross-bridges and show that depletion ofTRIM46 causes loss of
cross-bridges and increased microtubule spacing. These data indicate that TRIM46 has an
essential role in organizingmicrotubule fascicles in theAIS.

SIGNIFICANCE STATEMENT

The axon initial segment (AIS) is a specialized region at the proximal axon where the action
potential is initiated. In addition the AIS separates the axon from the somatodendritic
compartment, where it controls protein transport to establish and maintain neuron polarity.
Cargo vesicles destined for the axon recognize specialized microtubule tracks that enter the
AIS. Interestingly the microtubules entering the AIS form crosslinked bundles, called
microtubule fascicules. Recently we found that the microtubule binding protein TRIM46
localizes to the AIS, where it may organize the AIS microtubules. In the present study we
developed a novel correlative light and electron microscopy approach to study the AIS
microtubules during neuron development and identified an essential role for TRIM46 in
microtubule fasciculation.

INTRODUCTION

Neurons are highly polarized cells with two main distinct compartments, the somatodendritic
compartment and the axonal compartment, which are separated by the axon initial segment
(AIS). TheAIS is best known for its integration of synaptic inputs and the generation of action
potentials (Kole and Stuart, 2012). It addition, it is forms a physical barrier at the beginning of
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the axon to maintain neuronal polarity (Jones and Svitkina, 2016; Leterrier, 2016; Huang and
Rasband, 2018). TheAIS recruits cell adhesion molecules to create a dense membrane protein
region to prevent plasmamembranemixing.And theAIS controls entry of axonal cargoes and
prevents erroneous entry of somatodendritic vesicles and redirects them back to the cell body
(Lewis et al., 2009;Watanabe et al., 2012; Franker et al., 2016;Kuijpers et al., 2016).

The microtubule cytoskeleton is instrumental to transport cargo into axons and dendrites to
establish neuronal polarity (Kapitein and Hoogenraad, 2015). The sorting of cargo into the
axon starts in the region just proximal to the AIS and may depend on kinesin motors that
recognizes a subset of microtubules present in the proximal axon (Farias et al., 2015).
Interestingly the microtubules in the AIS have a very peculiar organization; they are grouped
together with very regular spacing connected by electron dense cross-bridges, generally
referred to as fasciculated microtubules (Palay et al., 1968; Peters et al., 1968). A prime
candidate for the AIS microtubule fasciculation is the microtubule binding protein TRIM46.
We previously found that TRIM46 specifically localizes to the proximal axon (van Beuningen
et al., 2015).When overexpressed in cultured cells TRIM46 bundles microtubules in a parallel
fashion, which at the electron microscopy (EM) level closely resembles AIS fascicles.
Therefore, we suggested that TRIM46 is the organizer of microtubule fascicles in the AIS
(Kapitein and Hoogenraad, 2015; van Beuningen et al., 2015). To address this claim more
directly in neurons we developed a correlative light and electron microscopy (CLEM)
approach to perform high-resolution analysis of fasciculated microtubules in the AIS of
culturedneurons and address the role ofTRIM46 inAISmicrotubule organization.

MATERIALS ANDMETHODS

Primaryneuronal cultures and transfection
All experiments with animals were performed in compliance with the guidelines for the
welfare of experimental animals issued by the Government of the Netherlands and were
approved by the Animal Ethical Review Committee (DEC) of Utrecht University. Primary
hippocampal neurons cultures were prepared fromembryonic day 18 rat brains (both genders).
Cells were plated on Aclar (or coverslips for antibody labeling with TRIM46) coated with
poly-L-lysine (37.5 g/mL) and laminin (1.25 g/mL) at a density of 50.000/well. Neurons
were cultured in Neurobasal medium (NB) supplemented with 2% B27 (GIBCO), 0.5 mM
glutamine (GIBCO), 15.6 M glutamate (Sigma), and 1% penicillin/streptomycin (GIBCO) at
37°C in 5%CO2. For the analysis of theAIS inDIV2 neurons, hippocampal neurons (400 000
cells) were nucleofected with 2 g of 480AnkG-GFP using the Amaxa Rat Neuron
Nucleofector kit (Lonza) according to the manufacturer’s instructions. For the TRIM46
knockdown studies, hippocampal neurons were transfected at DIV17 with TRIM46-shRNAs
(van Beuningen et al., 2015) or scrambled-shRNA together with mCherry as a fill using
Lipofectamine 2000 (Invitrogen). For the rescue experiment, GFP or GFP-TRIM46 was co-
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transfected together with the shRNAs. Briefly, for 1 well of a 12 well plate, 1.8 g DNA
(1.5 g/well shRNA+ 0.3 g/well mCherry) was mixed with 3.3 l of Lipofectamine 2000 in
200 l NB, incubated for 30min, and then added to the neurons inNB at 37°C in 5%CO2 for
45min. Next, neurons were washed with NB and transferred to their original medium at 37°C
in5%CO2.

Correlative light andelectronmicroscopy approach
To correlatively image Neurons or Hela cells with fluorescence and electron microscopy we
grew cells on Aclar pieces (Electron Microscopy Sciences; 50426–10); 1cm square pieces
were cut, cleanedwith acetone, glued in a 12well plate usingMatrigel (Biosciences) andwere
sterilized byUVlight (Jimenez et al., 2010).

To localize the AIS we detached the Aclar from the well plate and incubated the neurons
upside-downwith anti-NF186 (1:200;NeuroMab,A12/18) in 60µl of its owngrowthmedium
for 30 minutes, which targets the neurofascin membrane protein extracellularly. Cells were
washed 3x 2 min with 100 µl growth medium and placed back in 400 µl growth medium for
30min in a 12-well plate. For this procedure the neurons were kept in the incubator on a 37°C
stretching table (OTS40)when changing themedia.

The neuronswere fixed by gently adding 400µl of prewarmed 2x concentrated fixing solution
(4% paraformaldehyde + 0.4% glutaraldehyde in 0.2M PHEMbuffer (pH 6.9)) for 10min at
37°C, after which the growth medium + fixative was removed and exchanged for 1 ml 1x
fixing solution (2%paraformaldehyde+ 0.2%glutaraldehyde in 0.1MPHEMbuffer (pH6.9))
for 10min at room temperature.All following steps were performed at room temperature. The
neurons were washed 6x 5min with PBS, incubated with 100 mMNH4Cl in PBS for 10min
to quench free aldehyde groups, washed 6x 5 min with PBS and incubated for 1 hour with a
bridging secondary antibody (1:300;Dakocytomation, Z0412) in PBS + 1%BSA.Afterwards
the samples were washed 3x 10min with PBS + 0.1%BSA, incubated with a mix of protein-
A gold 15 nm (1:60; CMC Utrecht) with 1:100 rabbit alexa488 secondary antibody (Life
Technologies,A11034) inPBS+1%BSAfor45min, and finallywashed3x10min inPBS.

Candidate neurons were fluorescently imaged in the 12 well plate using a EVOS inverted
microscope (AMG) and the positions of selected neurons were roughly marked by engraving
theAclar using a 26Gneedle (21Gneedleswere used to pin down theAclar).

Cells were further fixed with 3.5% glutaraldehyde and 1% paraformaldehyde in 0.1 M
cacodylate buffer (pH7.4), post-fixedwith a 1%Osmiumand 1.5%KFeCNsolution in 0.1M
cacodylate buffer (pH 7.4), washed with water, dehydrated with ethanol and infiltrated with
increasing amounts of Epon resin. Small pieces of Aclar with the regions of interest (marked
by the needle engravings) were cut using a razor blade and Epon-embedded for perpendicular
sectioning. The neuronswere orientated in such a way that the soma of the neuron is sectioned
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first before reaching theAIS.

After Epon polymerization, Aclars were peeled off using a razor blade leaving the neurons in
theEpon.The needle engraving can be seen on theEpon surface,which can be used to find the
target neuron, but are lost once a drop of Epon is added on top. To further mark the position of
the target neuron, landmarks were placed around the target cell using a microdissection setup
(Zeiss, PALMmicrobeam) (Kolotuev et al., 2009). To visualize thesemarks under the electron
microscope a 3 nm gold layer was applied using a sputter coater. Excess gold was wiped off
using a cotton-stab and a drop of Epon was added on top of the cells and polymerized for 48
hrs at 60°C. The Epon samples were trimmed towards the target cell using the landmarks and
sectioned with a Leica Utracut E microtome. Serial sections were placed on grids (Cu 50M-H
coated with Formvar film and carbon), stained with uranyl acetate and lead citrate and
examined in a Tecnai10 or Tecnai12 electronmicroscope (FEI Company) operating at 100 kV
and equipped with a SIS CCDMegaview II camera (Tecnai10) or a Tietz TVIPSTemCamF-
214 (Tecnai12). Landmarkswere used to identify the target cell.

Immunostainingand imaging
For immunocytochemistry for TRIM46, neurons were fixed for 10 min with 4%
paraformaldehyde + 4% sucrose. Primary rabbit anti-TRIM46 antibody (vanBeuningen et al.,
2015) was incubated 1:200 overnight at 4°C in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5%
Triton X-100, 30 mM phosphate buffer, pH 7.4).After 3 washes in PBS, anti-rabbit alexa488
secondary antibody (Life Technologies, A11034) was incubated in the same buffer for 1hr at
RT. Coverslips were washed 3x and mounted using Vectashield (Vector Laboratories).
Neurons were imaged using a LSM700 confocal laser-scanningmicroscope (Zeiss) with a EC
Plan-Neofluar 40x NA1.30 Oil objective. Z series were acquired with a 0.5 µm step size and
sum projections were made using ImageJ for quantifications and maximum projections were
made for the images in the manuscript. The average TRIM46 intensity was measured by
making a 3 by12µmselection in ImageJ along theAIS.

For theTRIM46knockdownvalidation, themouseanti-Neurofascinantibody(1:500;NeuroMab,75-
172) was incubated 10 min in the neuron culture medium in the incubator, followed by 10 min
incubationwithanti-mousealexa647secondaryantibody(LifeTechnologies,A21236).Neuronswere
then fixed as described above, stained with anti-TRIM46 and guinea pig anti-AnkG (1:500; SYSY,
386004) and imaged on a LSM880 confocal laser scanning microscope (Zeiss) with a alpha Plan-
Apochromat100x/1.46oilobjective.

Western blot
Hippocampal neurons were plated in precoated 6 well plates (500K/well and directly lysed in
100 µl 2x SDS/DTT sample buffer boiled for 5 min at DIV2, 4, 10 or 21. Equal amounts of
cell lysate were loaded on a 10% SDS-PAGE gel, transferred to PVDF membranes and
blocked with 2%BSA(bovine serum albumin) in PBS/0.05%Tween 20. Primary rabbit anti-
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TRIM46 antibody (1:2000) was diluted in blocking buffer and incubated overnight at 4°C,
washed 3 times with PBS/0.05% Tween 20 and incubated with secondary IRDye 800LT
antibodies (LICOR Biosciences) for 45 minutes at room temperature. Membranes were then
washed 3 timeswith PBS/0.05%Tween 20 and scanned onOdyssey Infrared Imaging system
(LI-CORBiosciences).

GFP-nanobody immunogold labeling ofTRIM46
The GFP nanobody (VHHgfp) including a His-tag was cloned in a pET28a vector using the
vhhGFP4 sequence (Caussinus et al., 2011) and transformed into BL21DE3 bacteria. Cells
were induced with 1 mM IPTG at OD0.6 and grown overnight at 20°C. The bacterial pellet
was resuspended in PBS supplemented with lysozyme and cOmplete Protease Inhibitor
cocktail (EDTAfree, Roche). After 5 rounds of sonication the soluble fraction, containing the
nanobodies, was separated by centrifugation at 20.000g for 40 minutes at 4°C. Meanwhile, 1
ml of cOmplete His-tag Purification Resin (Sigma-Aldrich) was washed with resuspension
buffer. After centrifugation, the soluble fraction was supplemented with DTT (final
concentration of 1mM)andwas incubatedwith thewashed beads for 1 hour at 4°C.Thebeads
werewashed 3x inwashing buffer (PBS supplemented with 1mMDTT) and 1xwithwashing
buffer + 40 mM Imidazole. Finally the recombinant protein was eluted by 15 minute
incubation with washing buffer supplemented with 300 mM imidazole. The supernatant was
collected and immediately dialyzed overnight against PBS at 4°C and diluted to 0.5 mg/ml in
PBS. The gold conjugation was done following the procedure developed by P. Jain and
coworkers (manuscript in preparation).

Testing of the gold conjugated antibody was performed using Li Silver enhancement Kit
(Nanoprobes) on Hela cells expressing GFP-TRIM46 grown on glass coverslips (van
Beuningen et al., 2015). HeLa cells were cultured in DMEM/Ham’s F10 (45%/45%)
supplementedwith 10% fetal calf serumand1%penicillin/streptomycin at 37°C and5%CO2.
Cell lines were not authenticated by authors after purchase. The cell lines were routinely
checked for mycoplasma contamination using LT07-518 Mycoalert assay (Lonza). For EM,
cellswere plated on pre-engravedAclar pieces (Jimenez et al., 2010) and transfected.Hela cells
transfectedwith Fugene6 (Promega) according tomanufacturer’s protocol.

For the membrane extraction, cells were incubated for 2 min in extraction buffer (1M sucrose
+ 0.15%Triton-X in PEM80 ( 80mMPIPIESpH6.8, 4mMMgCl2, 1mMEGTA)) at 37 ºC,
fixed for 10 min in 4% PFAin PEM80 at 37 ºC. Cells were washed 4x 1 min with PEM80 +
100 nM taxol, blocked for 10 min with 1% BSA in PEM80 + 100 nM taxol and incubated
with the nanobody for 1 hour (1:50 in blocking solution). Cells were washed 3x 2 min and
further fixed in 3%PFA+0.5%glutaraldehyde inPEM80.

Imageprocessing andquantifications
Image processing was performed using ImageJ (NIH) and Photoshop (Adobe). To quantify
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inter-microtubule distances and the distance to the membrane, microtubule coordinates were
acquired using the ImageJ multipoint tool and the membrane coordinates were acquired using
the polygon selection tool with spline fit. These coordinates were used for the nearest neighbor
analysis and the membrane distance analysis using a custom written MATLAB script
(MATLAB R2011b; MathWorks). Scoring of bridged microtubules was performed by visual
inspection.

The model (movie 1) was made using IMOD version 4.10.16 (Kremer et al., 1996). The
original tiff images were aligned using the IMOD cross correlation option and subsequently
segmented. The plug-in iMorph in ImageJ (developed by Hajime Hirase) was used to
“smoothen” the sequential images andQuickTimewasused to assemble individualmovies.

Statistical analysis
Statistical analyses were performed using GraphPad Prism software version 7.0. All bar
diagrams represent mean with SEM, and in the scatterplots the median is indicated with a
black line. The statistical analysis of microtubule distribution during neuronal development
was performed using a Kruskal-Wallis test with Dunn’s correction, except for the analysis of
the fraction of bridgedmicrotubules analysis forwhich a one-wayANOVAwithHolm-Sidak’s
multiple comparison test was used. The statistical analysis for the TRIM46 levels was
performed with a one-wayANOVAwith Dunn’s correction and for the TRIM46 knockdown
effect on bridged microtubules and the nearest neighbor analysis a Mann-Whitney test was
used.

RESULTS

Correlative light and electronmicroscopy approach to study theAIS
To localize the AIS and to efficiently find the position back by electron microscopy we
developed a novel CLEM approach (Figure 1). To identify the AIS we used an antibody
against the extracellular part of neurofascin to avoid the need for permeabilization to preserve
the ultrastructure. Using a fluorescent secondary antibody we selected target neurons and
localized theAIS before embedding the samples in Epon resin for further EM processing. To
find back the target neuron by EM we marked the region of interest with a laser dissection
microscope (Kolotuev et al., 2009) and filled the laser engravings with evaporated gold to
make these visible during sectioning and in the EMmicroscope (Figure 1A-C). In addition the
neurofascin antibody was labeled with protein-A gold 15 nm, which decorates the outside
membrane of theAIS inEMimages (Figure 1D).
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Figure1.Correlative lightandelectronmicroscopyapproachto image theAIS
(A)Top: schematic representationof theCLEMapproachdepictinga side-viewof the sample preparation;
bottom: example images (top view). Rat hippocampal neurons were grown on pieces of Aclar film
(Jimenez et al., 2006). Cells were labeled with anti-neurofascin, fixed and labeled with fluorescent
antibodies aswell as 15nm-gold. Target neuronswere imagedand the positions on theAclarweremarked
using a needle. After further fixing and post-fixing, Aclar pieces with the regions of interest were cut out
and embedded into Epon resin. Then theAclar pieces were removed, leaving the neurons and the needle
markings upside down into the Epon block (Jimenez et al., 2010). The positions of the target neurons
were further marked using a microdissection setup (Kolotuev et al., 2009). We drew 1 and 2 lines along
the AIS to easily distinguish the left-right orientation and drew a 45 degree angled line pointing to the
target neuron, so that while approaching the region of interest, the distance between 2 laser marks is the
same as the distance remaining towards the region of interest (see also Figure 1B,C). In order to make
these laser engravings visible during the trimming and sectioning of the Epon block as well as during the
imaging by EMwe applied a thin layer of gold using a sputter coater and wiped the excess away of the
flat surface before covering the sample with a drop of Epon, leaving only the engravings filled with gold
(visible inC).
(B) High magnification of the neurons in Epon after marking the position using a laser dissection
microscope. Red dashed lines represent the positions of the sections in (C) with the arrowheads pointing
to the laser engravings seen in (C).The small red line is thepositionof theEMimage in (D).
(C) 300nmsectionsmadewhile approaching theAIS to assess the position.Arrowheads point to the laser
marks, and theneuronal cell bodies are indicated.
(D) EM image of a dendrite and the AIS from neuron #II, where the AIS is decorated with 15 nm gold
particles targeted to theextracellularpart of theneurofascinmembraneprotein.
Scalebars, 50µm(A-C), 200nm(D).

AISmicrotubules are increasingly fasciculatedduringneurondevelopment
Previously, it was reported that theAIS specific microtubule fasciculation was not observed in
cultured neurons (Bartlett and Banker, 1984). However, when sectioning through DIV21 (21
days in culture) hippocampal neuronswe clearly observed fasciculatedmicrotubules (Figure 2).
This example neuron has itsAIS (marked by neurofascin) running parallel to a dendrite, which
we sectioned and imaged atmultiple positions along theAIS. Only in theAIS,marked by gold
particles on themembrane, and not in the parallel running dendrite do themicrotubules acquire
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very regular spacing and are often connected by electron dense cross-bridges (arrowheads in
Figure 2B,D). Even before the axon splits from the dendrite, lateral segregation of the AIS
membranemarker, neurofascin, and fasciculatedmicrotubules can be seen, aswas also seen by

Peters et al. (1968) in tissue. These data
suggest that theremay be a close connection
between the AIS (sub-)membrane
organization andmicrotubule fasciculation.

Figure2.DIV21neuronshave fasciculatedmicro-
tubules in theAIS
(A-D) Typical example of a DIV21 neuron
processed by our correlative approach to analyze
the AIS microtubules. Extracellular neurofascin
staining to identify the AIS by fluorescence (A)
and by EM (B-D). Note that there is a dendrite
running parallel to the AIS, which at +5 µm did
not split yet from the axon although the neurofascin
marker and fasciculated microtubules already group
at the right side of the neurite (B). In the
schematic representations the microtubules and
cross-bridgesare representedinblueandorganelles in
violet. In the AIS magnifications arrowheads point
to electron dense cross-bridges. Scale bar, 200
nm

To address how the microtubules acquire this
typical organization in theAIS, we analyzed
and quantified the microtubule distribution
at different developmental stages using the
above described CLEM approach. For
DIV2 neurons cells were transfected with
the AIS marker Ankyrin-G480-GFP at
DIV0 (Freal et al., 2016) as neurofascin is
not well enriched at the AIS at this stage
(Albrecht et al., 2016).Whereas atDIV2 the
AIS microtubules are quite randomly
distributed, already at DIV5 the
microtubules acquire very regular spacing,
which is maintained during further
development (Figure 3A-D). This is in
agreement with previous work detecting
alignment of AIS microtubules already at
DIV4 using platinum replica electron
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microscopy (Jones et al., 2014). Moreover, this correlates in time with neuron polarization and
the assembly of the AIS (Zhong et al., 2014; Albrecht et al., 2016; Banker, 2018). We
performed a nearest neighbor analysis and found that at DIV5 nearly all microtubules are
closely spaced together with a median distance of 37 nm measured from the middle of each
microtubule (the microtubule diameter is 25 nm) (Figure 3E, Figure 4A). This microtubule
spacing hardly changes during later developmental stages where we measured a median
spacing of 39 nm.This spacing is very close towhat was reported before forAISmicrotubules
in rat brains (Peters et al., 1968). In dendrites, microtubules are not obviously grouped together
andamore scattered distributionwith amediannearest neighbor distance of 67nm.

