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Abstract 

Neurons are highly polarized cells with a very complex morphology, characterized by long 

dendritic and axonal extensions. Their architecture confers them the ability to receive 

information and relay it to neighboring or even distantly-located cells, supporting cell-to-cell 

communication within neuronal networks. The structural integrity and proper functioning of 

neurons highly relies on the coordination between two intracellular processes, namely axonal 

transport and local translation.  

Axonal transport is the process used by neurons to distribute organelles, proteins, and mRNAs 

to their peripheral compartments to ensure homeostasis. Cargoes are transported by the 

molecular motors along the microtubule (MT) network and alterations in this process are 

often linked to neurological disorders. Through the activity of specialized enzymes, MTs are 

decorated with post-translational modifications (PTMs) such as acetylation, which are key 

regulators of the trafficking dynamics of motors. However, the mechanisms regulating MT 

acetylation and its contribution to transport dynamics, therefore to neuronal homeostasis, 

have yet to be fully elucidated.  

Neurons also developed the ability to translate proteins in peripheral compartments, to 

respond efficiently to environmental stimuli and promptly sustain their energetic needs. 

Although recent evidence show that organelles can serve as platforms for the transport and 

translation of mRNAs, the mechanisms regulating this process are still largely unknown.   

During my doctoral studies, I used the mouse as an experimental model to investigate, first, 

the role of tubulin acetylation in the regulation of axonal trafficking and, secondly, the 

functional correlation between the transport and translation machinery. I therefore 

contributed to two research projects that together characterized the enzymatic cascade 

leading to tubulin acetylation. Furthermore, I developed the toolbox to interrogate 

translation events on motile organelles.  

We show that ATAT1, the enzyme catalyzing the acetylation of MTs, is essential for the 

regulation of axonal transport dynamics. We identify a vesicular pool of ATAT1 and unfold its 

displacement along MTs as essential to sustain its acetylation activity. Additionally, we 

characterized the enzymatic cascade upstream of ATAT1 that regulates MT acetylation. In this 

enzymatic cascade, Acly, whose stability is regulated by the Elongator complex, catalyzes the 

conversion of citrate into Acetyl-CoA, the substrate used by ATAT1 for its acetylating activity.  



 

Additionally, we describe a new methodology to isolate motile cargos from mouse neurons 

and characterize their proteome and associated transcriptome. Additionally, we set-up a 

differentiation protocol to generate neuron-like cells that recapitulate key intracellular 

processes found in primary neurons. The cells were used to express the SunTag system to 

study the translation dynamics of candidate mRNAs. These two methodologies will enable 

the characterization of the transcripts associated with motile cargos and the study of their 

translation dynamics.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Résumé 

Les neurones sont des cellules polarisées qui présente une morphologie complexe, 

caractérisée par de longues extensions dendritiques et axonales. Cette architecture confère 

aux neurones la capacité de recevoir des informations et de les transmettre aux cellules 

voisines ou même éloignées, assurant la communication cellulaire au sein du réseau 

neuronal. L'intégrité structurale et le bon fonctionnement des neurones dépendent 

fortement de la coordination entre deux processus intracellulaires, à savoir le transport 

axonal et la traduction locale. 

Le transport axonal est le processus utilisé par les neurones pour distribuer leurs organites, 

des protéines et des ARNm aux compartiments périphériques afin d'assurer l'homéostasie. 

Les cargos sont transportés par des moteurs moléculaires le long du réseau de microtubules 

(MT) et des altérations dans ce processus sont souvent liées à des troubles neurologiques. 

Par l'activité d'enzymes spécialisées, les MT sont décorées de modifications post-

traductionnelles (PTM) telles que l'acétylation, qui sont des régulateurs clés de la dynamique 

de trafic des moteurs. Cependant, les mécanismes régulant l'acétylation des MT et sa 

contribution à la dynamique de transport, et donc à l'homéostasie neuronale, restent peu 

compris. 