Although already at DIV5 microtubules have consistent spacing, we could hardly detect
electron dense cross-bridges at that stage. However, at later stages these cross-bridges become
more prominent and abundant. The cross-bridges are best observed at DIV21 in theAIS, but
never in dendrites (Figure 3A-D,F, Figure 4B). This may explain the lack of fasciculated AIS
microtubules reported before in cultured neurons, which analyzed neurons at DIV7 (Bartlett
andBanker, 1984).Themicrotubules cross-bridges are not continuous structures as can be seen
in sequential images (Figure 3G, movie 1).Moreover, only analyzing themicrotubule spacing
of cross-bridged microtubules did not significantly change the median spacing (DIV5: 36 nm
and 37 nm for DIV11 and DIV21, Figure 3H).Altogether the regular microtubule spacing of
AISmicrotubules correlates in timewith neuron polarization andAIS assembly, and the typical
electrondense cross-bridges becomemore prominent and abundant during later development.

Since the master-organizer of the AIS, Ankyrin-G, can associate with microtubules (Leterrier
et al., 2011; Freal et al., 2016) andwith membrane proteins such as neurofascin (Michaely and
Bennett, 1995), we analyzed themicrotubule distribution with respect to the membrane during
AIS maturation. Indeed we frequently observed microtubule fascicles in close proximity with
electron dense submembrane patches, often also enriched for neurofascin (gold particles;
Figure 3G,I). The microtubules distance to the membrane slightly increases during AIS
maturation (DIV5 toDIV21;Figure 3J, Figure 4C).
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Figure 3. Microtubule fasciculation
duringAISmaturation
(A-D) Typical examples of AIS
microtubule organization in DIV2 (A),
DIV5 (B), DIV11 (C) and DIV21 (D)
neurons. In the schematic representation
below, microtubules and cross-bridges
are in blue and the organelles in violet.
For DIV2 we transfected neurons at
DIV0 with Ankyrin-G-GFP and
identified the AIS based on the GFP
accumulation in one of the neurites
since neurofascin is largely absent at
that stage, hence there is no gold
labeling.Scale bar, 200nm
(E) Nearest neighbor analysis of inter-
microtubule distances during neuron
development, measured from mid-
microtubule. The graph represents all
microtubules within 150 nm range,
leaving out a few distant single
microtubules, however all microtubules
were included for the statistics. The
black lines represent the median values.
Statistics, Kruskal-Wallis test with
Dunn’s correction.
(F) Quantification of bridged microtubules
during neuron development. Each neuron
was imaged atmultiple positions along the
AIS or dendrite, and the average of

bridged microtubules was quantified per image. Error bar represent SEM and for the statistics a one-way
ANOVAwithDunn’s correctionwasperformedandcompared toDIV2.
(G) Serial sections of fasciculated microtubules showing that the cross-bridges do not form a continuous
structure (distance inbetween images is indicated).Scale bar, 200nm.
(H) Nearest neighbor analysis for cross-bridged microtubules at the AIS during development. The black
lines represent themedianvalues.Statistics,Kruskal-Wallis testwithDunn’s correction.
(I) Zoom of the plasmamembrane of a DIV21 neuron AIS showing the close apposition of fasciculated
microtubules with the dense undercoating of the membrane and gold labeled neurofascin. Scale bar, 200
nm.
(J) Quantification of the microtubule distance to the plasma membrane in the AIS during development.
Only microtubules in close proximity to the plasma membrane (100 nm) are represented here and are
measured from the middle of the microtubule. The black lines represent the median values. Statistics,
Kruskal-Wallis testwithDunn’s correction.
Number of neurons (N) and total number of quantified sections (n) analyzed for (E-G): DIV2: N=3, n=7;
DIV5:N=2, n=8;DIV11:N=3 (ofwhichoneDIV10), n=11;DIV21:N=5, n=17. ns, non-significant; *, P
<0.05; ***,P<0.005;****,P<0,0001.
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Figure4. QuantificationofAISmicrotubules for individualneurons
(A) Nearest neighbor analysis of inter-microtubule distances for individual neurons, measured frommid-
microtubule. The graph represents all microtubules within 150 nm range, leaving out a few distant single
microtubules, however all microtubules were included for the statistics. The black lines represent the
medianvalues.Statistics,Kruskal-Wallis testwithDunn’s correction.
(B) Quantification of bridged microtubules for individual neurons at multiple positions during neuron
development.
(C)Quantification of themicrotubule distance to the plasmamembrane in theAIS for individual neurons.
Only microtubules in close proximity to the plasma membrane (100 nm) are represented here and are
measured from the middle of the microtubule. The black lines represent the median values. Statistics,
Kruskal-Wallis testwithDunn’s correction.
(D) Nearest neighbor analysis for all microtubules in individual neuron at DIV 21 upon control of
TRIM46 knockdown. The graph represents the microtubules within 150 nm range, cutting off several
values, which were included for the statistics. Black line represents the median value. Statistics, Mann-
Whitney test.
(E) Quantification of bridged microtubules in the AIS for individual neurons at multiple positions upon
control orTRIM46knockdown.
ns, non-significant; *, P<0.05;***,P<0.005;****,P<0,0001.
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TRIM46 is part of the electrondensemicrotubule cross-bridges
Aprime candidate protein responsible for AIS specific microtubule fasciculation is TRIM46.
We previously found that TRIM46 localizes to the AIS and that it is important for axon
formation (van Beuningen et al., 2015). Moreover, when expressed in non-neuronal cells, it
induces microtubule bundles with parallel polarity and at the same time electron dense cross-
bridges can be observed in between the microtubules mimicking the AIS ultrastructure (van
Beuningen et al., 2015). To address whether TRIM46 is indeed important for microtubule
fasciculation in the AIS, we first determined the relative levels of TRIM46 during neuron
maturation (Figure 5A-C). Although TRIM46 can be detected in some of the DIV2 neurons,
the levels are weak. At DIV5, a time point where the microtubules acquired their typical
spacing, all neurons have clear TRIM46 localization at theAIS.At later time points there is a
steady increase in theTRIM46 levels at theAIS.

Figure5. TRIM46 localizes to theelectrondensecross-bridge
(A) ImmunolabelingagainstTRIM46at theAISatdifferent developmental stages.Scalebar, 20µm.
(B) Quantification of TRIM46 labeling during neuron development, normalized to DIV5. N>3
experiments of min 10 neurons each. Error bars represent SEM. Statistics, one-way ANOVA with
Dunn’s correction (compared toDIV5); ns, non-significant; *, P<0.05;****,P<0.0001.
(C) Western blot analysis of hippocampal neurons at different developmental stages. Neurons were
grown at 500K/well, lysed in 100 µl lysis buffer and equal amounts of cell lysatewere loaded and stained
forTRIM46.
(D)GFP-TRIM46expression inHeLacells
(E)EMimageof the transfectedHeLacell inD (asmarkedby the reddotted line)
(F-G) High magnification of the boxed area in E, with further zooms showing the fasciculated
microtubules upon GFP-TRIM46 overexpression in HeLa cells with immuno-labeling with the gold
conjugated anti-gfp nanobody (F). Panel (G) shows the quantification of the gold to mid-microtubule
distance and theblack lines represents themedianvalue.Scalebar, 200nm.
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To test more directly whether TRIM46 localizes to the microtubule fascicles and electron
dense cross-bridges we performed immune-gold electron microscopy. Because of the densely
packed structure of the microtubule fascicles we decided to use nanobodies for detection.
Nanobodies are much smaller in size than conventional antibodies and thus also get much
closer to the epitope.We expressedGFP-TRIM46 in culturedHeLa cells and detected theGFP
usinggold coupled gfp-nanobodies (Figure 5D) (Kijanka et al., 2017).

To analyze the AIS microtubules the addition of a small amount of glutaraldehyde greatly
improved themicrotubule ultrastructure preservation, however this also blocked the binding of
the gfp nanobody (not shown). Therefore we employed a membrane extraction protocol (Tas
et al., 2017) to label GFP-TRIM46with the gfp-nanobodies (Figure 5E-G).We performed the
CLEM approach in order to section the microtubules under a 90 degree angle and found that
the gold particles nicely labelled the bundled microtubules at the base of the electron dense
cross-bridges 23 nm from themid-microtubule (Figure 5F-G).This shows thatTRIM46 is part
of the electrondense cross-bridge.

TRIM46 is critical forAISmicrotubule fasciculation
To test if TRIM46 is required formicrotubule fasciculation in neurons, we performedTRIM46
knockdown experiments.We transfected neurons with control or previously validated shRNA
constructs against TRIM46 (van Beuningen et al., 2015) at DIV17 and fixed at DIV21. The
knockdown of TRIM46 led to a fragmentedAnkyrin-G and neurofascin labeling at theAIS as
previously observed (Figure 6A-D) (van Beuningen et al., 2015). Moreover, this phenotype
could be rescued by re-expression of GFP-TRIM46, validating the specificity of the
knockdown.At the electronmicroscopy level the knockdown ofTRIM46 led to a reduction in
the cross-bridged microtubule fraction and to a marked increase in microtubule spacing in the
AIS compared to control knockdown neurons (Figure 6D-F). Therefore TRIM46 is required
for themaintenance ofAISmicrotubule fascicles.

Figure6.TRIM46depletion results in the loss ofmicrotubule fasciculation
Several examples for control knockdown+gfp (A),TRIM46 shRNAs+GFP(B) orTRIM46 shRNAs+
GFP-TRIM46 (C) transfectedneurons stained forTRIM46,AnkGandneurofascin.Scalebar, 5µm.
(D) AISmicrotubule organization at DIV21 upon control or TRIM46 knockdownwith on top examples
of the analyzed neurons stained with extracellular neurofascin (in green and marked by arrowheads) to
identify the AIS and filled with mCherry (magenta) to identify transfected neurons. In the schematic
representation,microtubules andcross-bridges are inblueandorganelles inviolet. Scale bar, 100nm.
(E) Quantification of bridged microtubules upon TRIM46 knockdown. Each neuron was imaged at
multiple positions along theAIS, and the average of bridgedmicrotubuleswas quantified per image.Error
bars representSEM.Statistics,Mann-Whitney test.
(F) Nearest neighbor analysis for all microtubules during neuron development. The graph represents the
microtubuleswithin 150nm range, cutting off several values,whichwere included for the statistics. Black
lines represent themedianvalues.Statistics,Mann-Whitney test.
Number of neurons (N) and total number of quantified sections (n) analyzed for (D-F): Control
knockdown: N=2, n=7; TRIM46 knockdown: N=4, n=15. ns, non-significant; ****, P < 0.0001. For
variationbetweenneurons (see figure4D-E).
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DISCUSSION

The AIS is essential for action potential generation and to separate the axon from the
somatodendritic compartment for polarity maintenance. At the ultra-structural level theAIS is
characterized by an electron dense granular undercoating at the plasma membrane as well as
fasciculated microtubules, which are closely spaced microtubules interconnected by electron
dense cross-bridges (Palay et al., 1968; Peters et al., 1968). Whereas the granular membrane
undercoating is considered to represent Ankyrin-G with all its membrane and cytoskeleton
associated proteins (Jones and Svitkina, 2016), the nature of the microtubules fascicles is
largely unknown.

Here we developed a novel correlative light and electron microscopy approach to analyze
subcellular structures in cultured cells.We found that in cultured neurons theAISmicrotubules
align and acquire regular spacing during early development (DIV5), which is maintained
during further development. This is in agreement with previous work from the Svitkina lab,
which used platinum replica electronmicroscopy to analyze theAISmicrotubules (Jones et al.,
2014). Previously we have identified the protein TRIM46 to localize to the AIS, and when
overexpressed in cultured Hela cells TRIM46 leads to bundled parallel microtubules with very
similar electron dense cross-bridges as in the neuronalAIS (van Beuningen et al., 2015). Here,
we localize TRIM46 to the electron dense cross-bridges and show that it is important for the
maintenance of these structures. Moreover, we observed a loss of regular microtubule spacing
upon TRIM46 depletion, suggesting that these cross-bridges regulate microtubule spacing.
Since TRIM46 is detected at the AIS by IF at early stages of neuronal development this
suggests that TRIM46 also regulates microtubule spacing during early neuronal development.
However at these early neuronal stages, we could not observe the electron dense cross-bridges
by EM, which is consistent with previous EM studies (Bartlett and Banker, 1984; Jones et al.,
2014). It is likely that the microtubule bundles in young neurons do not have sufficient
amounts of TRIM46 protein to be detected by EM as electron dense cross-bridges. Since we
made use of chemical fixation to prepare the samples, this might affect the appearance of the
electron-dense cross-bridges. To gain additional insight in the structural organization of the
cross-bridges, future experiments using correlative cryo-EMare required.

Several members of the TRIM protein family are known to self-associate by forming anti-
parallel dimers and other higher-order complexes (Li et al., 2014; Sanchez et al., 2014).
Whether TRIM46 forms antiparallel dimers to regulate microtubule spacing in theAIS would
require in vitro reconstitution experiments and structural analysis. Moreover, it is interesting to
note thatTRIM46 is not the only protein that can organizemicrotubules in theAIS. In Purkinje
cells the microtubule stabilizing protein MTCL1 localizes to the AIS and is important to
maintain neuronal polarity (Satake et al., 2017). It is so far unclear whether this MTCL1



TRIM46 Organizes Microtubule Fasciculation in the Axon Initial Segment

115

4

function is specific to Purkinje cells andwhether it might work togetherwith TRIM46 or has a
redundant function.What might be the function of the TRIM46 positive microtubule fascicles
in the AIS? The microtubule fascicles are not exclusive to the AIS, but also extend into the
proximal axon (Palay et al., 1968; Peters et al., 1968), where the initial sorting of vesicles into
the axon starts (Farias et al., 2015). Previously, we have found that motor proteins such as
kinesin-1 specifically target cargo into the axon, whereas other kinesins target both the axon as
well as dendrites (Lipka et al., 2016). This difference is thought to in part be due to a difference
in microtubule organization (Cai et al., 2009; Konishi and Setou, 2009; Tas et al., 2017).
Therefore this suggests that the fasciculation of microtubules, which extend into the proximal
axon serve as specialized tracks to sort axonal cargo into the axon. Indeed, cargo transport into
the axon was markedly reduced in the absence of TRIM46 (van Beuningen et al., 2015),
suggesting that the uniform microtubule arrays in the axon organized by TRIM46 drive
efficient cargodelivery and trafficking into axonsof differentiated neurons.

Movie1.Reconstructionof6 consecutive~100nmthick slicesof theAISof
aDIV21neuron.Microtubules are in turquoise, the cross-bridges inyellow
and themitochondria in transparent light red.
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SUMMARY

The axon initial segment (AIS) is a unique neuronal compartment, which plays a crucial role in
the generation of action potential and neuronal polarity. The assembly of the AIS requires
membrane, scaffolding and cytoskeletal proteins, including Ankyrin-G and TRIM46. How
these components cooperate inAIS formation is currently poorly understood. Here, we show
that Ankyrin-G acts as a scaffold interacting with End-Binding (EB) proteins and membrane
proteins such as Neurofascin-186 to recruit TRIM46-positive microtubules to the plasma
membrane. Using in vitro reconstitution and cellular assays, we demonstrate that TRIM46
forms parallel microtubule bundles and stabilizes them by acting as a rescue factor. TRIM46-
labeled microtubules drive retrograde transport of Neurofascin-186 to the proximal axon,
whereAnkyrin-G prevents its endocytosis, resulting in stable accumulation ofNeurofascin-186
at theAIS. Neurofascin-186 enrichment in turn reinforces membrane anchoring ofAnkyrin-G
and subsequent recruitment of TRIM46-decorated microtubules. Our study reveals feedback-
basedmechanismsdrivingAIS assembly.

Keywords: axon initial segment, axonal transport,microtubules, endocytosis

INTRODUCTION
The axon initial segment (AIS) is a specialized membrane-associated structure at the base of
the axon that generates and shapes the action potential before it is propagated along the axon
(Kole and Stuart, 2008). The AIS also functions as a boundary between the somatodendritic
and axonal compartments to help maintain neuron polarity (Rasband, 2010).AIS components
form a diffusion barrier segregating the somatodendritic and axonalmembrane proteins and act
as a cytoplasmic filter regulating cargo transport into the proximal axon (Leterrier, 2018). The
AIS contains a concentration of voltage-gated ion channels and cell adhesion molecules that
are anchored by a submembranous layer of scaffolds, extending from the plasmamembrane to
the underlying microtubule (MT) cytoskeleton. However, how the AIS is formed and
maintained is still poorly understood.

In electron microscopy (EM) studies, the AIS is characterized by a ~50-nm-thick
submembranous undercoat lining the axonal plasmamembrane and closely spaced bundles of
3-10 MTs also referred to as MT fascicles (Palay et al., 1968; Peters et al., 1968). The central
component of theAIS submembrane complex isAnkyrin-G (ANK3), with a long isoform of
480-kDa (480AnkG) (Freal et al., 2016; Jenkins et al., 2015b). Most of the AIS membrane
proteins are directly recruited and concentrated by AnkG, including voltage-gated sodium
(Nav) and potassium (Kv) channels and adhesion molecules, such as the 186-kDa isoform of
Neurofascin (NF186) (Leterrier, 2018). The submembrane localization of AnkG depends on
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the association withAIS membrane proteins and palmitoylation of its amino-terminal domain
(He et al., 2012; Le Bras et al., 2014; Leterrier et al., 2017; Leterrier et al., 2015). Depletion of
480AnkG not only prevents the accumulation of membrane proteins in the AIS but also
impairs MT organization in the proximal axon (Freal et al., 2016; Hedstrom et al., 2008;
Sobotzik et al., 2009). The 480AnkG carboxy-terminal domain extends ~35 nm into the
cytoplasm and contains numerous SxIP motifs able to bind MTs via End-Binding (EB)
proteins (Freal et al., 2016; Leterrier et al., 2015). The interaction between EBs andAnkG is
necessary for both AIS formation and maintenance (Freal et al., 2016; Leterrier et al., 2011).
These data highlight the importance of the association between the AIS submembrane
complex and the underlying MT cytoskeleton. Still, the molecular mechanisms connecting
axonalMTorganization andAIS formation are incompletely understood.

Axon development depends on local MT stabilization and the formation of uniform MT
bundles. TheMTnetwork at theAIS has specific properties compared toMTs in the rest of the
neuron. AIS MTs were shown to be enriched in GTP-like tubulin (Nakata et al., 2011), and
overall the AIS cytoskeleton and associated proteins are very stable, as shown by their high
resistance to detergent extraction (Garrido et al., 2003; Sanchez-Ponce et al., 2012). The unique
properties ofAISMTs are conferred by the presenceof severalMT-associated proteins (MAPs)
that have been recently identified in the proximal axon, such as EB proteins (Nakata and
Hirokawa, 2003), CAMSAP2 (Yau et al., 2014), MAP6 (Tortosa et al., 2017), MTCL-1
(Satake et al., 2017), MAP2 (Gumy et al., 2017) and TRIM46 (van Beuningen et al., 2015).
TRIM46 belongs to the tripartite motif containing (TRIM) protein family of ubiquitin E3
ligases, but neither ubiquitin ligase activity nor substrates for TRIM46 have been reported
(Meroni and Diez-Roux, 2005). Instead, TRIM46 associates with MTs in the proximal axon,
where it forms plus-end-out MT bundles. TRIM46 is required for neuronal polarity and axon
specification in vitro and in vivo (van Beuningen et al., 2015). TRIM46 is an early axonal
marker because it localizes to the future axon before neuronal polarization andAIS assembly.
Interestingly, expression of TRIM46 in heterologous cells induces the formation of bundles of
closely spaced MTs linked by electron-dense cross-bridges, which closely resemble the axon-
specific MT fascicles (Harterink et al., 2019; van Beuningen and Hoogenraad, 2016; van
Beuningen et al., 2015). Defining the interplay between AnkG and TRIM46-induced MT
fasciclesmay thus provide amolecular pathway forAIS assembly.

In this study, we used live-cell imaging in combination with biochemical and cell biological
assays, aswell asmicroscopy-based in vitro reconstitution assays to determine themechanisms
underlying AIS assembly. We show that plasma membrane-attached 480AnkG actively
recruits and anchors MT bundles to the plasma membrane. TRIM46 generates uniform MT
fascicles by selectively promoting growth of parallel-oriented MTs. Subsequently, TRIM46-
decorated MT bundles locally concentrate AnkG and its associated protein NF186. The
uniformMTorganization drives efficient transport ofNF186 to theAIS, where it interacts with
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AnkG to stably accumulate at theAIS. Our study reveals a feedback-drivenmechanism for the
assemblyof theAIS.

RESULTS

480AnkGrecruitsMTs to theplasmamembrane
Our previous study showed that 480AnkGpossesses numerous SxIPmotifs (Fig. S1A),which
allow it to track MT plus-ends in an EB-dependent manner. Indeed, expression of 480AnkG-
GFPinCOS-7 cells revealed a comet-like distributionwhich colocalizedwith EB1 (Fig. 1A,B)
and live imaging showed a robust MT plus-end tracking behavior (Fig. 1D, S1B). However,
co-expression of 480AnkG-GFP together with one of its known AIS interacting membrane
proteins, either NF186-RFP (Fig. 1C,E,G, S1C,D) ormyc-Kv2.1-Nav1.2 (KvNav) (Brechet et
al., 2008) (Fig. 1F, S1E) induced membrane recruitment of 480AnkG. When targeted to the
plasma membrane by AIS membrane proteins, 480AnkG-GFP formed long linear stretches
that stained positive for tubulin (Fig. 1G). Live imaging revealed that membrane-attached
480AnkG-GFPno longer trackedMT-plus ends but was distributed along theMT lattice (Fig.
1E,F), indicating that 480AnkGrecruitedMTs to theplasmamembrane.

Figure 1: 480AnkG organizes MTs at the plasma membrane in an EB-dependent manner, See also
FigureS1.
A-B. COS-7 cell expressing 480AnkG-GFP, stained for GFP and EB1. B shows fluorescence intensities
along thecomet pointed in the zoom.
C. Scheme showing 480AnkG-GFP targeted to the plasma membrane by NF186-RFP via its MBD,
while its tail domain anchorsMTs.
D-F. Temporal-coded maximum projections from time lapse-imaging of COS-7 cells expressing
480AnkG-GFP with indicated constructs. Representative kymographs and color-coded time scale is
shown.
G-H.COS-7cells co-expressingNF186-RFP togetherwith indicatedconstructs and stained for -tubulin.
I.EB1/2/3KOU2OScell co-expressingNF186-RFPand480AnkG-GFPand stained for -tubulin.
J-L. EM pictures of COS-7 cells co-expressing NF186-RFP with indicated constructs, and immunogold
labeled for extracellular NFasc. Fluorescent pictures of corresponding cells are shown in L and cutting
sites are indicatedwith a line.
M-N. Distance between MTs and the plasma membrane (M) and corresponding frequency plot (N).
Mann-Whitney test, p=3.26*10 -̂9, n=123MTs forAnkG-GFP inN=3 cells, n=102MTs for 480AnkG-
NN-GFP inN=2cells.
In A, G-I: scale bars are 10 µm and 2 µm in the zoom. In D-F: scale bars are 5 µm and on the
corresponding kymographs: 1 µm (horizontal) and 15 s (vertical). For J andK scale bars are 200 nm and
100nmin thezoom.



Feedback-DrivenAssembly of the Axon Initial Segmentt

123

5



Chapter 5

124

5

The ability of 480AnkG to organize MT structures at the plasma membrane relies on the
interaction with both MTs and AIS membrane proteins. The 480AnkG tail construct that
interacts with EBs but does not bind toAISmembrane proteins (Freal et al., 2016) behaved as
a +TIP when co-expressed with NF186 (Fig. S1F). Similarly, when 480AnkG-GFP was co-
expressed with NF186 mutated in its AnkG-binding motif (FIGQY->FIGQD) (Boiko et al.,
2007; Zhang et al., 1998), 480AnkG-GFP still tracked MT-plus ends and did not redistribute
along MT lattice (Fig. S1G,H). Mutation of the 480AnkG palmitoylation residue (He et al.,
2012) did not change the NF186-dependent membrane recruitment of 480AnkG in COS-7
cells (Fig. S1I), nor its membrane association in DIV3 neurons (Fig. S1J).AnkGmutants that
do not interact with EBs, such as 480AnkG-NN (in which 10 SxIP motifs are changed into
SxNN, Fig. S1A) or 270AnkG (Freal et al., 2016), showed a diffuse cytoplasmic staining and
did not recruit MTs to the plasma membrane in the presence of NF186-RFP (Fig. 1H, S1K).
Moreover, in U2OS cells in which EB1, EB2 and EB3 were stably knocked out (Yang et al.,
2017) (Fig. S2AF), 480AnkG-GFPshowed no accumulation atMTplus-ends (Fig. S2A), and
did not anchor MTs to the plasma membrane when co-expressed with NF186-RFP (Fig. 1I
versus S2B). The expression of EB3-RFP in these KO cells could rescue the MT plus-end
localization of 480AnkG and its ability to anchor MTs at the membrane when co-expressed
with KvNav (Fig. S2C-E). These data suggest that the interaction with EBs is critical for the
480AnkG-dependent recruitment ofMTs to theplasmamembrane.

To further study 480AnkG’s ability to recruit MTs to the plasma membrane, we examined
COS-7 cells co-expressingNF186-RFP togetherwith either 480AnkG-GFPor 480AnkG-NN-
GFP(Fig1. J-L) byEM. Pre-embedding immunogold labeling ofNF186 allowed us to resolve
the position of theAISmembrane proteins at the plasmamembrane (Fig. S2J). Quantifications
revealed that 480AnkGorganizesMTs in close proximity to the plasmamembrane (30-60nm),
whereas 480AnkG-NN did not induce any significant clustering ofMTs (Fig. 1M,N, S2I).We
also observed a dark membrane undercoating where NF186 was concentrated, as noticed in
previous EM studies of theAIS (Palay et al., 1968). We then used gated stimulated emission
depletion (gSTED)microscopy to observeMTposition with respect to the cell cortex in COS-
7 cells expressing various constructs and stained with phalloidin (Fig. S2G-H). In agreement
with the EM data, 480AnkG-GFP, but 480AnkG-NN-GFP, induced a clear recruitment of
MTs to the cortex in the presence of a membrane binding partner (Fig. S2G-H, lower panels).
Interestingly, neither480AnkG-GFP,whichcanbind toMTplusends,nor thediffuse480AnkG-NN-
GFPcouldinducesuchaMTorganizationontheirown(Fig.S2G-H,upperpanels).

To assess ifAnkG is also capable of targetingMTs to themembrane vicinity in axons, we used
single-molecule localization microscopy (SMLM) to resolve the distance between MTs and
the plasma membrane in control neurons (Fig. 2A-B) or neurons lackingAnkG (Fig. 2C).As
most of the AIS membrane proteins are lost upon depletion of AnkG, we imaged actin to
determine the position of the cell cortex (Kiuchi et al., 2015; Schatzle et al., 2018). We
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observed that in neurons lackingAnkG, theMT-cortex distances were shifted to higher values
(Fig. 2D) and the mean MT-cortex distance significantly increased (Fig. 2E). As previously
reported (Hedstrom 2008), neurons transfected with AnkG-shRNA had a larger axonal
diameter (Fig. 2F). However, this was unlikely to be the cause of the increasedMT-cortex distance,
because the mean axonal diameter and the mean MT-cortex distance did not correlate (Fig. 2G).
Together,ourdataindicatethatAnkGrecruitsMTstotheplasmamembraneattheAIS.

Figure2:AnkGanchorsMTsclose to theaxonalmembrane
A-C. Single-molecule localization microscopy reconstructions of DIV4 hippocampal neurons transfected
at DIV0 with mEOS-tubulin and a control- (A,B) or AnkG-shRNA (C). Intensity profiles along the
indicated linesare shown.
D. Distribution of the MT-cell cortex distances along the proximal axons of control neurons or neurons
lackingAnkG.Control: 124measures from7neurons,AnkG-shRNA:234measures,N=2,n=9neurons.
E-G. Mean MT-cell cortex distance (E), axonal diameter (F) and mean axonal diameter as a function of
MT-cell cortex distance (G) of neurons transfected with a control-shRNA or AnkG-shRNA. Unpaired t-
tests, p=0.058 in E, p=0.026 in F, and in G; Pearson’s correlation coefficients are p=0.10 (control) and
p=0.72 (AnkG-shRNA). Scalebars are 5 m inA,and1 minBandC.

480AnkGrecruitsTRIM46-decoratedparallelMTbundles to theplasmamembrane
In cultured primary neurons, TRIM46-labeled MT bundles located at the beginning of the
axon as previously described (van Beuningen et al., 2015) and overlapped withAnkG, which
localized to the axonal sub-membrane region (Fig. 3A-C, S3A). Depletion ofTRIM46 led to a
significant reduction inAnkG intensity at theAIS, whereas specific accumulation of TRIM46
in the proximal axon strongly relied on AnkG (van Beuningen et al., 2015) (Fig. S3B-D). In
COS-7 cells,when co-expressedwithTRIM46-mCherry in the absence ofmembrane partners,
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480AnkG-GFP was no longer observed at MT plus-ends only, but instead coincided with
TRIM46 along the MT lattice (Fig. 3C). Interestingly, while 480AnkG-GFP and TRIM46-
mCherry signals overlapped, they showed a spatial organization similar to that of theAIS,with
TRIM46 being accumulated proximally along the MT bundle, while 480AnkG was enriched
more distally toward the MT plus-ends (Fig. 3C). Expression of other MAPs, such as anti-
parallel MTbundler, PRC1-mCherry (Loiodice et al., 2005), or parallel MTbundler TRIM36-
mCherry, a close homolog of TRIM46 that does not accumulate at theAIS (van Beuningen et
al., 2015), did not recruit 480AnkG to MT bundles (Fig. S3E,F), suggesting that 480AnkG
selectively interacts with TRIM46-decorated MT bundles. Therefore, we tested whether
480AnkG specifically recruits TRIM46-labeled MTs to the plasma membrane. Co-expression
of 480AnkG-GFP, NF186-RFP and TRIM46-BFP in COS-7 cells revealed that MT bundles
recruited by 480AnkG are labeled with TRIM46 (Fig. 3D), suggesting that 480AnkG targets
TRIM46-decorated parallel MT bundles to the plasma membrane. We used expansion
microscopy (Chen et al., 2015; Tillberg et al., 2016) and gSTED microscopy to resolve the
position of TRIM46-bundles in COS-7 cells expressing TRIM46-mCherry together with
480AnkG-GFPwith orwithoutKvNav (Fig. 3E,F, Fig. S3G-I).We observed thatTRIM46 co-
expressed with 480AnkG did not show any preferential targeting to the cell cortex (Fig. 3E,F,
upper panels and S3G). When 480AnkG-GFP was co-expressed with its membrane partner
KvNav and TRIM46-mCherry, we observed a clear cortical targeting of AnkG and TRIM46
(Fig. 3E-F, lower panels, Fig. S3H). TRIM46 alone, which decorates MTs in their proximal
parts and localizes to acetylatedMTs (Fig. S3J) did not localize close to the plasmamembrane
(Fig. S3I). Live imaging in COS-7 cells revealed that 480AnkG-GFP, co-expressed with
TRIM46-mCherry alone, was found along the MT lattice but still tracked dynamic MT plus
ends (Fig. 3G, upper panel). However, when targeted to the membrane by co-expressing
KvNav, 480AnkG-GFP colocalized with TRIM46-mCherry bundles and was distributed
along theMTlattice (Fig. 3G, lower panel) confirming that in these conditions 480AnkGcould
recruit TRIM46-positive MT bundles to plasma membrane. Interestingly, membrane-attached
480AnkG-GFP efficiently recruited TRIM46-mCherry-positive MT bundles (Fig. 3H,J), but
wasnot able to target PRC1-positive bundles to themembrane (Fig. 3I,J).

Neither 270AnkG-GFPnor 480AnkG-NN-GFPwere able to localize toTRIM46-inducedMT
bundles (Fig. S3L,M), suggesting that EB-binding was required for 480AnkG to be recruited
toTRIM46-boundMT lattices. The 480AnkGtail construct also failed to accumulate along the
TRIM46-decorated MT lattices and remained enriched at MT plus-ends (Fig. S3L,M),
suggesting that in addition to binding to EB proteins, also the 480AnkG N-terminus is
important for binding to MTs bundled by TRIM46. To validate this idea, we engineered a
270AnkG isoform able to trackMTplus-ends, 270AnkG+TIP, by adding one SxIPmotif in its
C-terminus. The 270AnkG+TIP efficiently accumulated at MT plus-end where it colocalized
with EB1 (Fig. S3L,N). Like 480AnkG, 270AnkG+TIP but not 270AnkG showed strong
overlap with TRIM46-decorated MTs (Fig. S3L,N). Together, these results indicate that
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480AnkG specifically recruits TRIM46-bundled MTs to the plasma membrane in an EB-
dependentmanner.

TRIM46orients and stabilizesMTsrecruitedat themembranebyAnkG
To test the orientation of TRIM46-labeled MTs recruited to the plasma membrane, we used a
laser-severing assay to record the direction of MT plus-end regrowth (Yau et al., 2014). Upon
severing of MTs labeled with tubulin-GFP or 480AnkG-GFP in EB3-RFP and Kv-Nav co-
expressing cells, we did not observe any preferential MT orientation (Fig. 4A,B). However, in
TRIM46-GFP-labeledMTbundles, plus-end regrowth after laser severing occurred in a single
direction in ~90% of the cases. The binding of TRIM46 along MT bundles recruited at the
plasma membrane by 480AnkG also conferred a uniform MT orientation (Fig. 4A,B). This
result shows thatTRIM46decoration confers a uniform orientation toMTfascicles recruited at
themembrane by480AnkG.

TRIM46 andAnkG were shown to be important for plus-end out MT organization in axons
(Van Beuningen 2015, Freal 2016). In order to assess the orientation of both stable and
dynamic polymerizing MTs in proximal axons, we performed laser severing experiments and
monitored MT plus-end regrowth by imaging a MT plus end marker MACF43-RFP
(Honnappa et al., 2009) in DIV8 neurons co-transfected at DIV0 with control- (Fig. 4C, left
panel), AnkG- (middle panel) or TRIM46-shRNA (right panel). Control neurons contained
~100% of plus-end out MTs, whereas AnkG- and TRIM46-depleted neurons showed a
significant increase in minus-end out MTs (Fig. 4D), further strengthening the importance of
AnkGandTRIM46 inorganizing the axonalMTnetwork.

We next determined whether TRIM46 can protect MT bundles against nocodazole-induced
depolymerization.We imaged live cells expressing NF186-RFPand 480AnkG-GFPwith BFP
or TRIM46-BFP and treated them with nocodazole or DMSO as a control (Fig. S4A-C).
480AnkG and NF186 were accumulated at the plasma membrane in control cells, however
they rapidly disappeared after the addition of nocodazole. In contrast, co-expression of
TRIM46-BFP preserved 480AnkG/NF186 membrane stretches in nocodazole-treated cells
(Fig. S4B,C). To determine whether the nocodazole-resistant 480AnkG/NF186 membrane
structures induced by TRIM46 were associated with MTs, we fixed the cells and stained for
tubulin (Fig. S4E,F). In the absence of TRIM46, no remaining MTs were observed after the
addition of the drug. Only when TRIM46-BFP was co-expressed, we detected nocodazole-
resistantMTs (Fig. S4E,F). 480AnkG-GFP, NF186-RFPor 480AnkG-NN-GFPalone, as well
as 480AnkG-GFP in combination with NF186-RFP were not able to confer nocodazole-
resistance to MTs (Fig. S4G). These data suggest that TRIM46-decorated MT bundles
recruited to plasma membrane by 480AnkG are protected against depolymerization.
Additionally, we observed thatTRIM46bundling increased the clustering of 480AnkG/NF186
at the plasma membrane (Fig. S4B,D). Interestingly, we observed that when 480AnkG-GFP
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behaved as a +TIP and as well as when it located along microtubule lattice upon targeting to
the membrane by KvNav, it was preferentially associated with tyrosinated MTs and did not
colocalize to acetylated MTs (Fig. S4H).WhenTRIM46-BFPwas co-expressed together with
480AnkG-GFP, with or without KvNav,AnkGwas associated with bundles that consisted of long-
lived,acetylatedMTsattheirproximalendandtyrosinatedMTsatthedistalend(Fig.S4I).

Figure 3: 480AnkG anchors TRIM46-decorated MT fascicles to the plasma membrane, See also
FigureS2andS3.
A-B. Proximal region of a DIV14 hippocampal neuron stained for TRIM46 and AnkG (A). The
differencebetweenAnkGandTRIM46start positionswasmeasured in (B) for32neurons.
C-D.COS-7cell expressing480AnkG-GFPwith indicatedconstructs.
E-F. Expanded COS-7 cells (E) transfected with indicated constructs, stained for GFP and TRIM46. (F)
shows average projections of resliced Z-stacks along transversal (left panel, a) or longitudinal (right panel,
b) linesof0.25 m thickness.Arrowheadspoint atAnkG- andTRIM46-positivebundles.
G. Temporal-coded maximum projections from time lapse-imaging of COS-7 cells expressing indicated
constructs.
H-J. COS-7 cell expressing indicated constructs and stained for -tubulin. The percentage of positive
membrane480AnkG-GFPbundles is shown in (J).
InA, scale bar is 5µm, inC,D,Hand I scale bars are10µmand2µm in thezooms. InE, scale bars are5
m and 2 m in the z-sections, and in the kymographs in G they represent 1 m (horizontal) and 15 s
(vertical).
.
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To investigate whether TRIM46 also protects axonal MTs against depolymerization, we
expressed tubulin-GFP together with control- or TRIM46-shRNA and performed time-lapse
imaging before and after nocodazole addition (Fig. 4E-G). Quantification revealed that the
tubulin intensity in the proximal axon markedly decreased in neurons depleted of TRIM46 in the
presenceofnocodazole(Fig.4E-G).TheseresultsshowthatTRIM46stabilizesaxonalMTs.

Figure4:TRIM46orients andstabilizesMTs in theAIS,SeealsoFigureS4.
A-B. Photo-ablation of MTs labelled with indicated constructs in COS-7 co-expressing Kv-Nav and
EB3-RFP (D). Kymographs are shown on the right. Scale bars show 1 m (horizontal) and 15 secs
(vertical). Regrowth events are indicated by arrowheads. The percentage of cuts is shown in (E). n is the
numberof cuts, inN 10cells.
C-D. Photo-ablation ofMTs in the proximal axon ofDIV8neurons co-transfected atDIV0with indicated
constructs. Lower panels show the maximum-time projections of MACF43-RFP imaging. Asterisks
show the ablation sites. Scales are 1 m (horizontal) and 15 s (vertical). The mean percentage of comets
after ablation is shown in D. 2-way ANOVA, p=0.0004 for AnkG-shRNA, p<0.0001 for TRIM46-
shRNAcompared tocontrol-shRNA.n=10neurons,N=2.
E-G. DIV4 hippocampal neurons transfected at DIV1 with indicated construct and imaged after addition
of 10 µM Nocodazole. (E) shows still frames at 0, 10 and 60 min. (F) Fluorescence intensity of -tub-
GFP in the proximal axon of control (n=20, black) or TRIM46 knock-down neurons (n=24, grey) after
addition of Nocodazole and normalized to the first frame. Fitted one-phase decay curves are shown in
orange. (G) shows theplateauvaluesobtained fromthe fits, unpaired t-test, p<0.0001.
Scale bars are 2µminCand10µminE.
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TRIM46generates longandstableMTbundles in vitrobypromotingrescues
In order to test whether TRIM46 can autonomously confer uniform orientation and stability to
480AnkG-decorated MT bundles, we performed in vitroMT dynamics reconstitution assays
as described previously (Bieling et al., 2007; Mohan et al., 2013; Sharma et al., 2016), using
purified 480AnkG and TRIM46 (Fig. S5A-B). Since 480AnkG interacts directly with EBs
(Freal et al., 2016), we first examined whether it regulatesMT plus-end dynamics in vitro.We
polymerized MTs from GMPCPP-stabilized seeds in the presence of EB3 alone (Fig. 5A),
together with 480AnkG (Fig. 5B) or with 480AnkG-NN (Fig. 5C), and recorded their
dynamics using total internal reflection fluorescence (TIRF)microscopy. 480AnkG tracked the
plus ends of growing MTs and also displayed some decoration of MT lattice (Fig. 5B). The
480AnkG-NNmutant that does not bind to EBs, and thewild-type 480AnkG in the absence of
EBs failed to trackMTplus-ends and showedonlyweakMTlattice binding (Fig. 5CandS5E).
This was consistent with the findings reported previously in COS-7 cells and rat hippocampal
neurons (Freal et al., 2016 and Fig. 1E,F). In vitro, 480AnkG did not have any strong impact
onMTdynamics (Fig. 5D-F): itmildly reducedMTgrowth rate, but did not significantly affect
catastropheor rescue frequencies (Fig. 5D,E,F).

Next, we reconstituted MT dynamics in the presence of TRIM46 (Fig. 5G). TRIM46 did not
bind to singleMTs on its own (Fig. 5G, arrowhead andmiddle panel), but got recruited toMT
bundles (Fig. 5G, arrow and right panel). Consistently with previous findings in cells (van
Beuningen et al., 2015), TRIM46 preferentially bundled MTs in a parallel manner (Fig. 5H).
TRIM46 was abundantly present on the overlappingMTs and showed gradual enrichment on
the freshMT overlaps generated byMT growth (Fig. 5I). These data indicate that TRIM46 is
an autonomous parallel MT bundling factor which requires presence of at least two closely
apposedMTs for an efficientMTinteraction.