Les neurones ont également développé la capacité de traduire des protéines dans des 

compartiments périphériques, pour répondre efficacement aux stimuli environnementaux et 

soutenir rapidement leurs besoins énergétiques. Bien que des preuves récentes montrent 

que les organites peuvent servir de plates-formes pour le transport et la traduction des 

ARNm, les mécanismes régulant ce processus sont encore largement inconnus. 

Pendant mes études doctorales, j'ai utilisé la souris comme modèle expérimental pour 

étudier, d'une part, le rôle de l'acétylation de la tubuline dans la régulation du trafic axonal 

et, d'autre part, la corrélation fonctionnelle entre le système de transport et de traduction. 

J'ai ainsi contribué à deux projets de recherche qui ont caractérisé ensemble la cascade 

enzymatique conduisant à l'acétylation de la tubuline. De plus, j'ai développé un ensemble 

d'outils pour interroger les événements de traduction sur les organelles motiles. 

Tout d'abord, nous montrons qu'ATAT1, l'enzyme catalysant l'acétylation des MT, est 

essentiel à la régulation de la dynamique du transport axonal. Nous identifions un pool 

vésiculaire d'ATAT1 et dévoilons son déplacement le long des MT comme essentiel pour 



 

soutenir son activité d'acétylation. De plus, nous caractérisons la cascade enzymatique en 

amont d'ATAT1 qui régule l'acétylation des MT, où Acly, dont la stabilité est régulée par le 

complexe Elongator, catalyse la conversion du citrate en Acétyl-CoA, le substrat utilisé par 

ATAT1 pour son activité d'acétylation. 

Ensuite, nous décrivons une nouvelle méthodologie pour isoler les cargos mobiles et associés 

aux MT dans les neurones de souris et caractériser leurs protéome et transcriptome associés. 

De plus, nous décrivons un nouveau protocole de différenciation pour générer des cellules de 

type neuronal qui reproduisent largement les processus intracellulaires présents dans les 

neurones primaires. Au sein de ces cellules, nous avons exprimé le système SunTag pour 

étudier la dynamique de traduction d’ARNm candidats. Ces deux méthodologies permettront 

la caractérisation des transcrits associés aux cargos mobiles et l'étude de leur dynamique de 

traduction. 
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Neurons are unique cells that set apart from all the other cell types present in our body for a 

plethora of features, ranging from their morphology, properties, and functions. Neurons are 

highly polarized cells with a complex branched morphology, constituted, in most cases, by a 

single axon which can cover extremely long distances (hundreds of centimeters) and a set of 

shorter dendritic ramifications. Both axons and dendrites extend from the cell soma and, 

ought to their length and ramifications, constitute 99% of the entire neuron cytoplasm. 

During brain development, neurons extend their axons over very long distances following 

extracellular cues until reaching their final localization, where they settle to form contact sites 

with other neighboring neurons. Through these contact sites called synapses, neurons can 

receive, process, and send information to other cells, forming a structurally and functionally 

coordinated cellular network with a high computational power. Accordingly, besides being 

polarized cells, neurons also display a remarkable degree of subcellular compartmentalization 

to sustain their functions. Synapses form between the axonal terminal of a neuron (pre-

synapse) and specialized dendritic domain called spines (post-synapse) and can distribute 

through the length of neurites. For this reason, a single neuron can form pre- and post-

synapses with up to 10,000 and 100,000 neurons, respectively (reviewed in: Holt, Martin, & 

Schuman, 2019).  

To sustain this complex morphology and the cell-to-cell connectivity, neurons distribute, 

pools of neurotransmitters, proteins, mRNAs and organelles throughout their peripheral 

compartments to constantly sustain their energetic needs and support their localized 

activities. All these constituents are trafficked along the neurites through the activity of the 

molecular motors, which run along the MT network following a bidirectional motion. Motors 

can either move from the cell soma to the periphery to supply these sites, or retrogradely 

from the synaptic terminals to the cell soma for the recycling or degradation of molecules, or 

for the transport of signaling neurotransmitters (reviewed in: Cason & Holzbaur, 2022).  