Like 480AnkG, TRIM46 had little effect on the growth rate of individual MTs (Fig. 5D), but
once accumulated along aMT bundle, it potently promoted rescues ofMTs within the bundle
(Fig. 5F and 5G bottom left panel), thus leading to their progressive elongation and
stabilization. The ability of TRIM46 to prevent MT depolymerization within parallel bundles
explains why MTs still persist in COS-7 cells, when they are treated with nocodazole, which
promotes MT disassembly by sequestering soluble tubulin (Fig. S4A,B). We also observed a
mild increase in catastrophe frequency within TRIM46-decorated MT bundles (Fig. 5E), and
overall, MT plus ends within TRIM46-decorated MT bundles remained highly dynamic. The
fact that the distal part of such bundles remains dynamic and can accumulate EBs and
480AnkG might explain the partial spatial separation of TRIM46 and 480AnkG on bundled
MTs (Fig. 3B,C).
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Figure 5: TRIM46 promotes rescues within parallel MT bundles and shows weak interaction with
480AnkGinvitro,SeealsoFigureS5andTableS1.
A-C. Kymographs showing MTs dynamics grown in the presence of mCherry-EB3, together with
indicatedconstructs
D-F. Quantification of MT plus-end dynamics in the presence of mCherry-EB3 (n=213) together with
480AnkG-GFP (n=388), 480AnkG-NN-GFP (n=458) or GFP-TRIM46 (n=235 for single MTs and
n=91 for two-MT bundles), N=2-3. One-way ANOVA with Tukey’s multiple comparisons test, ns
p>0.05,***p<0.001.
G-I. G, Left panels: Single frame (top) of a time-lapse movie showing single MT (arrowhead) and two-
MT bundle (arrow) growing from rhodamine-tubulin-labelled GMPCPP seeds in the presence of
mCherry-EB3andGFP-TRIM46and still pictures (bottom)at indicated timepoints (inmin).
Corresponding kymographs are shown in the middle panel. (H) Fraction of parallel and anti-parallel
TRIM46-decorated two-MT bundles (n=41 bundles). (I) Average intensity (±SEM, black) of GFP-
TRIM46 over time in two-MT bundles, normalized to its intensity at the timewhen bundles form. (n=10
events ingreen, from7TRIM46-positive two-MTbundles,N=3).
J-K. Kymographs (J) showing 480AnkG-mCherry dynamics of single MTs or TRIM46MT bundles in
the presence of dark-EB3. 480AnkG-mCherry mean intensity (K) on single MTs (magenta) or two-MT
TRIM46-bundles (dynamic, cyan and stable, orange) normalized to average mean intensity on single
MTs, from 1 m2 33-76 ROIs of 7-15 TRIM46-decorated two-MT bundles from 6-8 assays. Error bars
show 95% confidence interval. One sample t-test was carried out to test if fold change in AnkG intensity
on TRIM46-bundles is more than 2, *p<0.05, ***p<0.001. One-way ANOVA was used to test if the
change in480AnkGintensitywasdifferent indynamiccompared to stable two-MTbundle, **p=0.0050.
L-M.Kymographs illustratingGFP-TRIM46 fluorescence intensity on singleMTs grown in the presence
of dark-EB3, 14.5 µM porcine tubulin and 0.5 µM rhodamine-tubulin without (left) or with 480AnkG-
mCherry (right). M. Mean intensity of GFP-TRIM46 on single MTs or TRIM46- bundles with or
without 480AnkG-mCherry, from 1 m2 80-140 ROIs from 8-14 single MTs or TRIM46 two-MT
bundles, 3 assays per condition.Errorbars areSEM.Two-tailedunpaired t-test, nsp>0.05,***p<0.001.
N-P. Quantification of MT plus-end growth dynamics in the presence of dark-EB3 and GFP-TRIM46
together with 480AnkG-mCherry and 15 µM porcine tubulin or 14.5 µM porcine tubulin and 0.5 µM
rhodamine-tubulin. n=139 and n=188 singleMTs without or with 480AnkG respectively and n= 26 and
n=87 TRIM46-decorated MT bundles without or with 480AnkG respectively, N=2-3 assays. One-way
ANOVA,nsp>0.05,***p<0.001.
Scale bars in all the kymographs represent 2 µm (horizontal) and 60 s (vertical). The red line below each
kymograph represents rhodamine labelledGMPCPP-stabilizedMTseeds.
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We next tested the potential interplay between 480AnkG and TRIM46. When MTs were
grown in the presence of both 480AnkG and TRIM46 (Fig. 5J), 480AnkG was slightly
enriched along the TRIM46-decorated MT shafts in two-MT bundles (Fig. 5K). This
enrichment was more pronounced on the stable (orange box in Fig. 5J) as compared to
dynamic (blue box in Fig. 5J) lattices within the bundles. Since stable MT parts had higher
accumulation of TRIM46 than the freshly grown MT lattices within the bundle (Fig. 5I), this
suggested that 480AnkG enrichment was indeed dependent on TRIM46 and not on the
presence of two closely apposed MTs. To test this idea further, we performed in vitro
experiments with 480AnkG and another MT bundling factor, PRC1 (Loiodice et al., 2005;
Mollinari et al., 2002).As previously described, we observed that PRC1 did not bind to single
MTs, but decoratedMT bundles (Bieling et al., 2010; Subramanian et al., 2013). In contrast to
what we observed with TRIM46, we found that compared to single MTs, the intensity of
480AnkG along two-MT PRC1 bundles was exactly twice as high on freshly formed PRC1
bundles and even slightly lower on older bundles that were densely populated by PRC1 (Fig.
S5C,D). This suggested that mere bundling is not sufficient to cause enrichment of 480AnkG
on MTs, but rather the presence of TRIM46 is required for recruitment of 480AnkG to MT
bundles. To support the specificity of 480AnkG enrichment along TRIM46-decorated MT
bundles, we reconstituted MT dynamics in the presence of TRIM46 and 480AnkG or EB-
binding deficient 480AnkG-NN, without adding EBs in the assay. As expected, we observed
very weak lattice binding of AnkG on single MTs in the absence of EBs (Fig. S5E-G).
However, TRIM46 still weakly but significantly recruited 480AnkG to MT bundles even in
the absence of EBs and promoted a similar enrichment of the EB-binding deficient mutant
480AnkG-NN on MT bundles (Fig. S5F-I). Furthermore, in the presence of 480AnkG,
TRIM46wasweakly bound to singleMTs (Fig. 5L,M), whereas its accumulation on two-MT
bundles remained unaltered (Fig. 5M). Moreover, in the presence of 480AnkG, TRIM46 was
able toweakly promote rescues even on singleMTs (Fig. 5P), while the effects onMTgrowth
rate and catastrophe frequency were mild (Fig. 5N,O). Our results show that TRIM46 is a
potent rescue factor that triggers some enrichment of 480AnkG along the MT lattice.
Interestingly, 480AnkG also mildly increases the affinity of TRIM46 for single MTs further
supporting our findings about the weak MT-dependent cooperativity between 480AnkG and
TRIM46. Taken together, our data demonstrate that TRIM46 can autonomously generate long
and stable parallel MT arrays, which remain dynamic at their distal parts. These arrays
concentrate EBs andAnkyrin-G,which in turn provide connections to theplasmamembrane.

TRIM46promotes efficient traffickingofNF186vesicles to theproximal axon
Wehave shown that 480AnkGmediates themembrane recruitment ofTRIM46-decoratedMT
bundles and that TRIM46 is a rescue factor that protects against MT depolymerization. We
hypothesize that this unique membrane-MT organization may allow for efficient targeting of
theAIS membrane proteins to the proximal axon. Using time-lapse imaging of DIV4 neurons
expressing control shRNA, we observed mobile NF186-RFP vesicles trafficking in the axon,
as well as an immobile pool of NF186 in the proximal axon (Fig. 6A,E). NF186 vesicles
colocalized with endosomal markers, such as Rab5-GFP and Rab11-GFP as well as
endogenous Rab11, in fixed (Fig. S6A) and live neurons (Fig. S6B,C). In neurons depleted of
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TRIM46, we observed significant changes in NF186-RFP vesicle mobility in the axon and a
frequent switch in the transport direction (Fig. 6B-E). In control axons (within the first ~100
m), NF186-RFP vesicles were mainly transported back to the cell body (~70% retrograde,
Fig. 6B), whereas in the axons of TRIM46-depleted neurons, NF186 vesicles were equally
transported back- and forward (~50% retrograde, Fig. 6B).This change in transport direction in
TRIM46-depleted axonswas accompanied by a strong increase in the number of reversals (~3
folds change, Fig. 6C, S6D) and a decrease in the mean run time (Fig. 6D, S6F). Consistently,
we verified that Rab11 transport is affected in TRIM46-depleted neurons. We transfected
DIV0neuronswithRab11-GFP in combinationwith the control orTRIM46-shRNA(Fig. 6F).
We observed changes in the directionality of runs and in the number of reversals. In the axons
of DIV3 control neurons, retrogradely moving Rab11 vesicles were more abundant than
anterograde ones (Fig. 6G). In contrast, in axons of neurons depleted of TRIM46, Rab11
vesicles moved in both directions with the same frequency, as it was the case in dendrites, and
switched directionmore often (Fig. 6G,H).

The bias toward retrograde transport of NF186 in the axon suggested a role for theminus-end
directed motor dynein. We analyzed NF186-RFP trafficking in the axons of neurons
expressing GFP or p150cc1-GFP, a dominant negative form of the dynactin adaptor p150,
which is reported to perturb dynein function (Kuijpers et al., 2016). As reported for TRIM46
knock-down, perturbing dynein function induced changes in NF186 vesicles transport, with a
significant increase in the fraction of anterograde runs compared to control (Fig. 6J). These
results indicate that TRIM46-mediated plus-end out MT orientation allows for the efficient
retrograde transport of NF186 vesicles from the distal to the proximal axon via the endosomal
pathway in a dynein-dependentmanner.

Controlled trafficking and clustering of AIS membrane proteins, adhesion molecules and ion
channels is crucial for neuronal activity (Kole et al., 2008), and it was shown to contribute to
AIS formation and maintenance by influencingAnkG accumulation in this region (Alpizar et
al., 2019; Leterrier et al., 2017; Xu and Shrager, 2005; Zonta et al., 2011). We co-expressed
NF186-RFP (Fig. 6K) or an empty vector together with a BFP-fill in DIV1 neurons and
stained for endogenous AnkG and TRIM46 at DIV5 (Fig. 6K). We observed that the over-
expression of both NF186 or KvNav (Fig. S6G) increased the accumulation of endogenous
AnkG and TRIM46 at the AIS (Fig. 6L, S6H.). We conclude that a membrane partner can
promote clustering of both AnkG and TRIM46 at theAIS in developing neurons. Other AIS
membrane proteins, such as Kv7 or NF186, as well as AnkG modifications such as
palmitolylation, could possiblyhave an effect onAnkG/TRIM46accumulation at theAIS.
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Figure6:TRIM46promotes retrograde transport ofNF186 to theproximalaxon,SeealsoFigureS6.
A. Maximum time-projection from time-lapse imaging of DIV4 neurons transfected at DIV0 with
indicated constructs. Kymographs of axon and dendrites are shown. Orange lines highlight the proximal
axon.Scale is 5µm(horizontal) and15s (vertical).
B. Percentage of NF186-RFP runs in DIV4 neurons co-transfected at DIV0 with indicated constructs.
n=20neurons,N=2,2-wayANOVA,***p=0.0002,n.s: p=0.916.
C-D. Quantification of NF186-RFP vesicle dynamics in DIV4 neurons co-transfected at DIV0 with
indicatedconstructs.Mann-Whitney inC,p=0.0003, n=21-26axons, inD,p<0.0001, n=279-645 runs.
E:Fluorescence intensity profiles ofNF186-RFPalong the axonsofneurons showninA.
F-H. Kymographs (F) of Rab11-GFP vesicles in DIV3 neurons co-transfected at DIV0 with indicated
constructs. Scale is 5 µm (horizontal) and 3 s (vertical). (G) Percentage of runs. (H) Mean number of
direction reversals per axon. n=18 neurons, N=2. G: Two-way ANOVA, n.s p=0.5, ***p<0.001. H:
Mann-Whitney test, ***p=0.00012.
I-J. Kymographs (I) of NF186-RFP in the axons of DIV3 neurons co-transfected at DIV0 with indicated
constructs. Scale is 10 µm (horizontal) and 5 s (vertical). (J) Percentage of runs. Two-way ANOVA,
*p=0.0104,n=20neurons,N=2.
K-L. DIV5 hippocampal neurons (K) co-transfected at DIV1 with indicated constructs and stained for
AnkG and TRIM46. (L) Intensity of AnkG and TRIM46 staining at the AIS normalized to neighboring
non-transfected neurons. One-way ANOVA with Holm-Sidak’s multiple comparison test, p=0.037 for
AnkG,p=0.020 forTRIM46.n=17neurons,N=2.
Scalebars are 10 m inAandK.



Feedback-DrivenAssembly of the Axon Initial Segmentt

137

5



Chapter 5

138

5

AnkGinhibitsNF186endocytosis resulting in stable accumulationat theAIS
Wenext speculated that the scaffold formed byAnkGmay allow for local accumulation of theAIS
membrane proteins in the proximal axon by selectively preventing their endocytosis at theAIS. To
track membrane NF186 in live neurons, we performed an antibody uptake experiment using a
fluorescently labeled antibody againstNF186onDIV4neurons expressingNF186-RFP(Fig. 7A-D).
In the first minutes after antibody incubation, high numbers of internalized NF186 vesicles were
detected in dendrites, cell body and distal axons (>50 m away from the soma), whereas theAIS
contained a lower number of vesicles (Fig. 7A,B).The number of internalized-NF186 vesicles in the
proximal axon increased dramatically upon depletion of AnkG (Fig. 7C left panel, D), or when a
NF186mutant incapableofbindingtoAnkGwasexpressed(wt-FIGQYtomutant-FIGQD,(Boikoet
al., 2007; Zhang et al., 1998) (Fig. 7C right panel, D)). In order to measure the endocytosis rate, we
quantified the ratio of internalized-to-surface NF186 in DIV4 neurons expressing control- orAnkG-
shRNA(Fig. 7E-G), andobserved a robust increase in thenumberofNF186-positive vesicles andan
enhanced endocytosis rate in neurons depleted ofAnkG (Fig. 7F,G). To question the direct role of
AnkG in opposing endocytosis of NF186, we transfected DIV0 neurons, not yet expressing
endogenous AnkG, with NF186-RFP together with 480AnkG-GFP or with GFP (Fig. 7H-J). In
480AnkG-GFP-expressing neurons, the surface pool of NF186 colocalized with 480AnkG-GFP
alongneurites(Fig.7I, lowerpanelandzoom)andtheinternalizedsignalwasmarkedlydecreased(Fig.
7I,J), suggesting that 480AnkG prevents NF186 endocytosis. Next, we used the NF186-FIGQD
mutant to test whether the direct interaction betweenAnkG and NF186 is responsible for the lower
endocytosis rate. NF186-FIGQD did not accumulate in the proximal axon of DIV3 neurons and
showed no colocalization with 480AnkG-GFP(Fig. S7A,B). In DIV1 neurons, NF186-FIGQD co-
expressedwith480AnkG-GFPwastakenupata ratesimilar to thatobservedfor thewild-typeNF186
in theabsenceof480AnkG-GFP(Fig.7I,S7C).Our results indicate thatAnkG,bydirectly interacting
withNF186,isabletopreventNF186endocytosisallowingforstableaccumulationattheAIS.

Figure 7: AnkG allows for the stable accumulation of NF186 at the AIS by inhibiting its endocytosis,
SeealsoFigureS7.
A-B. Temporal-color codedmaximumprojection (A) from live imaging of aDIV4neuron co-transfected
at DIV0 with indicated constructs and incubated with a fluorescently tagged anti-NF antibody (640-
antiNF). (B)Number of internalizedNFvesicles in indicatedcompartments.
C-D.Temporal-color codedmaximumprojections (C) from live imaging ofDIV4neurons co-transfected
at DIV0 with indicated constructs incubated with 640-antiNF. (D) Mean number of 640-antiNF vesicles
during the first 5 min post incubation in the proximal axons. One-way ANOVA, ***p<0.0001, n=8
neurons,N=2.
E-G. DIV4 neurons (E) co-transfected at DIV0 with indicated constructs. (F) Fluorescence intensity ratio
of internalized over surface NF186 in the proximal axon. (G) Mean number of internalized NF186
vesiclesper 100µm2of axon.Mann-Whitney test, p=1.7*10 -̂7 n=17axons.
H-J. DIV1 neurons (H) transfected at DIV0 with indicated constructs. (I) Fluorescence intensity ratio of
internalized over surface NF186 in the first 10 µm of proximal neurites. Kruskal-Wallis test, Dunn’s
multiple comparison test. n.s, p>0.99, ***p<0.0001, n=33 ROIs. (J) Number of internalized NF186
vesiclesper 10µm.Unpaired t-test, ***p<0.0001, n=14neurons,N=2.
K.Modelof themolecular pathways involved inAIS formation.See text fordetails.
InA,C andD scale bars are 10 µm, in E scale bars are 10µmand 2 µm in the zooms, inH scale bars are
10µmand5µmin the zooms.
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DISCUSSION

RoleofAnkG inMTorganizationat theAISmembrane
The crucial role of AnkG in AIS formation and maintenance has been extensively
demonstrated in vitro and in vivo (Hedstrom et al., 2008; Sobotzik et al., 2009). More recently,
the 480kDa isoform has emerged as the essential player in this process, however the
mechanismsusedby this giant scaffold protein are far frombeingunderstood (Freal et al., 2016;
Jenkins et al., 2015b). Recent studies indicate thatAnkG’s role inAIS assembly requires both
its membrane targeting and its association with MTs via EBs, but the functional pathways
implicated have remained speculative (Freal et al., 2016; He et al., 2012; Leterrier et al., 2017;
Leterrier et al., 2011).We here describe novel functions for 480AnkG underpinning its pivotal
role in AIS formation and maintenance (Fig. 7K). First, we show that 480AnkG targets and
anchors MTs in the vicinity of the plasma membrane. This newly described function of
480AnkG depends both on its membrane association and its binding to EBs, since AnkG
truncations lacking one of these properties lose the ability to organize MTs. The direct control
of MT organization by membrane-480AnkG was never reported and is likely to explain the
axonal MT alterations described in AnkG deficient neurons in vitro and in vivo (Freal et al.,
2016; Hedstrom et al., 2008; Leterrier et al., 2011; Sobotzik et al., 2009). Next to the direct
interaction with Nav or NF186, otherAIS channels such as Kv7 (Pan et al., 2006; Rasmussen
et al., 2007) or the adhesion molecule NrCAM (Dzhashiashvili et al., 2007; Hedstrom et al.,
2007) possibly mediate AnkG recruitment at the plasma membrane. Palmitoylation of the
Cys70 residue ofAnkGwas reported to be crucial for its role in drivingAIS assembly (He et al.,
2012), and it would be interesting to test if palmitoylation of 480AnkG isoform in neurons is
required forAIS formation.

Interestingly, the membrane recruitment of MTs induced by 480AnkG in COS-7 cells is
consistent with super-resolution microscopy-based observations showing that MTs in theAIS
are mostly found within ~80 nm of the plasma membrane (Leterrier et al., 2015).We propose
that the local membrane-MT coupling by 480AnkG could provide specific properties to this
specialized axonal compartment. Since AnkG is integrated into the periodic axonal
spectrin/actin rings, the localization ofAnkG at the crosspoints between transversal actin rings
and longitudinal MTs running under the plasma membrane may create a “grid-like”
organization coupling actin and MT networks. This cytoskeleton organization may allow for
cooperative control of axonal diameter and homeostatic plasticity (Berger et al., 2018;Grubb et
al., 2011). Additionally, the integrated AIS-MT organization may control axonal cargo
trafficking by bringing regulatory proteins anchored at theAIS membrane within close range
of the motor-cargo complexes, explaining why axonal carriers proceed and somato-dendritic
cargos stop and reverse. For instance, dynein regulatory protein Ndel1 localizes to theAIS by
binding to AnkG and stimulates retrograde transport of somato-dendritic vesicles at the AIS
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(Kuijpers et al., 2016).