Given the broad variety of cargos and their associated function, their subtype-specific 

distribution throughout the cytoplasm is achieved through a regulatory system composed of: 

1) cargo-specific motors and adaptor proteins (reviewed in: Cason & Holzbaur, 2022); 2) MTs 

diversity in their constitutive units and in the PTMs that decorate either their external or 

luminal surface (reviewed in: Janke & Magiera, 2020). Through these elements, a given cargo 



4
 

is distributed in a temporal and spatially restricted manner to exert its functions where and 

when needed.  

1. Microtubules 

Compared to all other cell types, neurons are unique cells ought to their polarity and 

branched morphology which is characterized by a complex dendritic arbor and an extremely 

long axon which can span from few micrometers to over a meter-long. Neurons require a 

constant supply of proteins, RNAs, lipids and organelles throughout all their sub-

compartments, to sustain their complex morphology and physiological functions. The 

peripheral distribution of these molecules is achieved through an efficient and dynamic 

transport system which requires microtubules (MTs), motor proteins, adaptors, and cargos 

for its proper functioning. MTs form a structural network within every peripheral 

compartment that serves as tracks for the trafficking of motor proteins. Motor proteins 

modulate the bidirectional transport of their associated cargos through interactions with 

adaptor proteins. Anterograde transport dynamics are key for synapses integrity and 

function, both at dendrites and axons. Equally important is the retrograde transport of cargos 

towards the cell soma which ensures neurotrophic signaling (retrograde flow of information 

triggered by internalized neurotrophins as growth factors that evokes and modulates cellular 

responses), degradation pathways (removal of damaged organelles or proteins from the 

cytoplasm to recycle their constituents for new biosynthetic purposes), and injury-induced 

responses (axon-to-soma communication triggered by peripheral nerve injury to modulate 

transcriptional and translational programs for neuronal regeneration). 

Apart from regulating transport dynamics, MTs play an essential role in sustaining the 

structural and functional integrity of neurons throughout their development, growth, and 

maintenance. Accordingly, MTs can regulate many intracellular processes, from the mitosis 

and meiosis of neuronal progenitors to the migration of newly born and differentiating 

neurons towards their final localization. 

Mutations in genes encoding for MT-associated proteins or in the component of the transport 

machinery which leads to axonal transport impairments have been reported in a broad range 

of neurological disorders, including Amyotrophic lateral sclerosis (ALS) which presents with a 

progressive degeneration of motor neurons, leading to muscle atrophy and paralysis (Baron 
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et al. 2022), frontotemporal lobar dementia (FTLD) which is characterized by a loss of cortical 

neurons in the frontal and temporal lobes resulting in apathy and executive dysfunctions 

(Combs et al. 2021), Parkinson’s Diseases (PD) (Prots et al. 2018) and Alzheimer’s Disease (AD) 

(Kopeikina et al. 2011; Wang et al. 2019). As many of these genes are ubiquitously expressed 

in all cells, but their genetic alternations cause pathological phenotypes only in a subset of 

neuronal subtypes, it is hypothesized that the downstream transport defects are regarded as 

causative factors in the disease. 

1.1 Microtubule structure and dynamics 

MT are filaments of the cytoskeleton that are highly conserved across all eukaryotic cells. 

They appear as hollow cylinders constituted of parallel protofilaments assembled with side-

to-side contacts and formed by the heterodimerization of 𝛼-tubulin and 𝛽-tubulin monomers. 

The number of constituting protofilaments regulates the diameter and conformation of a 

given MT. In vivo, MTs are composed of 13 protofilaments displaying a diameter of around 25 

nm, but in different neuronal subtypes their number can vary between 11 and 16 (reviewed 

in: Janke and Magiera 2020). In C. elegans, while the majority of MTs have 11 protofilaments, 

touch receptor neurons display MTs composed of 15 protofilaments (Chalfie and Thomson 

1982). Tubulin monomers are formed of a globular body responsible for the tubulin-tubulin 

interactions and MT assembly, and a negatively charged C-terminal tail that projects to the 

outer surface of the MTs and that is key for MT properties and functions.  

Assembled MTs have an intrinsic polarity due to the head-to-tail assembly of their constitutive 

dimers. Along the axons, MT are organized in parallel bundles with their plus-end directed 

outwards, towards the distal axon tip. On the contrary, they arrange with a mixed orientation 

within dendrites (Yau et al. 2016).   