Mechanismsofmembraneproteinaccumulation in theAIS
Although a lot of attention has recently been given to the role of the proximal axon as a
transport checkpoint (Leterrier, 2018), much less is known about the transport mechanism of
AIS components themselves into the proximal axon. Despite NF186’s function in maintaining
the AIS and recruiting specialized extracellular matrix structures (Alpizar et al., 2019;
Hedstrom et al., 2007; Zonta et al., 2011), little is known about how this transmembrane
protein gets targeted and retained at the AIS. Some papers suggest that clathrin-mediated
endocytosis is important for NF186 surface distribution in neurons (Boiko et al., 2007; Yap et
al., 2012). In this study we show that upon non-specific targeting of NF186 to both the axon
and dendrites, NF186 gets endocytosed except at the AIS, where the interaction with AnkG
locally blocks its internalization (Fig. 7K). The NF186 interaction with AnkG was shown to
depend on phosphorylation of its cytoplasmic FIGQYmotif (Tuvia et al., 1997; Zhang et al.,
1998), suggesting an additional regulatory mechanism, in which phospho-NF186 does not
associate with AnkG and therefore gets internalized at the AIS. It is possible that AnkG may
also inhibit the endocytosis of other transmembrane proteins such as Nav at the AIS. After a
non-targeted delivery to all compartments and removal by endocytosis outside theAIS (Fache
et al., 2004), Nav anchoring relies on direct interaction with AnkG, which is regulated by a
phosphorylation-dependent mechanism implicating the kinase CK2 (Brechet et al., 2008;
Garrido et al., 2003; Lemaillet et al., 2003). A function for AnkG in organizing membrane
micro-domains by locally inhibiting endocytosis was recently reported for somato-dendritic
GABAergic synapses maintenance and lateral membrane assembly in MCDK cells (Cadwell
et al., 2016; Jenkins et al., 2015a; Jenkins et al., 2013;Tseng et al., 2015). This newly described
function of AnkG, wherein AnkG hinders the endocytosis of membrane proteins in a
potentially phospho-dependent manner opens new ideas around the pathways implicated in
AIS homeostasis and plasticity (Berger et al., 2018; Evans et al., 2013; Grubb et al., 2011).
Once internalized by endocytosis, NF186-containing endocytic vesicles are subsequently
retrieved from the distal axon and travel back to the proximal axon in a dynein-dependent
manner. The polarized distribution of somato-dendritic cargos such as 5-integrin or transferrin
and glutamate receptors was also shown to rely on axonal retrieval by Rab5- and Rab11-
positive vesicles (Guo et al., 2016; Koseki et al., 2017). Interestingly we observed that in the
absence of TRIM46, retrograde transport of NF186 as well as Rab11 is markedly perturbed.
Impaired axonal retrieval of somato-dendritic and AIS proteins could be responsible for the
polarity defects observed inTRIM46-depleted neurons (vanBeuningen et al., 2015).Although
trafficking of the dendritic AMPA receptor subunit GluR2 was unaffected by TRIM46
depletion (van Beuningen et al., 2015), we cannot exclude that the changes in NF186 vesicles
transport we report in the absence of TRIM46 could also result from the abnormal entry of
somato-dendritic motors into the axon.Altogether our data reveal that the formation of a stable
and functional AIS relies on the cooperative coupling between directional transport and local
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membrane protein stabilization.

Functional cross-talkbetweenAnkGandTRIM46
Our in vitro reconstitution assays for the first time reveal the functional relationship between
the MT organizer TRIM46 and the membrane scaffold 480AnkG. Interestingly, we observed
that TRIM46 does not bind to single MTs, but to the lattice of at least two closely apposed
parallel MTs.We propose that the 480AnkG-induced MT fascicles running along the plasma
membrane facilitate TRIM46 binding along the MT lattice. This would explain the strong
effects ofAnkG knock-down onTRIM46, where ~90% of the neurons lackingAnkG showed
alteredTRIM46 accumulation in the proximal axon.We show thatTRIM46binding to parallel
MTs induces their stabilization by strongly increasing rescue frequency. Importantly, the
accumulation of TRIM46 on bundled MTs occurs with a time delay, and as a result MT plus
ends within the bundles remain dynamic and can accumulate EBs, and 480AnkG.
Furthermore, 480AnkG andTRIM46display aweak cooperativity:TRIM46mildly stimulates
recruitment of 480AnkG to the MT lattice and 480AnkG mildly increases the affinity of
TRIM46 for single MTs. These weak interactions promote formation of membrane-associated
MT fascicles without causing complete convergence of the TRIM46 and 480AnkG-occupied
domains. Interestingly, in COS-7 cells we observed that membrane-480AnkG is able to target
MTs of mixed orientation to the membrane, the uniform orientation is being caused by
TRIM46 co-expression. In TRIM46 knock-down neurons, AnkG shows a reduced
accumulation at the AIS, but is most likely still able to recruit (some) MTs close to the
membrane. Even if it is still present, this MT recruitment at the membrane by AnkG is not
sufficient to prevent the transport changes of NF186 and Rab11 vesicles that we report in the
axons of neurons lacking TRIM46, revealing different but cooperative functions of TRIM46
andAnkG in the formation of theAIS.

The in vitro results, combined with our cellular data, highlight themolecular pathways forAIS
formation. The cooperation between TRIM46-mediated MT organization and 480AnkG-
mediated membrane scaffolding allows for the directional targeting and local retention of
NF186 at theAIS. The stabilization of NF186 at the AIS in turn increases the submembrane
concentration ofAnkG in the proximal axon. Higher AnkG concentration in turn strengthens
the membrane anchoring of MTs and facilitates TRIM46-lattice stabilization and preferential
orientation, driving a more efficient and directed retrieval of NF186 to the proximal axon.
Since theAIS was shown to be a dynamic compartment (Grubb and Burrone, 2010; Kuba et
al., 2010), it would be interesting to investigate if and how the mechanism of AIS assembly
play a role in activity-inducedAIS plasticity. The phosphatase calcineurin has been shown to
play a role in this phenomenon (Evans et al., 2013), but the target proteins as well as the
pathways implicated remain unclear. We here show that AnkG locally controls NF186
endocytosis, in a potentially phosphorylation-dependent manner, which could represent one
part of the cascade regulatingAIS repositioning during plasticity. Interestingly, next to the role
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of the scaffolding protein AnkG, interactions with the MT-associated proteins DCX and
MAP1B have also been reported to participate in the regulation of NF186 and Nav1.6
endocytosis in neurons (Sole et al., 2019; Yap et al., 2012). These data further emphasize the
idea of strong cooperation betweenmembrane-associated proteins and the cytoskeleton during
AISassembly anddynamics.
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EXPERIMENTALMODELANDSUBJECTDETAILS

Animals
All experiments were approved by the DEC Dutch Animal Experiments Committee (Dier
Experimenten Commissie), performed in line with institutional guidelines of University
Utrecht and were conducted in agreement with Dutch law (Wet op deDierproeven, 1996) and
European regulations (Directive 2010/63/EU). Female pregnant Wistar rats were obtained
from Janvier and were aged at least 10 weeks at the time of delivery. Upon delivery, rats were
kept in a controlled 12 h light-dark cycle with a temperature of 22 ± 1°C and were given
unrestricted access to food and water. The animals were housed with companions in
transparent plexiglas cageswithwood-chip bedding and paper tissue for nest building and cage
enrichment. For hippocampal neuron culture experiments obtained from rat embryos, embryos
of both gender atE18 stage of developmentwere used.None of theparameters analyzed in this
study are reported to be affected by embryo gender. The animals, pregnant females and
embryoshavenot been involved in previous procedures.

Heterologous cell culture and transfection
African Green Monkey SV40-transformed kidney fibroblast (COS-7), Human embryonic
kidney 293 (HEK) andHumanBoneOsteosarcoma Epithelial (U2OS) cells were fromATCC
and cultured in DMEM/Ham’s F10 (45%/45%) supplemented with 10% fetal calf serum and
1% penicillin/streptomycin at 37°C and 5%CO2. Cell lines were not authenticated by authors
after purchase. The cell lines were routinely checked for mycoplasma contamination using
LT07-518Mycoalert assay (Lonza).

Cells were plated on 18mm glass coverslips and transfected with Fugene6 (Promega)
according tomanufacturer’s protocol.

Primaryneuronal cultures and transfection
Primary hippocampal neurons cultures were prepared from embryonic day 18 rat brains (both
genders). Cells were plated on coverslips coated with poly-L-lysine (37.5 g/mL) and laminin
(1.25 g/mL) at a density of 100,000/well.Neuronswere cultured inNeurobasalmedium (NB)
supplemented with 2% B27 (GIBCO), 0.5 mM glutamine (GIBCO), 15.6 M glutamate
(Sigma), and1%penicillin/streptomycin (GIBCO)at 37°C in5%CO2.

Hippocampal neurons were transfected using Lipofectamine 2000 (Invitrogen). Briefly, DNA
(1.8 g/well, of a 12wells plate) wasmixedwith 3.3 LofLipofectamine 2000 in 200 LNB,
incubated for 30 min, and then added to the neurons in NB at 37°C in 5% CO2 for 45 min.
Next,neuronswerewashedwithNBandtransferredtotheiroriginalmediumat37°Cin5%CO2.
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Alternatively, hippocampal neurons (400,000 cells)were nucleofectedwith 3 g ofDNAusing
theAmaxaRatNeuronNucleofector kit (Lonza) according to themanufacturer’s instructions.

METHODDETAILS

DNAandshRNAConstructs
The following constructs were already described: TRIM46-mCherry, TRIM46-GFP,
TRIM36-mCherry and PRC1-mCherry (van Beuningen et al., 2015), 480AnkG-GFP,
480AnkG-NN-GFP, 270AnkG-GFP, 480AnkGtail-GFP (Freal et al., 2016), myc-Kv-Nav
(Brechet et al., 2008), Rab5-GFP and Rab11-GFP (Hoogenraad et al., 2010), Rab6-GFP and
NPY-GFP (Schlager et al., 2010), HA-NF186-mRFP-FKBP (Kuijpers et al., 2016), EB3-RFP
(Stepanova et al., 2003) andmEOS-tubulin (Cloin et al., 2017).

TRIM46-BFP was obtained by inserting TRIM46 into pGW1-BFP (Kapitein et al., 2010)
usingAscI/SalI restriction sites.

HA-NF186(FIGQD)-mRFP-FKBPwas obtained by overlap extension PCR. NF186(FIGQD)
was amplified from HA-NF186-GFP (Kuijpers et al., 2016), and the resulting fragment was
inserted in theHindIII/AgeI sites ofHA-NF186-mRFP-FKBP(Kuijpers et al., 2016) to replace
wt-NF186. C70A-480AnkG-GFP was created by first generating a fragment containing the
C70A mutation using overlap extension PCR and using this fragment to replace the region
betweenKpnI andAclI sites in 480AnkG-GFP.

StrepII-480AnkG-GFP and -mCherry as well as StrepII-480AnkG-NN-GFP and -mCherry
were obtained by insertion of 480AnkG and 480AnkG into pTT5-EGFP-N1 or pTT5-
mCherry-N1 (Atherton et al., 2017) usingKpnI/AgeI restriction sites.

StrepII-GFP-TRIM46 and StrepII-GFP-PRC1 were obtained by PCR. TRIM46 and PRC1
were amplified fromGFP-TRIM46 and GFP-PRC1 (van Beuningen et al., 2015) and inserted
into theBglII/SalI sites of amodifiedStrepII-GFP-C1vector.

270AnkG+TIP-GFPwas obtained by replacingGFPfrom270AnkG-GFPbyMACF18-GFP
(Honnappa et al., 2009) usingAgeI/NotI restriction sites.

-tubulin-GFPwas a kindgift fromDr. P. Schätzle andDr.K. Jiang.

Previously described sequences for AnkG-shRNA (Hedstrom et al., 2007) and TRIM46-
shRNA(van Beuningen et al., 2015) were cloned into pSUPER (Brummelkamp et al., 2002).
Empty-pSUPERwasused as a control-shRNA.
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Antibodies and reagents
Rabbit anti-TRIM46 was previously described (van Beuningen et al., 2015) as well as rabbit
anti-EB3and rat anti-EB2 (Stepanova et al., 2003) .

Mouse anti-AnkG (clone N106/36 and clone N106/20) and anti-Pan-Neurofascin
(cloneA12/18)were fromNeuromab.

Mouse anti-EB1 (clone 5/EB1), and mouse anti-Rab11 (clone 47/Rab11) were from BD
Transduction Laboratories. Chicken anti-MAP2 (ab5392) and anti-GFP (ab13970), rabbit anti-
-tubulin (ab52866) and rat anti-tyrosinated tubulin (ab6160) were fromAbcam. Rabbit anti-
GFP (598) was from MBL, and mouse anti-GFP (clone 3E6, A-11120) was from Life
Technologies. Mouse anti- -tubulin (B-5-1-2), anti-acetylated tubulin (6-11B-1, T7451) and
anti- -tubulin (T5201)were fromSigma-Aldrich. Corresponding secondary antibodiesAlexa-
conjugated 350, 405, 488, 568, 594 or 647 goat anti-mouse, anti-rabbit or anti-chicken were
used (LifeTechnologies).Atto 647NPhalloidinwas fromAtto-Tec.

Pharmacological treatments
Nocodazole (Sigma)wasused at 10µMandDMSO(0.001%)wasused as a control.

Immunostaining
For immunocytochemistry, cells were fixed for 10 min with warm paraformaldehyde (4%)-
sucrose (4%) or for 5minwith methanol (100%) containing 1mMEGTAat 20 °C followed
by 5 min paraformaldehyde (4%). Primary antibodies were incubated overnight at 4 °C in
GDB buffer (0.2%BSA, 0.8MNaCl, 0.5%Triton X-100, 30 mM phosphate buffer, pH 7.4).
After 3 washes in PBS, secondary antibodies were incubated in the same buffer for 1hr at RT.
Coverslipsweremounted usingVectashield (Vectorlabs).

Uptake experiment
Fixed neurons: Extracellular anti-Pan Neurofascin (1/200 in Neurobasal) was incubated with
live neurons for 30 min at RT, the coverslips were then washed 2 times in warm Neurobasal,
returned to original medium for 10min and fixed in warm paraformaldehyde (4%)-sucrose
(4%) for 10min. Secondary anti-mouseAlexa-647 antibody diluted in 1/200 was incubated in
PBS-NGS 5% for 30min at RT to stain the surface pool of NF186. Then cells were
permeabilized in PBS-NGS5%-TritonX-100 0.25% for 5min and blocked in PBS-NGS10%
for 30min at 37degrees. Secondary anti-mouseAlexa-488 or -405 antibody was diluted 1/200
in PBS-NGS 5% and incubated for 30min at RT in order to stain the intracellular pool of
NF186.

Live neurons: CF640R coupled (Mix-n-Stain, Biotium) extracellular anti-Pan Neurofascin
antibody (1/200 in Neurobasal) was incubated with live neurons for 30 s at 37 °C, the
coverslips were then washed 1 time for 30 s in warm Neurobasal and original medium was
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addedbackbefore starting imaging.

Imageacquisition
Cells were imaged using a LSM700 confocal laser-scanning microscope (Zeiss) with a Plan-
Apochromat 63x NA 1.40 oil DIC, EC Plan-Neofluar 40x NA1.30 Oil DIC and a Plan-
Apochromat 20x NA0.8 objective. Each confocal image was a z stack of 2–10 images, each
averaged 4 times, covering the entire region of interested from top to bottom. Maximum
projections were done from the resulting z stack. For fluorescence intensity comparison,
settingswere kept the same for all conditions.

In vitro assays were imaged on an iLas2 TIRF microscope setup as described (Sharma et al.,
2016). In brief, ILas2 system (Roper Scientific, Evry, France) is a dual laser illuminator for
azimuthal spinning TIRF illumination and with a custom modification for targeted
photomanipulation. This system was installed on the Nikon Eclipse Ti-E inverted microscope
with the perfect focus system, equipped with NikonApo TIRF 100x 1.49 N.A. oil objective
(Nikon), EMCCD Evolve mono FW DELTA 512x512 camera (Roper Scientific) with the
intermediate lens 2.5X (Nikon C mount adapter 2.5X), CCD camera CoolSNAPMYO M-
USB-14-AC (Roper Scientific), 150mW488 nm laser, 100mW561 nm laser and 49002 and
49008 Chroma filter sets and controlled with MetaMorph 7.8.8 software (Molecular Device).
The final magnification using Evolve EMCCD camera was 0.064 m/pixel and for
CoolSNAPMyoCCD camera it was 0.045 m/pixel. Temperature wasmaintained at 30°C to
image the in vitro assays using a stage top incubator model INUBG2E-ZILCS (Tokai Hit).
Time-lapse movies to estimate MT dynamics were acquired using a CoolSNAPMyo CCD
camera (Roper Scientific), while movies for intensity analysis were acquired using a more
sensitive Photometrics Evolve 512 EMCCD camera (Roper Scientific) at 2 s per frame with
100msexposure time for 10minutes.

gSTEDmicroscopy
gated STED (gSTED) imaging was performed with a Leica TCS SP8 STED 3Xmicroscope
using a HC PLAPO 100× / 1.4 oil immersion STEDWHITE objective. The 488, 594 and
647 nm wavelengths of pulsed white laser (80 MHz) were used to excite the Alexa488,
Alexa594 and the Atto647N secondary antibodies. Both Alexa594 and Atto647N were
depleted with the 775 nm pulsed depletion laser, Alexa488 was depleted with the 592 nm
pulsed depletion laser (30%–40% of maximum power), and we used an internal Leica HyD
hybrid detector (set at 100%gain)with a timegate of 0.3 tg 6 ns.

Expansionmicroscopy
Expansion microscopy was performed according to proExM protocol (Tillberg et al., 2016).
Briefly, stained cells on an 18mmcoverslip were incubated overnight in 0.1mg/mLAcryloyl-
X (Thermo Fischer A20770) in PBS and 0.002% (solids) of 0.1 µm yellow-green FluoroSpheres
(ThermoFisher, F8803).Afterwashing three times in PBS, cellswere transferred to gelation chamber
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(diameter 13mm and 120 µLvolume) made of silicone molds (SigmaAldrich, GBL664107) on a
parafilm covered glass slide. Chamber was pre-filled with monomer solution (2 M NaCl, 8.625%
(w/w) sodium acrylate, 2.5% (w/w) acrylamide, 0.15% (w/w) N,N-methylenebisacrylamide in
PBS) with added 0.4% (w/w) tetramethylethylenediamine (TEMED) accelerator and 0.2%
(w/w) ammonium persulfate (APS) initiator. The gelation proceeded for one 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 (50 mMTris (pH 8), 1 mM EDTA, 0.5% Triton X-100, 1 M NaCl) solution
for 4 h at 37°C for digestion. Gels were transferred to 50 mL deionized water for overnight
expansion with water refreshed once to ensure the expansion reached plateau. Plasma-cleaned
#1.5 coverslips were incubated in 0.1% (w/v) poly-L-lysine to reduce gel’s drift during
acquisition. Gels on coated coverslips 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 thediameterof gelation chamber andwas in the rangeof 4.2-4.4.

Confocal microscopy of expanded gels was performed with a Leica TCS SP8 STED 3X
microscope using a HC PLAPO 63x/1.20WCORRCS2water 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
theCMLEalgorithm,with SNR:7and20 iterations.

SingleMoleculeLocalizationMicroscopy
Single Molecule Localization Microscopy was performed on a Nikon Eclipse Ti-E equipped
with a 100x Apo TIRF oil immersion objective (NA 1.49) and Perfect Focus System 3. A
Lighthub-6 (Omicron) with a 488nm laser (Luxx 200mW Omicron) and a 561nm laser
(Coherent Obis) was used for excitation through a custom illumination pathway that allowed
tuningof the incident angle.Aquad-bandpolychroicmirror (ZT405/488/561/640rpc,Chroma),
quad-band emission filter (ZET405/488/561/640m, Chroma), and additional single-band
emission filters were placed before the sCMOS camera (Hamamatsu flash 4.0v2) to separate
the emission light from the excitation light. DIV4 neurons, nucleofected with mEos-tubulin
and control-shRNA or AnkG-shRNA, were extracted with prewarmed 0.25% triton-X and
0.15% glutaraldehyde in MRB80 buffer for 1 minute. Subsequently, the samples were fixed
with 4% paraformaldehyde in MRB80 buffer. After 3 PBS washing steps the samples were
permeabilized with 0.25% triton-X in PBS for 10minutes.After 3 more PBSwashes, fiducial
markers (FluoSpheres, Thermo Fisher) were added to enable drift correction, and the cells
were mounted in a Ludin chamber in PBS. Upon identification of the axon initial segment,
single-molecule localization microscopy of mEos-tubulin was performed with 100 ms
exposure time, 561 nm laser excitation and low intensity 405 nm laser illumination to trigger
photoconversion. Subsequently, IRIS (image reconstruction by integrating exchangeable
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single-molecule localization) was performed using LifeAct-mNeonGreen to image actin as
described previously (Kiuchi et al., 2015; Schatzle et al., 2018; Tas et al., 2018). Briefly,
LifeAct-mNeonGreen-6xHis in a pET28a vector was expressed in BL21DE3, purified using
CompleteHis-tag purification resin (Sigma) and stored in PBS supplemented with 1mMDTT
and 10%Glycerol. The purified protein was added to the fixed samples at such concentrations
that single-molecule binding event could be detected at 100 ms exposure times.
Reconstructions of the individual channels were performed using Detection of Molecules
(DoM,https://github.com/ekatrukha/DoM_Utrecht).

Livecell imaging
Live-cell imaging experiments were performed in an inverted microscope Nikon Eclipse Ti-E
(Nikon), equippedwith a PlanApoVC100xNA1.40 oil and a PlanApoVC60xNA1.40 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 on a motorized XYZ stage (Applied Scientific Instrumentation) which
were all controlled usingMetaMorph (Molecular Devices) software. Coverslips weremounted
in metal rings and imaged using an incubation chamber that maintains temperature and
CO2 optimal for the cells (37°C and 5% CO2). Neuron live imaging was performed in full
conditionedmediumand freshmediumwas added toCOS-7before imaging.

Time-lapse live-cell imaging of EB3-RFP was performed with a time acquisition of 1 s.
NF186-RFPalonewas acquired at 2 frames per second. NPY-GFP, GFP-Rab6, Rab11-GFPor
Rab5-GFP, alone or in combinationwithNF186-RFPwere acquired at 10 frames per second.

For simultaneous imaging of green and red fluorescence, we used ET-mCherry/GFP filter set
(59022; Chroma) together with the DualView (DV2; Roper) equipped with the dichroic filter
565dcxr (Chroma) andHQ530/30memission filter (Chroma).