Although mechanically rigid, MTs are extremely dynamic in their structure, as phases of 

polymerization alternate to depolymerizations in a process called dynamic instability. This 

behavior is explained through the “GTP-cap” model. Tubulin, a GTPase, binds GTP and forms 

GTP-associated αβ-tubulin heterodimers that are incorporated into the growing end of MTs. 

Shortly after incorporation, GTP is hydrolyzed leading to conformational changes and 

instability in the MT lattice made of GDP-tubulin dimers. As GTP hydrolysis occurs with a 

delay, the progressive incorporation of new dimers forms a “cap” of GTP-tubulin at the 
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growing end, which confers stability to the MT lattice and prevents its polymerization  

(Alushin et al. 2014) (Figure 1). However, patches of remnant GTP-tubulin dimers have been 

identified along the axonal shaft, suggesting the GTP hydrolysis is not always complete during 

MT polymerization (Dimitrov et al. 2008).  

  

Figure 1. MT structure and dynamic instability. (A) Heterodimers of 𝛼/𝛽-tubulin subunits 
assemble in a head-to-tail fashion into protofilaments. (B) In mammals, 13 parallel 
protofilaments assemble forming the cylindrical and hollow architecture of MTs. (C) MTs are 
dynamic structures undergoing alternating cycles of polymerization and depolymerization. 
Figure adopted from (Akhmanova and Steinmetz 2008). 

 

1.2 Microtubule-associated proteins 

As their name suggests, MT-associated proteins (MAPs) bind to MTs and regulate their 

dynamics, organization, and functions. Among these are: 1) structural MAPS; 2) plus-end 

tracking proteins; 3) MT severing enzymes; 4) motor proteins.  
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Structural MAPS regulate MT polymerization as well as transport dynamics. While the 

microtubule-associated protein 6 (MAP6) acts as MT stabilizer and it is enriched at stable 

domains of MTs, tau, on the contrary, accumulates on labile domains of MTs to promote their 

growth (Qiang et al. 2018). Additionally, tau plays an important role in regulating transport 

dynamics in a spatially-restricted manner. It is preferentially enriched on highly-bent curved 

regions of MTs as at synapses (Balabanian, Berger, and Hendricks 2017), where it favors the 

directionality of dyneins while completely inhibiting the motor activity of kinesins (Dixit et al. 

2008). Similarly, doublecortin also decorated curved MTs although its local contribution has 

not yet been elucidated (Bechstedt, Lu, and Brouhard 2014) (Figure 2 A). 

Plus-end tracking proteins (+TIPS) accumulate at the growing end of MTs where they 

contribute to the regulation of its dynamics and to the initiation of the dynein-mediated 

retrograde trafficking of organelles (Moughamian et al. 2013). Their binding selectivity might 

be ought to the recognition of tubulin or protofilament sides that are otherwise masked 

within the MT hollow structure. Among these proteins are the end-binding (EB) proteins, 

CLIPs, and motor proteins that play a role in regulating MT dynamics (reviewed in: Akhmanova 

& Steinmetz, 2008) (Figure 2 B). 

MT severing enzymes, such as spastin, katanin and fidgetin, cut MTs into smaller fragments. 

Spastin, however, apart from its severing activity, can also regulate MT dynamics by 

decelerating its shrinkage. Overall, this enzyme increases the number of MT fragments and 

promotes their growth, therefore increasing the overall MT mass (Kuo et al. 2019) (Figure 2 

C). 

Motor proteins traffic along the MT network to transport their associated cargos. The plus-

end directed kinesin families of motors transport their cargos from the cell soma to the 

presynaptic sites along dendrites and axons to sustain signaling events and the functional 

integrity of these peripheral regions. The cytoplasmic dynein 1 is instead directed towards 

the minus end of MTs, promoting the retrograde transport of proteins and organelles back to 

cell soma for recycling (Figure 2 D).  While these two classes of motors can modulate the fast 

transport of organelles (400 mm/day or 1 𝜇m/s), they can also promote at a much slower 

pace the distribution of cytoplasmic components, such as tubulin dimers, neurofilaments (<8 

mm/day or <0.1 𝜇m/s).  
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Kinesins are subdivided into 14 classes based on their structural and functional properties, 

with the most characterized being the kinesin-1, kinesin-2 and kinesin-3 families.  

Members of the Kinesin-1 family are heterotetramers of two kinesin light chains (KLCs) and 

two kinesin heavy chains (KHCs). Of note, the KHCs present multiple domains: 1) a MT-binding 

head corresponding to the motor domain that hydrolyzes ATP for the motor activity; 2) a stalk 

domain which promotes the dimerization of the two heavy chains; 3) a cargo-binding domain. 

Some kinesins localize preferentially to the axons as KIF5B/C, others to dendrites as KIF17, 

and others in both as KIF5A. Interestingly, the binding of kinesin-1 to MTs stabilize the 

unstable GDP-lattice of dynamic MTs by changing the conformation of its GDP-tubulin 

subunits and aligning to that of GTP-tubulin (Peet, Burroughs, and Cross 2018).  

The Kinesin-3 family members are homodimers formed of two heavy chains, containing a 

motor domain, a stalk domain, and a cargo binding domain. They can be axon-selective 

(KIF13B), dendritic-selective (KIF1C) or ubiquitous (KIF1A). Differently from the other families, 

kinesin-3 family members undergo dimerization only upon binding to organelles, to become 

motors with high motility and ability to transport efficiently their cargos (Soppina et al. 2014).  

While there are multiple genes encoding for the motor domain of each single family of 

kinesins, the motor domain of the cytoplasmic dynein, the motor driving the retrograde 

transport, is encoded by a single gene. The motor domain is generated by the 

homodimerization of two heavy chains and consists in a ring-like structure made of 6 AAA+ 

(ATPase Associated with diverse cellular Activities) domains, which modulate cycles of ATP 

hydrolysis that promotes cycles of MT binding (reviewed in: Cianfrocco, Desantis, Leschziner, 

& Reck-Peterson, 2015). On the contrary, the light chains are encoded by different genes. For 

their processivity, dyneins form a complex with their activator dynactin, among whose 

subunits are p25 and dynamitin/p50 that regulate the binding to the cargos, or p150glued 

that mediates the binding to the dynein and to MTs (reviewed in: Cason & Holzbaur, 2022).  
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Figure 2.  Schematic representation of how MAPs can modulate the structure, dynamics, 
and functions of MTs. (A-C) Structural MAPS regulate MT dynamics. MAP6 stabilizes MTs (A), 
while tau promotes their growth (B) and the MT-based transport dynamics (C). (D, E) + TIPS 
can regulate the plus-ends dynamics of MTs (D) and the transport of motors (E). (G, H) MT 
severing enzymes can regulate MTs structure (G) or growth (H). (F) Motor proteins benefit 
from MTs for their processivity and transport of cargos.  

 

1.3 Cargos 

1.3.1 Spatial selectivity of cargos 

Cargos are not always equally distributed throughout all neurites but can display a spatial 

preference for either the axonal or dendritic compartment. This specificity does not only rely 

on their associated motor proteins but also on the organization and characteristics of the MT 

network. Although plus-end out MTs can be found both in dendrites and axons, a recent study 

elucidated how plus-end kinesins can have a selectivity for axons. Interestingly, the Kinesin-1 

family member KIF5B run preferentially on acetylated MTs (Guardia et al. 2016). As acetylated 

MTs are oriented minus-end out along dendrites, Kinesin-1 is trafficked from the dendritic 

periphery to the cell soma, to then distribute within axons where all MTs are plus-end out, 
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preventing further entries into dendrites (Tas et al., 2017). Contrarily, kinesin-3 members 

KIF1B and KIF1A have a binding preference for tyrosinated MTs (Guardia et al. 2016) (Figure 

3 A). As tyrosinated MTs are directed plus-end out along dendrites, these motors can enter 

both axons and dendrites. Thanks to these findings, the mechanism that drives the axon-

selective preference of specific motors started to be elucidated. Thanks to these findings, the 

mechanism that drives the axon-selective preference of specific motors started to be 

elucidated. It has also been proposed that some kinesins recognize and have a high affinity 

for the segments of remnant GTP-tubulin dimers present along axons (Dimitrov et al. 2008). 