MTsevering -Photoablation
Teem Photonics 355 nm Q-switched pulsed laser was used to perform laser-induced severing
and studyMTorientation inCOS-7 cells and neurons as describe previously (Yau et al., 2014).
No signs of toxicity to cellswas observed during laser-induced severing.

Imageprocessinganddataanalysis
Movies and images were processed using Fiji (https://imagej.net/Fiji). Kymographs were generated
using the ImageJ plugin KymoResliceWide v.0.4 https://github.com/ekatrukha/KymoResliceWide.
InternalizedNFasc vesicleswere detected using the pluginComDet (https://github.com/ekatrukha/ComDet).
Fluorescence intensity of AIS proteins and AIS position were measured using the plugin
Pro_Feat_Fit (https://github.com/cleterrier/Measure_ROIs). For the in vitro reconstitution
assays, MT dynamics parameters viz. MT plus-end growth rate, catastrophe frequency and
rescue frequencywere determined fromkymographs using an optimized version of the custom
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made JAVA plugin for ImageJ as described previously (Mohan et al., 2013; Montenegro
Gouveia et al., 2010; Smal et al., 2009). For TRIM46-decorated MT bundles, MT dynamics
were quantified from the lagging MTwithin bundle and only two-MT bundles were selected
for analysis. The relative standard error for catastrophe frequency and the relative standard
error of mean for rescue frequency was calculated as described in (Sharma et al., 2016). One-
wayANOVAwith Tukey’s multiple comparisons test was performed to test for significance.
For the quantification of parallel and anti-parallel MT-bundles fractions, polarity was
determined by the velocity of MT polymerization. For intensity analysis of 480AnkG-
mCherry on singleMTs versus two-MTbundles, kymographs were generated with maximum
intensity projection, and mean intensities on single MTs and two-MT bundles from the same
TRIM46-positive MT bundles were estimated from multiple ROIs 1 m2 in size. For each
movie, individual mean intensities for single MTs or two-MT bundles after background
subtraction were normalized to average mean intensity on single MTs quantified from the
same movie and fold change in 480AnkG mean intensity were plotted for single MTs and
dynamic and stable lattice in TRIM46-decorated two-MT bundle. Similarly, average mean
intensity of GFP-TRIM46 on single MTs or two-MT bundles with or without 480AnkG was
quantified frommultiple ROIs 1 m2 in size from assays done in two separate chambers under
the same coverslip with identical acquisition settings. Pairwise mean comparisons between
single MTs with and without 480AnkG and between two-MT bundles with and without
480AnkG were carried out using parametric two-tailed unpaired t-test. Data are presented as
mean±SDunless stateddifferently.

To measure microtubule-cell cortex distances, 0.1 m large lines were traced perpendicular to
the axons every 2 m. Distances corresponding to a fixed intensity of 0.2 were extracted from
the intensity profiles of each channel.

ElectronMicroscopy
To correlatively image COS-7 cells with fluorescence and electron microscopy we used a
recently developed approach (Harterink et al., 2019). COS-7 cells were grown on needle
engravedAclar pieces (ElectronMicroscopy Sciences; 50426–10 (Jimenezet al., 2010))

glued in a 12-wells plate withMatrigel (Biosciences). Cells were transfected with NF186-RFP
together with 480AnkG-GFP or 480AnkG-NN-GFP and extracellularly labeled with anti-
NF186 (1:200; NeuroMab,A12/18). Cells werewashed in culture medium and fixedwith 2%
paraformaldehyde + 0.2% glutaraldehyde in 0,1MPHEMbuffer (pH 6.9) for 30minutes. Free
aldehyde groups were quenched with NH4Cl, washed with PBS, incubated with a bridging
secondary antibody (1:300; Dakocytomation, Z0412) in PBS, 1% BSA, washed with PBS,
0.1% BSA and incubated with both protein-A gold 15 nm (1:60; CMC Utrecht) in PBS, 1%
BSAandwashed in PBS. Transfected cells were fluorescently imaged and the relative position
to the engravings was documented. Cells were further fixedwith 3.5% glutaraldehyde and 1%
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paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4), post-fixed with a 1% Osmium and
1.5% KFeCN solution in 0,1 M cacodylate buffer (pH 7.4), washed with water, dehydrated
with ethanol and infiltrated with increasing amounts of Epon resin. After polymerization,
Aclars were peeled off leaving the target cells in the Epon. Landmarkswere placed around the
target cell using amicrodissection setup (Zeiss, PALMmicrobeam) (Kolotuev et al., 2009) and
a 3nm gold layer was applied using a sputter coater. Excess goldwas wiped off using a cotton-
stab and a drop of Epon was added on top of the cells and polymerized. The Epon samples
were trimmed towards the target cell using the landmarks and sectionedwith a LeicaUtracut E
microtome (60 nm). Sections were placed on grids (Cu 50M-H coated with Formvar film and
carbon), stained with uranyl acetate and lead citrate and examined in a Tecnai10 or Tecnai12
electron microscope (FEI Company) operating at 100 kV and equipped with a SIS CCD
Megaview II camera (Tecnai10) or a Tietz TVIPS TemCam F-214 (Tecnai12). Landmarks
wereused to identify the target cell.

EB1/2/3KOcell linegeneration
The CRISPR/Cas9 mediated EB1, EB2 and EB3 knockout was performed as previously
described (Ran et al., 2013). In brief, U2OS cells were transfected with the vectors bearing the
appropriate targeting sequences. One day after transfection, U2OS cells were subjected to
selection with 2 µg/ml puromycin for 2 days. After selection, cells were allowed to recover in
normal medium for ~ 2 days, and knockout efficiency was checked by immunofluorescence
staining. Depending on the efficiency, cells were isolated and characterized byWestern blotting
and immunostaining. U2OS EB1/2/3 knockout cells were generated by targeting EB1, EB2
and EB3-encoding genes simultaneously. The pSpCas9-2A-Puro (PX459) vector that was
used for the CRISPR/Cas9 knockout was purchased fromAddgene. Guide RNAs for human
EB1, EB2 and EB3 (also known as MAPRE1, MAPRE2, and MAPRE3) were designed
using the CRISPR design webpage tool (http://crispr.mit.edu/). The targeting sequences for
gRNAs were as follows (coding strand sequence indicated): EB1, 5’-
TGGAAAAGACTATGACCCTG-3’; EB2, 5’- CCGGAAGCACACAGTGCGCG-3’ and
EB3,5’-TGCACCTCAACTATACCAAG-3’.

Proteinpurification for in vitro reconstitutionassays
GFP-TRIM46, 480AnkG-GFP, 480AnkG-NN-GFP, 480AnkG-mCherry 480AnkG-NN-
mCherry and GFP-PRC1proteins used in the in vitro reconstitution assays were purified using
Strep(II)-Strep-Tactin affinity purification as described previously (Sharma et al., 2016).
HEK293T cells were transfected with the constructs using polyethylenimine (PEI) and
harvested 2 days post transfection. Culture medium was refreshed next day following
transfection. Cells were lysed in cell lysis buffer (50 mM HEPES, 300 mM NaCl and 0.5%
Triton X-100, pH 7.4) supplemented with protease inhibitor cocktail (Roche). Cell lysate was
subjected to centrifugation at 14,800 rpm for 20 minutes at 4 ºC. The supernatant obtained
from the previous step was incubated with Strep-Tactin Sepharose beads (GE) for 45minutes.
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Following incubation, beads were washed with the lysis buffer without protease inhibitors 2
times and proteinwas eluted in 80 µl of elution buffer (50mMHEPES, 150mMNaCl, 1mM
MgCl2, 1 mMEGTA, 1mMdithiothreitol (DTT), 2.5 mMd-Desthiobiotin and 0.05%Triton
X-100, pH 7.4). Purified proteins were snap-frozen and stored at -80 ºC. Bacterially expressed
mCherry-EB3 and dark EB3 were a gift of Dr. M.O. Steinmetz (Paul Scherrer Institut,
Switzerland); they were produced as described previously (Montenegro Gouveia et al., 2010).
Purity of the sampleswas analyzed viaSDS-PAGEandCoomassie staining.

Invitro reconstitutionassays
In vitro reconstitution of MT dynamics was performed as described previously (Mohan et al.,
2013). Guanylyl-( , )-methylene-diphosphonate (GMPCPP) stabilized MT seeds composed
of 70% porcine tubulin, 18% biotin tubulin and 12% rhodamine-tubulin were prepared. Flow
chambers were assembled using plasma-cleaned glass coverslips and microscopic slides.
These chambers were then functionalized by incubation with 0.2 mg/ml PLL-PEG-biotin
(SusosAG, Switzerland) followed by 1mg/ml NeutrAvidin (Invitrogen) inMRB80 buffer (80
mM piperazine-N,N[prime]-bis(2-ethanesulfonic acid), 4 mMMgCl2, and 1 mM EGTA, pH
6.8). GMPCPP stabilized biotin-labeled MT seeds were attached to the coverslips through
biotin-NeutrAvidin links. Flow chambers were further incubated with 0.8 mg/ml -casein to
prevent non-specific protein binding. The reaction mix with or without proteins [MRB80
buffer supplemented with 15 M porcine brain tubulin, 50 mM KCl, 1 mM guanosine
triphosphate (GTP), 0.5mg/ml -casein, 0.1%methylcellulose, and oxygen scavengermix (50
mMglucose, 400 g/ml glucose-oxidase, 200 g/ml catalase, and 4mMDTT)]were added to
the flow chambers after centrifugation in an ultracentrifuge (BeckmanAirfuge) at 119,000 × g
for 5minutes.All the experiments were done in the presence 20 nMof eithermCherry-EB3 or
dark EB3 when indicated. When added to the reaction mix, GFP-TRIM46 (20 nM),
480AnkG-GFP (12 nM), 480AnkG-NN-GFP (12nM) and 480AnkG-mCherry (10 nM) were
used in the concentrations indicated in brackets. In the in vitro assays used for the intensity
analysis of GFP-TRIM46 on the MT bundles, 0.5 M rhodamine-tubulin was added to the
reaction mix, while 14.5 M porcine tubulin was used to make the final concentration of
tubulin 15 M. The flow chambers were then sealed with high-vacuum silicone grease (Dow
Corning), and movies of these reconstitutions were acquired immediately at 30°C using a
TIRFmicroscope.All tubulin productswere fromCytoskeleton.

MassSpectrometry
After streptavidin purification, beads were resuspended in 20 L of Laemmli Sample buffer
(Biorad) and supernatants were loaded on a 4-12% gradient Criterion XTBis-Tris precast gel
(Biorad). The gel was fixedwith 40%methanol/10% acetic acid and then stained for 1 h using
colloidal coomassie dyeG-250 (Gel CodeBlue Stain Reagent, Thermo Scientific).After in-gel
digestion, samples were resuspended in 10% formic acid (FA)/5%DMSO and analyzed with
an Agilent 1290 Infinity (Agilent Technologies, CA) LC, operating in reverse-phase (C18)
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mode, coupled to an Orbitrap Q-Exactive mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany). Peptides were loaded onto a trap column (Reprosil C18, 3 µm, 2 cm ×
100 µm; Dr. Maisch) with solvent A (0.1% formic acid in water) at a maximum pressure of
800 bar and chromatographically separated over the analytical column (Zorbax SB-C18, 1.8
µm, 40 cm × 50 µm; Agilent) using 90 min linear gradient from 7-30% solvent B (0.1%
formic acid in acetonitrile) at a flow rate of 150 nL/min. Themass spectrometer was used in a
data-dependent mode, which automatically switched betweenMS andMS/MS.After a survey
scan from350-1500m/z the 10most abundant peptideswere subjected toHCDfragmentation.
MS spectra were acquired in high-resolution mode (R > 30,000), whereas MS2 was in high-
sensitivity mode (R > 15,000). Raw files were processed using Proteome Discoverer 1.4
(version 1.4.0.288, ThermoScientific, Bremen,Germany).The database searchwas performed
using Mascot (version 2.4.1, Matrix Science, UK) against a Swiss-Prot database (taxonomy
human). Carbamidomethylation of cysteines was set as a fixed modification and oxidation of
methionine was set as a variable modification. Trypsin was specified as enzyme and up to two
miss cleavages were allowed. Data filtering was performed using percolator, resulting in 1%
false discovery rate (FDR).Additional filters were search engine rank 1 and mascot ion score
>20.

QUATIFICATIONAND STATISTICALANALYSIS

All statistical details of experiments, including the definitions and exact values of n, and
statistical tests performed, are shown in Figures and Figure Legends. n represent the number of
analyzed cells, and N the number of independent experiments. Data processing and statistical
analysis were done in Excel and GraphPad Prism (GraphPad Software). Significance was
defined as: ns-not significant, *p < 0.05, **p < 0.01, and ***p < 0.001. Normality of the data
was determined by a D’Agostino and Pearson’s test and parametric two-tailed unpaired t-test
or non-parametricMannWhitney test was applied. Formore than one group, one or two-ways
ANOVAwere used followedby aTukey’smultiple comparison test.

DATAANDCODEAVAILABILITY

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortiumvia thePRIDEpartner repositorywith thedataset identifier PXD013685.

ADDITIONALRESOURCES

Not applicable

Seehttps://doi.org/10.1016/j.neuron.2019.07.029
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Movie 1.Related toFigure1: 480AnkGcolocalizeswithEB3and tracksMTplus-ends
Time-lapse movie of a COS-7 cell co-expressing 480AnkG-GFP (magenta) with EB3-RFP
(green). Themovie consists of 121 frames recorded simultaneously in the two channels with 1
s interval between frames and100msexposure time. Scale bar represents 5 m.

Movie 2. Related to Figure 5: TRIM46 bundles parallel MTs and promotes rescues of MTs
within thebundle
Time-lapse movie of an in vitro reconstitution experiment showing a TRIM46 decorated two-
MT bundle (arrow) and a single MT (arrowhead) growing from rhodamine-tubulin-labeled
GMPCPP seeds in the presence of 15 µM tubulin, 20 nM mCherry-EB3 and 20 nM GFP-
TRIM46.Themovie consists of 301 frames recordedwith 2 s interval between frames and 100
msexposure time.Scale bar represents 5 m.

TableS1.Related toFigure 5
Mass spectrometry analysis of purifiedGFP-TRIM46, 480AnkG-GFPand480AnkG-NN-
GFPwith a 10%cut-off.
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FigureS1.Related toFigure1:480AnkGrecruitsMTs to theplasmamembrane
A. Scheme ofAnkG constructs used in this study. The specific Tail of 480AnkG is shown in orange and
GFP ingreenandasterisks showSxIPmotifs.
B. Temporal-coded maximum projections from time lapse-imaging of a COS-7 cell expressing
480AnkG-GFPwith -Tub-RFP.Representative kymographs from this cell is shownon the right. Color-
coded timescale is shownon the left.
C. Percentage of COS-7 cells transfected with indicated constructs showing AnkG as stretches (black) or
diffuse (white).At least 150cellswere counted from2experiments for eachcondition.
D-E. COS-7 cells co-transfected with 480AnkG-GFP and either NF186-RFP (D) or Kv-Nav (E) and
stained forGFPandEB1.Lowerpanels showzoomsof theboxedareas.
F. COS-7 cell co-expressing NF186-RFP together with 480AnkGtail-GFP and stained for -tubulin.
Lower panel shows a zoom of the boxed area. Fluorescence intensity profiles along the black bar in the
zoomare shownon the right.
G-H. COS-7 cells transfected with 480AnkG-GFP and NF186-FIGQD-RFP and stained for GFP (G).
Lower panel shows zooms of the boxed areas. (H) shows the temporal-codedmaximumprojections from
time lapse-imaging of a COS-7 cells transfected with 480AnkG-GFP and NF186-FIGQD-RFP.
Representativekymographs fromthis cell is shownon the right.
I-J. COS-7 cell (I) transfected with C70A-480AnkG-GFP and stained for GFP and -tubulin. (J) shows
DIV3 hippocampal neurons transfected at DIV0 with TRIM46-mCherry and 480AnkG-GFP (upper
panel) orC70A-480AnkG-GFP(lowerpanel)and stained forGFP.
K. COS-7 cell co-expressingNF186-RFP togetherwith 270AnkG-GFP and stained for -tubulin. Lower
panel shows a zoomof the boxed area. Fluorescence intensity profiles along the black bar in the zoomare
shownon the right.
Scale bars represent 10 µm and 2 µm in the zooms and in the kymographs: 1 µm (horizontal) and 15 s
(vertical).
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FigureS2.Related toFigure3:Membrane recruitmentofMTsby480AnkGisEB-dependent
A. U2OS control (left panel) and EB1/2/3 KO (right panel) cells transfected with 480AnkG-GFP and
stained forGFPandEB1.Zoomsof theboxedareas are shownon the right of eachpanel.
B.U2OS control cell co-expressing 480AnkG-GFP andNF186-RFP, stained for -tubulin. Fluorescence
intensityalong thewhitebar is shownon the right.
C-E. EB KO U2OS cells transfected with 480AnkG-GFP, with or without EB3-RFP (C) or co-
expressing 480AnkG-GFP and KvNav with or without EB3-RFP (D) and stained for -tubulin.
Percentage of cells showing 480AnkG as stretches or as diffuse in indicated transfection conditions is
shown inE.
F.Western-blot of U2OS EBKO and control cells lysates probed for EB1, EB2 and EB3. Tubulin was
usedas a loadingcontrol.
G-H. STED imaging of COS-7 co-expressing KvNav (lower panels) or not (upper panels) with
480AnkG-GFP (G) or 480AnkG-NN-GFP (H) stained for GFP, -tubulin (Alexa595) and Phalloidin
(Atto647N).Z-sections are shownon the right.
I. Distance between MTs and membrane in COS-7 cells co-expressing NF186-RFP together with
480AnkG-GFP(3cells) or480AnkG-NN-GFP (2cells).One-wayANOVA,n.s, p>0.4.
J. EM picture of COS-7 cells either co-expressing NF186-RFP and 480AnkG-GFP (left cell, a) or not
transfected (right cell, b), which were immunogold labeled using an extracellular anti-NF186 antibody.
No labeling could be observed on the non-transfected cell. Zooms of the indicated boxed areas are shown
on the right.
InA-D, scale bars represent 10µm, 2 µm in the zooms, inG-H, they represent 10 µm and 5 µm in the Z-
sections. In J, scalebars represent1 mand100nmin thezooms.
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FigureS3.Related toFigure3:TRIM46 localizes 480AnkGalong theMTlattice
A-D.Mean distances from the soma of AnkG and TRIM46 starts, maxima and ends positions in DIV14
hippocampal neurons are shown in (A). n=32 neurons. (B) DIV14 hippocampal neurons cotransfected at
DIV10 with a BFP-fill and control- (left), TRIM46- (middle) or AnkG-shRNA (left) and stained for
TRIM46 and AnkG. (C) AnkG intensity at the AIS was measured in control and TRIM46-depleted
neurons (at least 17 neurons from 2 experiments were analysed, unpaired t-test, ***p<0.0001). (D)
Percentage of neurons showing TRIM46 immunoreactivity in the proximal axon in control conditions
and upon AnkG depletion. (4 coverslips were counted for each phenotype, from 4 different cultures,
unpaired t-test, ***p<0.0001).
E-F. C. COS-7 cells transfected with 480AnkG-GFP either with PRC1-mCherry (E) or with TRIM36-
mCherry (F). Lower panels are zooms of the boxed areas and corresponding fluorescence intensity
profiles are shownon the right.
G-I. STED imaging ofCOS-7 cells transfectedwith 480AnkG-GFP,TRIM46-mCherry (G) andKv-Nav
(I) and stained for GFP (Alexa488), TRIM46 (Alexa595) and Phalloidin (Atto 647N) or transfected with
TRIM46-mCherry alone and stained for TRIM46 (Alexa 594) and Phalloidin (Atto 647N).
Correspondingz-sections are shownon the right.
J-K. STED imaging of COS-7 cells expressing TRIM46-mCherry and stained for TRIM46 (Alexa594)
and -tubulin (Alexa647, J) or acetylated tubulin (Alexa647,K).
L. Percentage of cells expressing indicated constructs, showing GFP as diffuse (white bars), +TIP (grey
bars) or on theMT lattice (black bars). At least 150 cells per condition from at least 2 experiments were
counted.
M. COS-7 cells co-expressing TRIM46-mCherry together with 270AnkG-GFP (first panel), 480AnkG-
NN-GFP (second panel) or 480AnkGtail-GFP (third panel). Lower panels are zooms of the boxed areas
andcorresponding fluorescence intensityprofiles are shownon the right.
N. COS-7 cells expressing 270AnkG+TIP-GFP alone and stained for endogenous EB1 (first panel) or
together with TRIM46-mCherry. Lower panels are zooms of the boxed areas and corresponding
fluorescence intensityprofiles are shownon the right.
Scale bars are 5 µm inB, 10µm inE, F,M andN, and 2µm in the corresponding zooms. They represent
10µm inG-I and5µmin theZ-sections, 10µm inJ and30µminK.
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FigureS4.Related toFigure4:TRIM46stabilizes andprotectsMTs fromdepolymerization
A-D. Stills from time-lapse recordings of COS-7 cells expressing 480AnkG-GFP and NF186-RFP
together with a BFP-fill (left) or with TRIM46-BFP (right), at 0 and 20min after addition of DMSO (A)
orNocodazole (B,10µM).Arrowheadspoint at stablebundles.
Ratio ofGFP fluorescence intensity along stretches over cytoplasmwasmeasured over time after addition
of DMSOorNocodazole and normalized to the first frame (C) or measured after 20min of the indicated
treatment (D). Two-wayANOVA (C) and One-way ANOVA (D), ***p<0.0001, at least 19 ROIs were
analyzed fromat least 6 different cells.
E-G. COS-7 cells expressing NF186-RFP and 480AnkG-GFP (E, left panels) in combination with
TRIM46-BFP (E, right panels) treated for 1 hr inDMSO0.001%(upper panels) or in 10µMNocodazole
(lower panels) and stained for -tubulin. Asterisks indicate transfected cells. F andG show the -tubulin
fluorescence intensity ratio between transfected and non-transfected neighboring cells after indicated
treatment.One-wayANOVA,18-22cellswere analyzedper condition.
H-I gSTED imaging of COS-7 cells expressing 480AnkG-GFP (H, upper panel) in combination with
KvNav (H, lower panel), or TRIM46-BFP (I, upper panel) or TRIM46-BFP andKvNav (I, lower panel)
and stained forGFP (Alexa488), tyrosinated- (Alexa568) and acetylated tubulin (Alexa647) andTRIM46
(in I).
Scalebars represent5µm inAandB, 10µm inEand5µm inHand J.
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Figure S5. Related to Figure 5: Specificity of TRIM46-mediated enrichment of 480AnkG along MT
bundlesusing invitro reconstitutionassayswithpurified proteins
A. Coomassie-blue stained gels with purified GFP-TRIM46, 480AnkG-GFP, 480AnkG-NN-GFP and
480AnkG-mCherry.Blackarrows indicate isolatedproteins.
B. Mass spectrometry analysis of purified GFP-TRIM46, 480AnkG-GFP and 480AnkG-NN-GFP. The
table shows results for respective proteins and their major interacting partners, which were co-purified.
Mass spectrometry results for other interactors and common contaminants have been included in the
TableS1with a top10%cut-off.
C. Kymographs illustrating 480AnkG-mCherry intensity and dynamics of single MTs or PRC1 MT
bundles grown in vitro in the presence of 20 nM dark-EB3, 0.5 nMGFP-PRC1 and 10 nM 480AnkG-
mCherry. Colored boxes depict singleMT (magenta), dynamic lattice (cyan) and stable lattice (orange) in
two-MTbundlewhereROIsweredrawn toquantify480AnkG-mCherrymean intensity.
D. 480AnkG-mCherry mean intensity on single MT or two-MT PRC1-positive bundles normalized to
averagemean intensity on singleMTs. This datawas obtained from65-75ROIs of 1 m2 in size from15
PRC1-decorated two-MTbundles analyzed from2 independent assays. Error bars represent ± SEM.One
sample t-test was carried out to test if fold change inAnkGmean intensity on PRC1-positiveMTbundles
is more than 2, ***p<0.001. One-way ANOVAwith Tukey’s post-test was used to test if the change in
480AnkGintensitywasdifferent indynamic compared to stable two-MTbundle, **p=0.0032.
E. Kymographs illustrating 480AnkG-mCherry fluorescence intensity on single MTs grown in vitro in
the presence of 10 nM 480AnkG-mCherry, 14.5 µM unlabeled porcine tubulin and 0.5 µM HiLyte
Fluor™488 labeled tubulin.
F-G.Kymographs illustrating 480AnkG-mCherry intensity and dynamics of singleMTs orTRIM46MT
bundles grown in vitro in the presence of 20 nMGFP-TRIM46 and 10 nM480AnkG-mCherry (F) or 10
nM480AnkG-NN-mCherry (G) and in the absence of EB3.Colored boxes depict singleMTs (magenta),
and two-MT bundles (orange) where ROIs were drawn to quantify 480AnkG-mCherry or 480AnkG-
NN-mCherrymean intensity. SinceMTswere not labelled and the interaction of 480AnkGor 480AnkG-
NN with MTs in the absence of EBs was weak, MT lattice regions were identified by proximity to MT
seeds,whereMTsoutgrowth initiates.
H-I. 480AnkG-mCherry (H) and 480AnkG-NN-mCherry (I) mean intensity on single MT or two-MT
TRIM46-positive bundles obtained from assays represented in (F) and (G) respectively. This data was
obtained from50ROIs (H) and 15ROIs (I) of 1 m2 in size from5-10 singleMTsorTRIM46-decorated
two-MT bundles, analyzed from 2 independent assays. Error bars represent ± SEM. Pairwise mean
comparisons between singleMTs and two-MT bundles were carried out using two-tailed unpaired t-test,
***p<0.001.
Scale bars represent 2 µm (horizontal) and 60 s (vertical). The red and magenta lines below each
kymograph represents rhodamine labeledGMPCPP-stabilizedMTseeds.
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FigureS6.Related toFigure6:NF186 travels via theendosomalpathway
A-C. Expression of NF186-RFP together with NPY-GFP, Rab6-GFP, Rab5-GFP or Rab11-GFP or
stained for endogenousRab11 in fixed (A) or live (B-C)DIV2neurons. InA, orange arrowheads point to
overlapping vesicles, whereas grey ones show vesicles only positive for NF186-RFP. Kymographs of
NF186-RFP vesicles imaged together with NPY-GFP, Rab6-GFP, Rab5-GFP or Rab11-GFP are shown
in B. The percentage of NF186-RFP vesicles colocalizing with the indicated markers in fixed neurons is
shown inC.At least 440NF186-RFPvesicles fromat least7 neurons from2experimentswere counted.
D-E. Percentage of direction reversals from anterograde to retrograde (D, grey) or retrograde to
anterograde (D, white) and number of runs (E) of NF186-RFP vesicles in neurons transfected with
control- or TRIM46-shRNA. In D; n.s, p=0.43, two-way ANOVA, in E; p=0.013 in the axons, p=0.016
in thedendrites, two-wayANOVA.
F. Plot of the run times of NF186-RFP vesicles in neurons transfected with control- (black) or TRIM46-
shRNA(grey).
G-H.DIV5hippocampal neurons co-transfected atDIV1with aBFP-fill andKv-Nav (upper panel) or an
empty vector (lower panel) and stained for AnkG and TRIM46. The intensity of AnkG and TRIM46
staining at the AIS normalized to neighbouring non-transfected neurons is shown in H. One-way
ANOVA with Holm-Sidak’s multpliple comparison test, p=0.011 for AnkG, p=0.037. At least 17
transfectedneurons analyzedper condition, from2 independent experiments.
InA, scale bars represent 20 µm and 10µm in the zooms and 10µm inG. In the kymographs, horizontal
bar is4.44µmandvertical bar is4 s.
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FigureS7.Related toFigure7:AnkGallows for stable accumulationofNF186at theAIS
A-B. DIV3 neurons transfected at DIV0 with 480AnkG-GFP and NF186-RFP (A) or NF186-RFP-
FIGQD(B).
C.DIV1neuron transfected atDIV0with 480AnkG-GFPandNF186-RFP-FIGQD.SurfaceNF186pool
is shown ingrey, and internalizedpool is shown in red.
inAandBscalebars are 10µmand inC they represent10µmand2µm in thezooms.
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THE MICROTUBULE ORGANIZATION IN THE
AXON

Microtubules in the axon hillock andAIS are closely spaced bundles linked by electron dense
cross-bridges, which was referred to as the axon specific microtubule fascicles (Palay et al.,
1968; Peters et al., 1968). Microtubules in the entire axon are uniformly oriented with their
plus-ends out towards the axonal tips, the special organization of axonal microtubules was
initially revealed by electron microscopy (Burton and Paige, 1981; Heidemann et al., 1981),
was further confirmed by live cell imaging using growing microtubule plus-end (+TIP)
trackers (Stepanova et al., 2003; Yau et al., 2016), and was recently confirmed by optical
nanoscopy using plus-end directed motors (Tas et al., 2017). The uniquely organized
microtubules in the proximal axon are important for selective axonal cargo transport (Leterrier
and Dargent, 2014). It is not completely understood how the organization of axonal
microtubules is established and maintained, but the formation of specialized membrane
domain termed as the axon initial segment (AIS) has been an emerging mechanism regulating
this event. The AIS scaffolding protein, 480kDa AnkG provides the direct link between
membrane bound proteins (ion channels or cell adhesion molecules) andmicrotubule bundles,
via interacting with microtubule growing end binding proteins EB1/3. Instead of binding to
growing ends, EB1/3 is relocated and immobilized on the microtubule lattice at the AIS
(Leterrier et al., 2011).Most recently the studies ofmicrotubule crosslinkersMTCL1 (Satake et
al., 2017) and TRIM46 provide direct insight understanding the specific axonal microtubule
organization. TRIM46 belongs to the tripartite motif containing (TRIM) protein family as the
ubiquitin E3 ligase, but neither substrates and enzyme activity forTRIM46have been reported
nor interaction with E2 ubiquitin-conjugating enzymes was detected yet (Deshaies and
Joazeiro, 2009; Napolitano et al., 2011). TRIM46 specifically localizes to the newly specified
axon and enriched in the initial part of the axon, where it forms uniform oriented microtubule
bundleswith their plus-end out in the axon of rat hippocampal neuron. TRIM46 is required for
axon specification and neuronal polarity in vivo and in vitro. Overexpression of TRIM46 in
heterologous cells induces closely spaced microtubule bundles linked by electron dense cross-
bridges, which resembles the axon specific MT fascicles (van Beuningen et al., 2015). By
using newly developed correlative light and electronmicroscopy approach, itwas revealed that
TRIM46 localizes to the electron dense cross-bridge and depletion of TRIM46 causes loss of
microtubule fasciculations in the axon of mature neuron (Chapter 4). These studies identified
TRIM46 as a critical protein in organizing axonal microtubules. Moreover, by using in vitro
reconstitution assays of purified proteins, it was found that TRIM46 binds to at least two
closely aligned microtubules and specifically promotes growth of parallel-oriented
microtubules (Chapter 5). In the early stage of neurodevelopment, TRIM46 localizes to the
future axon before the presence ofAnkG (van Beuningen et al., 2015) and confines Tau in the
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axon regardless ofAnkG (Kneynsberg et al., 2019), suggesting the microtubule polarity in the
axon is established ahead of membrane polarity. However, TRIM46 is absent from the axon
upon AnkG depletion in mature neurons, suggesting that TRIM46 relies on AnkG to
accumulate in the microtubules at the proximal axon (Chapter 5). Although no direct
interactionwas detected betweenTRIM46 andAnkG, the 480kDaAnkG alignedMTfascicles
beneath the plasma membrane might facilitate TRIM46 binding along the MT lattice. AnkG
and Neurofascin-186 (NF186) are fragmented upon knockdown of TRIM46 (Chapter 4), this
can be explained by the mechanisms that TRIM46 decorated microtubules serves as the rails
formotor proteins mediated transport of theAIS components. For instance, TRIM46 promotes
the retrograde transport of NF186 from the axon to the AIS mediated by dynein motor. The
AIS retention of NF186 is achieved by AnkG mediated inhibition of the endocytosis. The
stable accumulation of NF186 at the AIS in turn recruits more AnkG in the proximal axon
(Chapter 5). In addition, TRIM46 decorated microtubule bundles could also potentially serve
as rails for selective Kinesin-1 mediated axonal cargos transport, carrying theAIS components
such asAnkG or sodium channels (Barry et al., 2014). Since Kinesin-1 preferentially bind to
the stable acetylated microtubules at the proximal axonmight facilitate the polarized sorting of
axonal cargos into the axon (Farías et al., 2015).And acetylated microtubules are preferentially
bundled, and the bundling increases theKinesin-1 processivity and landing rates (Balabanian et
al., 2017). However, it is not yet clear if Kinesin-1 favor the TRIM46 mediated microtubule
bundles directly, but theMAP7D2was found to accumulate at the proximal axon in TRIM46
dependent mechanisms, promote Kinesin-1 recruitment and Kinesin-1 mediated cargo
transport into the axon (Chapter 2).We propose a model that the interplay of TRIM46 induced
microtubule polarity and AnkG mediated membrane polarity drives the AIS assemble and
establishes theneuronal polarity.

Moreover, several other mechanisms were reported that determine the axonal microtubule
organization. Dynein is required for uniform microtubule orientation in axons (Zheng et al.,
2008) and HAUS6, part from the Augmin complex, was recently recognized as important
nucleation factor of parallel microtubule organization in the axon (Cunha-Ferreira et al., 2018;
Sánchez-Huertas et al., 2016). Future work is needed to unravel mechanisms of how theAIS
proteins and microtubule crosslinkers achieve polarized distribution, and how regionally
confined submembrane complex, MAPs that crosslink microtubules, nucleation factors and
motor proteins are coordinated to regulate axonalmicrotubule organization.

THE ‘MAP CODES’ GUIDE KINESIN-1 MEDIATED
CARGOOUTOFDENDRITE

Microtubule serves as rails for long distance motor-based cargo transport. This is especially
important in neurons as they grow super long axons and dendrites. Microtubules have parallel
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bundled with plus-ends out orientation in axons, while they have a mixed orientation in
dendrites. Kinesin-1 family proteins act as conventional motors walking to the plus-end of
microtubules, and specifically direct cargo transport into axon. Transport into axon is
determined primarily by parallel plus-end out oriented microtubule bundles, one of the inner
features that determines axon identity. Several regulatorymechanisms on the levelmicrotubule
post-translational modifications (PTMs) have also been proposed to contribute to Kinesin-1
based polarized cargo transport into axon. For instance, the preference of Kinesin-1 for stable,
acetylated microtubules at the beginning of axon may help sorting and trafficking of axonal
cargos (Farías et al., 2015). As it was shown by using optical nanoscopy, that microtubules in
dendrite with the same orientation are preferentially bundled together, minus-end out
microtubules in dendrite are stable, acetylated microtubules, while plus-end out microtubules
are dynamic, tyrosinatedmicrotubules (Tas et al., 2017). Kinesin-1 prefer towalk on the arrays
of stable microtubules in dendrite which are mostly oriented plus-end inward and may guide
Kinesin-1 motors out of dendrite. This particular microtubule organization favors Kinesin-1
motors toward the axon, however, additional sortingmechanismsmayplay a role.

In addition tomicrotubule orientations and PTMs, the “MAPcode”, adds a new complexity in
the regulation of motor transport. Here the idea is that spatially confined microtubule-
associated proteins form a ‘‘MAP code’’ that locally control microtubule motor activities. For
example, DCLK1 preferentially binds to tyrosinated microtubules and stimulates Kinesin-3 to
target dendrites (Lipka et al., 2016), whereas by using in vitro reconstitution of purified protein
assays, DCLK1was found to prevent Kinesin-1 landing on themicrotubule lattice (Monroy et
al., 2019). Septin 9was also found to facilitate Kinesin-3 cargo transport into the dendritewhile
prevents Kinesin-1 cargo from entering into the dendrite (Karasmanis et al., 2018). MAP2
inhibits Kinesin-1 from landing onmicrotubule lattice evident by in vitro studies (Hagiwara et
al., 1994), and has been found to inhibit Kinesin-1 mediated cargo trafficking but activate
Kinesin-3 in sensory neurons (Gumy et al., 2017). It seems that Kinesin-3 prefers to walk on
the tyrosinated plus-end out microtubule bundles in dendrite, while Kinesin-1 preferentially
moves on the stable minus-end out microtubule bundles. It is tempting to speculate that
dendritic MAPs as mentioned above - DCLK1, Septin 9 andMAP2 - act as “road activators”
on tyrosinated plus-ends out microtubule bundles which promote Kinesin-3 with cargos
landing and/or activity, whereas serve as “road blockers” which prevent Kinesin-1 with cargos
from landing on the wrong roads. However, the mechanism regulating Kinesin-1 landing on
acetylated minus-ends out microtubule bundles is not clear. In the Chapter 2 of this thesis, we
found that MAP7 family members MAP7/7D1 are specifically enriched in somatodendritic
part of the neuron, and in vitro reconstitution experiments using purifies MAP7 proteins by
other groups demonstrated that MAP7 family proteins activates Kinesin-1 by promoting
Kinesin-1 landing and processivity onmicrotubule lattice (Hooikaas et al., 2019;Monroy et al.,
2018). Thus, it is tempting to speculate that “Road blockers” such as DCLK1, MAP2 and
SEPT9 prevent Kinesin-1 landing on plus-ends out microtubules in dendrite, while
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MAP7/7D1 in dendritesmight recruit Kinesin-1 to theminus-end outmicrotubule bundles and
guide Kinesin-1 with cargos out of dendrite (Figure 1A). Future work is needed to study the
mechanismsof howMAP7/7D1 regulatesKinesin-1 activity in dendrite.

Figure1.MAPsguideKinesin-1withcargosoutofdendrite into theaxon.
Cartoon illustrating that the Kinesin-1 are locally regulated byMAPs in different neuronal compartments.
(A)Kinesin-1 are prevented byMAP2, Septin 9 andDCLK1 from landing on the dynamicmicrotubules
arrays in dendrite, whereas Kinesin-1 are likely recruited to the stable microtubules arrays by
MAP7/MAP7D1. (B)Kinesin-1 are recruited and transiently activatedbyMAP7D2 in theproximal axon,
progressively walk on the MAP6 decorated stable microtubules, while are inhibited by Tau in the
dynamicmicrotubules at thedistal axon.

LOCAL CONTROL OF KINESIN-L MEDIATED
CARGO TRANSPORT IN THEAXON

For axons, the protein Tau is suggested to prevent Kinesin-1 landing and/or activity on axonal
microtubules (Seitz et al., 2002;Vershinin et al., 2007). In theChapter 2 of this thesis,we found
thatMAP7D2 localizes in the proximal axon and promotesKinesin-1mediated cargo transport
into the axon of cultured hippocampal neurons.Additionally, It was shown thatMAP7 andTau
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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 uponMAP7D2 depletion in cultured hippocampal neurons (unpublished
data). Tau is widely accepted as an axonal microtubule stabilizer and its hyperphosphorylation
leads to microtubule destabilization is a hall marker ofAlzheimer’s disease. However, a recent
study that challenge the classic view of Tau as a stabilizer of axonal microtubule, Tau was
found to bind to labile, tyrosinated microtubules. Depletion of Tau decreased the tyrosinated
microtubule level, while slightly increased the level of detyrosinated microtubule (Qiang et al.,
2018). MAP6, which preferentially binds to axonal stable detyrosinated microtubule, shows a
broader distal relocalization upon Tau depletion. This could potentially explain the increased
stable fraction. Tau might compete with axonal microtubule stabilizer MAP6 and promote
microtubule assembly in labile domain. MAP7D2 together withMAP6 andTaumight exhibit
regional specificity for microtubules along the axon, and potentially regulating motor activity
locally. MAP7D2 depletion leads to reduction of the level of Rigor KIF5A on stable
microtubules, and abnormal KIF5C accumulation in the proximal axon, indicating that
MAP7D2promoteKinesin-1 landing andmoving on stablemicrotubules (Chapter 2: Figure 4
and S6). MAP6 was found also promote Kinesin-1 activity in the axon, although no direct
interaction was detected (Tortosa et al., 2017). In summary, it is tempting to speculate that
Kinesin-1 are recruited to stable microtubules by MAP7D2 at the proximal axon, actively
transport cargos on MAP6 decorated stable microtubules, while are inhibited by Tau in the
labile dynamic domain ofmicrotubules in distal axon (Figure 1B).And theKinesin-1mediated
cargo transport should be more frequent at the proximal axon than the distal part of the axon.
This is consistent with the data that the anterograde mitochondria movements at the proximal
axon is about 6 timesmore than at the distal axon (Chapter 2: Figure 5 and S6). Futurework is
needed to systematically study the role of MAP7D2, MAP6 and Tau on Kinesin-1 trafficking
along the axon.

POLARIZEDDISTRIBUTIONOFMAPSINNEURONS

The highly polarized morphology of neurons endows the directional signal transduction from
dendrite to axon. Microtubule and microtubule associate proteins (MAPs) play key roles in
initiating and maintaining the polarized shape of neuron. The miss-localization of MAPs, for
instance, the axonal Tau protein into somatodendritic domain is hall mark of Alzheimer’s
disease and other tauopathies (Binder et al., 1985). Interestingly, like Tau and dendritic MAP2,
many MAPs are spatially segregated into somatodendritic and axonal compartment. Spatially
confined MAPs in polarized neurons is an emerging concept that may have important
functional implications in locally regulating microtubule-based motor activity. It raises the
question of how MAPs achieve polarized distributions in neuron. Extensive studies have
revealed the mechanisms of how membrane bound proteins (receptors, ion channels, cell-cell
adhesionmolecules) are sorted into somatodendrite.Membrane bound proteins are synthesized
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and modified in rough ER and Golgi apparatus, coated into vesicles and bud from the trans-
Golgi with sorting signals, which are recognized by small GTPases and cargo adaptors
(Bentley and Banker, 2016). Vesicles containing membrane proteins are then selectively
transported over long distance by microtubule-based motors via motor adaptor proteins.
Motors carrying vesicles are further sorted at Pre-axonal exclusive zone (PAEZ) and axon
initial segment (AIS) with mechanisms that halt and return the somatodendritic cargos back to
the cell body (Farías et al., 2015; Kuijpers et al., 2016).Although axonalmembrane proteins as
well as cytosolic proteins e.g. MAPs are synthesized and modified at the same place as
somatodendritic membrane bound proteins, little attention has been paid on exploring the
mechanismsunderlies polarized distribution of these cytosolic proteins.

The mechanisms unraveling how the well-known MAP2 and Tau achieved the polarized
distribution in neurons,might help us understand the polarized distribution of otherMAPs.The
polarized distribution ofMAP2 in somatodendrite and Tau in axon compartment is probably a
result of coordination from several overlappingmechanisms, such as the polarized enrichment
of distinct mRNAs (MAP2 mRNA in dendrite, Tau mRNA in proximal axon), the biased
protein turnover rate (MAP2 was degraded faster in the axon than in the somatodendritic
compartment), the N-terminal projection domain of MAP2 preventing its entering into the
axons, differential binding properties to microtubules (MAP2 binds to microtubule in dendrite
tightly, Tau binds to axonal microtubules more tightly) and microtubule dependent retrograde
filter at the AIS (Tau can move into the axon but not out, the barriers breaks when Tau gets
phosphorylated and detached from microtubules) (Garner et al., 1988; Hirokawa et al., 1996;
Kanai andHirokawa, 1995;Li et al., 2011).Moreover,MAP6, an axonalmicrotubule stabilizer,
is controlled by palmitoylation cycles in the N-terminal domain to achieve polarized
distribution in the axon, and to switch its vesicle bound state to recognize subset of
microtubules in the axon (Tortosa et al., 2017). These studies provide us insight in
understanding how MAPs are restricted to certain neuronal compartments. However, many
more questions remain. For instance, howdodistinctmRNAs localize to certain compartments?
Why the turnover rate of MAP2/Tau is different in each compartment? What is the sorting
mechanism that underlies suppression of MAP2 from entering into the axon? Are there
common sorting signals or sorting adaptors for MAPs? It seems that the ability of MAP2 and
Tau binding to microtubules determines largely the spatial restriction, the same mechanism
most likely applies for MAP7D2, which also acquires its proximal axon localization through
microtubule binding domain (Chapter 2). These studies indicate that as long as certain MAPs
are modified to be able to bind to microtubules, they can recognize specific subset of
microtubules in neuronal compartments. This raises the question of how phosphorylation or
other modifications regulate microtubule binding property of MAPs and their subcellular
localization. How do MAPs selectively recognize and bind microtubules in different
compartments in neuron? Is the distinct microtubule organization in axons and dendrites
essential for MAPs recognition? In terms of the last point, depletion of TRIM46, the axonal
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parallelmicrotubule array bundler at theAIS, disrupted the polarized distribution ofMAP2and
Tau (van Beuningen et al., 2015) and increased axonal Tau retrograde diffusion into soma
(Kneynsberg et al., 2019), as well as dramatically diminished MAP7D2 level at the proximal
axon (Chapter 2: Figure 3). However, depletion ofAIS scaffold proteinAnkG does not affect
Tau or MAP7D2 levels in the axon, suggesting a TRIM46 mediated microtubule specific
mechanism for axonal MAPs localization. These results suggest that axonal MAPs might
preferentially bind to the parallel microtubules arrays, whereas non-axonalMAPs are restricted
to somatodendritic domain where microtubules are organized with mixed orientation.
Moreover, given thatMAP7D2,MAP6 andTau although all exhibit axonal localization, favor
microtubules in different domains along the axon. Other factors such as tubulin isotypes and
PTMs diversity might also contribute the heterogeneity of microtubules, through regulating
specific MAP attachments. Additional studies are needed to understand the regional
confinement of neuronalMAPs.

MECHANISMS OF MAPS REGULATING AXON
BRANCHING

Neurons are highly branched andmaking synapseswith each other in order to transmit signals,
the complex map of synaptic connection inside a brain is termed as connectome. There are
around 100 billion neurons in human brain, but the human brain connectome is an
unprecedented challenge to map because of the limitations of computer and imaging
technologies. The effort tomap connectomes of other organisms has beenmadewithin several
decades since 1980s. The first connectome was mapped in the C.elegans nervous system
which contains 302 neurons with approximately 7600 synapses (White et al., 1986). The
largest connectome to date is reconstructed by using advanced 3Delectronmicroscopy in layer
4 of mouse cerebral cortex. The connectome contains around 400,000 synapses within a
volumeof approximately 500,000cubicmicrometers (Motta et al., 2019).

During development, neurons undergo multiple collateral axon branching to ensure the
complexity of neural connectome. Axon branching is regulated by extracellular cues, which
activate signaling pathways that lead to the reorganization of actin and microtubule
cytoskeletons. The reorganization process relies on the regulation of actin- or microtubule-
associated proteins, which promote the polymerization of actin filaments that initiate the
branching, or promote microtubule splaying, fragmentation at the axonal shaft and then the
microtubule entry into the protrusions to stabilize the branching (Kalil and Dent, 2014). Many
MAPs have been found involved in regulating axon branching. For instance, the microtubule
severing enzyme, Spastin promotes axon branching in cultured hippocampal neurons
potentially through generating short fragmented microtubules at branch site. Tau in the axon
was found to be able to protect microtubules from severing by P60-katanin, which is another
severing enzyme that makes longer microtubules instead of short fragments as made by
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Spastin. Depletion of Tau lead to increased number of axon branching, which can be rescued
by depletion of Spastin (Qiang et al., 2006; Yu et al., 2008). MAP7 which localizes to the
branch site of dorsal root ganglion (DRG) sensory neurons, promotes branch maturation
through its N-terminal function of binding to microtubules, suggesting a mechanism
regardless of knesin-1 function (Tymanskyj et al., 2017). However, a more recent study shows
that C-terminal Kinesin-1 binding domain of MAP7 does play a role in branch growth, while
the N-terminal microtubule binding region of MAP7 contributes to the branch formation
(Tymanskyj et al., 2018). Moreover, a follow up study shows that MAP7 binds to the
acetylated microtubules and stabilizes the microtubules in newly formed branches, and
prevents branch retraction (Tymanskyj andMa, 2019).These studies suggest important roles of
MAP7 that potentially regulates microtubule reorganization, the short-fragmented microtubule
stabilization in newly formed branches, as well as a Kinesin-1 dependent transport of essential
cargos during axon branching. However, in cultured rat hippocampal neurons,MAP7 together
with its homologue MAP7D1 localizes to the somatodendritic compartment, while another
family member, MAP7D2 accumulates at the proximal axon, plays a role in axon branching
dependent largely but not fully on its C-terminal Kinesin-1 binding function, suggesting that
both N-terminal microtubule binding and C-terminal Kinesin-1 function are required for axon
branching (Chapter 2). However, it is not clear how MAP7D2 regulates microtubule
organization and dynamics during axon branching, and howMAP7D2 is regulated in response
to signaling pathways that activated by extracellular cues during axon branching and
pathfinding. MAPs that associate or dissociate from microtubules is regulated by
phosphorylation. For instance, Tau is phosphorylated by variety of kinases such as MAPK,
PKA, CDK5 and GSK3, and dissociated from microtubules, while is balanced with
dephosphorylation regulated predominantly by phosphatase PP2A, facilitating its affinity for
microtubule association (Martin et al., 2013). Furthermore, MID1, acts as an E3 ubiquitin
ligase, that mediates degradation of PP2A through the ubiquitin proteasome pathway
(Trockenbacher et al., 2001). The affinity of Tau bound tomicrotubules is potentially regulated
by MID1/PP2A complex. In Chapter 3 of this thesis, it was found that similar to Tau, MID1
also shows polarized localization in the axons of cultured hippocampal neurons, and
preferentially binds to dynamic tyrosinated microtubules. Depletion of MID1 decreased the
numbers of axon branching, a phenotype which is opposite to Tau depletion. Additionally,
MID1 levels was found increased in temple cortex from patients with Alzheimer’s disease,
where Tau is supposed to be hyperphosphorylated (Schweiger et al., 2017). It is tempting to
speculate that MID1 targets PP2A for degradation, breaks the balance, leads to less
dephosphorylated but more phosphorylated Tau, more Tau dissociates from microtubules,
microtubules are exposed to severing enzymes such as Spastin and Katanin, result in short
fragmented microtubules which might promote the axon branching. However, it is not clear
whether MID1/PP2A complex directly regulates Tau dephosphorylation and its affinity for
microtubule association. Future studies are needed to understand how the interplay of MID1-
PP2A, Tau and microtubule severing enzymes work together to regulate axon branching, and
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how other axonal MAPs including MAP7D2, MAP6, MAP1B coordinate to regulate axon
branching.

FUTURE PERSPECTIVE

The idea that spatially confined microtubule-associated proteins forms a ‘‘MAP code’’ that
locally controls microtubule motor activities is an emerging concept. Little is known about this
model and more studies are required to decode more MAPs in the regulation of motor
trafficking. The combination of biochemistry, physics and gene editing tools is expected to
achieve new insight into this important field. For instance, using better enzyme-catalyzed
proximity labeling methods combined with mass spectrometry analysis to identify motors that
transiently interact with specific MAP, designing better tools for imaging motor activity in
living cells instead of in vitro reconstitution assays, using advanced CRISPR/Cas tools to
visualize MAPs and motors at endogenous levels. The next step will be to understand in
greater detail how “MAP codes” are regionally confined to neuronal compartments. Since
MAPs bind to microtubules are affected by tubulin code including the tubulin isotypes and
tubulin PTMs. Future studies are needed to identify specific tubulin isotype that associateswith
MAP in space and time by using non-toxic enzymes such as BioID, BioID2 or TurboID for
proximity labeling in living cells. Combined with designing new tools to image tubulin PTMs
and interfere PTMs, together these methodologies are expected to facilitate reading “tubulin
code” and “MAP code”, which provide insights in unravelling mechanisms underlies the
motor activity anddirectional intracellular transport.
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SUMMARY

The human brain, which controls all aspects of body function, is themost complicated organ. It
is such a unique organ, which endows us the remarkable capacity of cognition, triggers the
curiosity to explore the universe and study neurobiology, the twomost sophisticated objects in
human cognition. Inside a human brain, there are about 100 billion neurons communicating
with each other through electrical signals on a scale of around 100 trillion connections. Such a
neuronal network of the human brain is very similar to the galaxy networks of universe in both
scale and complexity. To understand how the brain works, it is essential to study the building
blocks - the neurons. Neurons are highly polarized cells with extreme long processes similar to
lush trees. The processes that receive signals from upstream neurons are dendrites, while the
processes that send electrical signals to the downstream neurons are axons. To understand how
a neuron works, the most fundamental thing is to study how a neuron develops the proper
morphology and function.

The microtubule cytoskeleton is especially important for almost every stage of
neurodevelopment; from differentiation, migration, polarization, axon and dendrite
development to synapse connections. During these stages, microtubules serve as ‘roads’ for
motor proteins mediated cargo transport over long distances, the neurons from the human
central nervous system (CNS) can have axons with a total length ranging from 10mm to 100
cm. The microtubule-based motors transport life sustaining materials such as organelles,
proteins or mRNAs, to the site of action. Microtubules are organized into specialized
architectures during axon specification, and coordinate with other cellular structures such as
actin and endoplasmic reticulum (ER). Neurons express abundant microtubule associated
proteins (MAPs) to regulate the microtubule cytoskeleton. MAPs were initially defined as
proteins that bind to and stabilize microtubules. More recently it is becoming clear thatMAPs
can regulate the microtubule network in many other aspects, which this thesis aims to explore
further.

In chapter 2 we describe the emerging concept that regionally confined MAPs act as ‘MAP
code’ regulating motor activity. Kinesin-1 is well known for transporting vesicles and
organelles into the axon of neurons. We found that MAP7 family member MAP7D2
specifically concentrates at the proximal axon, regulates Kinesin-1 activity, and locally
promotes Kinesin-1 mediated cargo trafficking into axons. MAP7D2 is important for axon
development andneuronalmigration.

In chapter 3 the TRIME3 ligase family member TRIM46, which has been identified aMAP
that localizes to the axon initial segment (AIS) of the axons, is described/discussed. The
microtubule binding domains of TRIM46 is not well understood, but the COS domain of
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TRIM46 is essential for microtubule binding. There are 10 TRIMs from three TRIM
subfamilies (CI,CII, CIII) containing aCOSmotif. To figure out if all COSdomainTRIMsare
able to bind microtubules, we tested of these 10 TRIMs their affinity to bind to microtubules.
We found that onlyMID1, MID2, TRIM46 and TRIM36 from the CI family are able to bind
to microtubules. To further understand the role of the intellectual disability related proteins
MID1 andMID2 in neurons, we discuss howMID1 andMID2 associate with themicrotubule
cytoskeleton and control axon anddendrite development.

In Chapter 4 we show how MAPs act as microtubule crosslinkers to organize the proximal
axon specific microtubule fascicles. The AIS is a specialized region in the proximal axon
where ion channels cluster and action potentials are initiated. TheAIS is the fence to segregate
the axon from the somatodendritic compartment, to sort cargo transport, and to maintain
neuronal polarity. The cargo sorted into the axons can recognize the closely spaced
microtubules in theAIS, also referred to as themicrotubule fascicles. Recent findings show that
the protein TRIM46 localizes to theAIS, where it may organize theAIS microtubules. In the
current chapter we developed a novel correlative light and electron microscopy approach to
study the AIS microtubules during neuron development and identified an essential role for
TRIM46 inmicrotubule fasciculation.

In Chapter 5 we further discuss the molecular mechanisms involved in AIS formation. We
investigated how the cross-talk between TRIM46 induced parallel microtubule organization
andAnkyrin G (AnkG)mediatedmembrane scaffolding coordinate to drive theAIS assembly
andestablish neuronal polarity.

In this thesis we discuss multiple functions of neuronal MAPs during neurodevelopment. We
addressed the emerging concept that regionally confinedMAPs act as ‘MAPcode’, regulating
motor activity. Furthermore, we explored the MAP that serves as the microtubule crosslinker
underlying the specific microtubule organizations in the proximal axon and its role on AIS
assembly. Our study in this thesis will contribute to the understanding of MAPs in the
regulation of building ‘highways’ -- the microtubule roads -- and tuning the molecular motor
mediated cargo transport along thesemicrotubule roads.Wewill continue to unravel the role of
MAPs in neurodevelopment and improveour knowledge of thebrain.
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SAMENVATTING
Hetmenselijk brein, dat alle aspecten van het lichaam aanstuurt, is een gecompliceerd en uniek
orgaan. Het geeft ons de buitengewone eigenschap van cognitie, schenkt ons de
nieuwsgierigheid om het universum te ontdekken en om neurobiologie te studeren, de twee
meest geraffineerde onderwerpen van menselijke kennis. In onze hersenen zitten zo’n 100
miljard neuronen, die met elkaar communiceren door electrische signalen uit te wisselen via
ongeveer 100 biljoen verbindingen. Een dergelijk neuronaal netwerk is zeer vergelijkbaar met
netwerken van zonnestelsels in het heelal, in zowel schaal als complexiteit. Om te begrijpen
hoe het brein werkt is het essentieel om de bouwstenen – de neuronen – te bestuderen.
Neuronen zijn sterk gepolariseerde cellen met extreem lange uitlopers, ze lijken daarmee op
weelderige bomen. De takken die signalen ontvangen van andere neuronen heten dendrieten,
en de uitlopers die electrische boodschappen sturen naar neuronen zijn de axonen. Als we
willen snappen hoe neuronen werken is het van fundamenteel belang om te onderzoeken hoe
zij de goedevormaannemenen zich functioneel ontwikkelen.

Het microtubule cytoskelet is bijzonder belangrijk voor ongeveer ieder stadium van neuro-
ontwikkeling; van differentiatie, migratie, polarizatie, axon en dendriet ontwikkeling, tot
synaptische verbindingen. Gedurende deze stadia dienen microtubuli als ‘wegen’ voor
motoreiwitten die cargo over lange afstanden vervoeren, de neuronen van het centrale
zenuwstelsel van de mens kunnen namelijk axonen hebben met een lengte die varieert van 10
mm tot wel 100 cm. The microtubule afhankelijke motoren transporteren materialen die van
levensbelang zijn, zoals organellen, eiwitten of mRNA moleculen, naar de plek waar ze
gebruikt worden.Microtubuli worden tijdens de specificatie van het axon georganizeerd in een
speciale bouwstijl, en ze werken samen met andere cellulaire structuren, zoals actine en het
endoplasmatisch reticulum (ER). Neuronen hebben een overvloed aan microtubule
geassocieerde eiwitten (MAPs), die het microtubule cytoskelet reguleren. MAPs werden
oorspronkelijk gedefinieerd als eiwitten die binden aanmicrotubuli en ze daarmee stabilizeren.
Recentelijk wordt steeds duidelijker dat MAPs het microtubule netwerk ook op andere
manieren kunnen beinvloeden. In deze thesis willen we die verschillende manieren verder
verkennen.

In hoofdstuk 2 beschrijven we het opkomende idee dat MAPs die alleen aanwezig zijn in
bepaalde regio’s van het neuron als ‘MAP code’ werken om de activiteit van motoren te
reguleren. Het is bekend dat het motoreiwit Kinesine-1 blaasjes en organellen het axon in
vervoert. Wij hebben gevonden dat een lid van de MAP7 familie, namelijk MAP7D2, zich
specifiek concentreert in het proximale deel van het axon en Kinesine-1 activiteit beinvloedt.
Ook bevordertMAP7D2 lokaal cargo transport, bestemd voor het axon, dat afhankelijk is van
Kinesine-1.MAP7D2 is belangrijk voor axonontwikkeling enneuronalemigratie.
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In hoofdstuk 3 hebben we het over TRIM46, een eiwit dat behoort tot de TRIM E3 ligase
familie en dat localizeert in het axon initieel segment (AIS). Het is niet goed bekend wat de
microtubuli bindende domeinen van TRIM46 zijn, maar we weten wel dat het COS domein
essentieel is voor het binden aan microtubuli. In totaal zijn er 10 TRIMs, van drie TRIM
subgroepen (CI, CII, CIII), die een COSmotief hebben. Om uit te vinden of alle TRIMs met
eenCOSdomeinmicrotubuli kunnen binden, hebbenwe de affiniteit van deze 10TRIMs voor
microtubuli getest. We ontdekten dat alleen MID1, MID2, TRIM46, en TRIM36 van de CI
groep kunnen binden aanmicrotubuli. Om beter te begrijpenwat in neuronen de functie is van
MID1 en MID2, die beide geassocieerd zijn met verstandelijke beperkingen, bespreken we
hoeMID1 enMID2met demicrotubuli binden en de ontwikkeling van axonen en dendrieten
beinvloeden.

In hoofdstuk 4 laten we zien hoe MAPs zich gedragen als koppelingen om microtubuli te
organizeren in bundels die karakteristiek zijn voor het proximale deel van het axon. HetAIS is
een gespecializeerde regio in het proximale axon waar ionkanalen zich verzamelen en
actiepotentialen worden opgewekt. Het AIS is de poort die het axon scheidt van het
somatodendritische deel, om cargo voor transport te verdelen en om neuronale polariteit te
handhaven. De cargo die voor het axon bestemd is, herkent de nauw verpaktemicrotubuli - de
bundels - in het AIS. Recente bevindingen laten zien dat het eiwit TRIM46 in het axon
localizeert, mogelijk om hier de microtubuli te organizeren. Voor dit hoofdstuk hebben we de
AIS microtubuli bestudeerd tijdens axon ontwikkeling met een vernieuwende techniek:
correlatieve licht- en electronenmicroscopy. Hiermee hebben we ontdekt dat TRIM46 een
essentiele rol speelt bij het bundelen vanmicrotubuli.

In hoofdstuk 5 bespreken we meer moleculaire mechanismen die betrokken zijn
bij het vormen van het AIS. We hebben onderzocht hoe de parallelle organisatie
van microtubuli, afhankelijk van TRIM46, en de vastigheid aan het membraan via
Ankyrin-G (AnkG) samen van belang zijn om het AIS aan te leggen en neuronale
polariteit te bewerkstelligen.

In deze thesis bespreken we verscheidene functies van neuronale MAPs tijdens neuro-
ontwikkeling. We focussen op het concept dat MAPs die zich bevinden in een specifiek deel
van het neuron als ‘MAPcode’kunnen fungeren en zo de activiteit van bepaaldemotoreiwitten
kunnen beinvloeden. Daarnaast hebben we de MAP bestudeerd die belangrijk is voor het
koppelen van de specifieke microtubuli organizatie in het proximale axon en diens rol in het
samenstellen van het AIS. Onze studies, die zijn beschreven in deze thesis, dragen bij aan de
kennis over hoeMAPs invloed hebben op het aanleggen van ‘snelwegen’– the microtubuli –
en hoe het transport van cargo, dat door motoreiwitten wordt vervoerd over deze microtubule
wegen, wordt afgestemd. Hiermee dragen we bij aan het ontrafelen van de rol van MAPs
tijdensneurodevelopment enkrijgenwebetere kennis vanhoehet breinwerkt.
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