These binding sites enable the axonal distribution of a given motor (Nakata et al. 2011) (Figure 

3 B). 

The exclusion from axons for dendritic vesicles has instead been attributed to the structural 

organization of the axon initial segment (AIS), which acts as a filtering system. The AIS is 

characterize by a network of actin filaments and its specific motor protein myosin Va interacts 

with dendritic vesicles to reroute them to the cell soma away from the axonal entry (Al-

Bassam et al. 2012) (Figure 3 C).  

Multiple motors have also been associated to both axonal and dendritic trafficking (reviewed 

in: Cason & Holzbaur, 2022).  

Lastly, the switch between anterograde to retrograde transport at the end of neurites is 

triggered by a broad range of plus-end interacting proteins (+TIPs), including EB1, EB3 

(Moughamian et al. 2013) and Lis1 (Huang et al. 2012), which interact with the dynein-

dynactin complex modulating its recruitment onto the MTs and processivity (Figure 3 D).  
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Figure 3. Mechanisms driving the spatially-restricted trafficking of motor proteins. (A) 
Within dendrites, differentially modified and polarized MTs guide kinesins towards axons 
(KIF5B) or also within dendrites (KIF1A/KIF1B). (B) GTP-caps at MT plus-ends and remnant 
GTP-tubulin patches along the MT lattice drive the localization and accumulation of kinesin 
(KIF5) motor proteins.  (C) The network of actin filaments at the AIS prevents the axonal 
entrance of dendritic motors (KIF5). (D) + TIPS regulate motor’s recruitment onto MTs and 
their processivity.  

 

1.3.2 Cargos cooperation  

It is suggested that every cargo is concurrently associated with both kinesins and dyneins. This 

applies to both cargos that display a bidirectional motion and to those that follow a unique 

directionality. Roughly, 1-4 kinesins and 1-5 dyneins might cooperate for the motility of a 

single cargo (Hendricks et al. 2010).   

Two distinct theories support how cooperative but functionally antagonistic motors can 

define the motility of a cargo. On the one hand, the “tug of war” model suggests that the 

overall direction and velocity of a cargo is dictated by the number of motors of a given family 

and by their relative strength. On the other hand, the “opposite model” foresees a single 

motor family at a time being active and defining the cargo motility (reviewed in: Cason & 

Holzbaur, 2022). Globally, the preferential activity of a motor over another can be defined by 

its own tertiary structure and by its associated scaffolding proteins. Kinesins can mask and 

auto-inhibit their own motor domain with one of their subunits, and this inhibition can be 
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reversed by scaffolding proteins. These scaffolding proteins can equally regulate the 

anterograde and retrograde transport of a given cargo.  

1.3.3 Cargos subtypes 

The efficient delivery of cargos to and from the peripheral compartments of neurons is 

essential to sustain the homeostasis of neurons. The function of every organelle subtype 

complies with a specific neuronal need and their impaired function or transport have been 

widely correlated to neurological disorders. The transport pattern of each organelle is 

dictated by multiple factors ranging from their motor proteins and their specificity for 

different MTs features to their expressing membrane proteins that drive the interaction to a 

selective panel of interacting partners.  

Synaptic vesicle precursors (SVPs) contain proteins and neurotransmitters destined to pre-

synapses to sustain synaptic activity and move preferentially in an anterograde direction. 

Their transport is mediated by members of the kinesin-3 family and their adaptors proteins. 

Accordingly, the transport of SVPs was impaired in Drosophila liprin-𝛼 mutants (Miller et al. 

2005) and in mouse hippocampal neurons expressing a DENN/MADD variant that lacks the 

KIF1A- and KIF1Bβ-binding domain (Niwa, Tanaka, and Hirokawa 2008) (Figure 4 A). 

Differently from SVPs, dense-core vesicles (DCVs) store neuropeptides, hormones, and 

growth factors as BDNF. Their transport is bidirectional as they traffic anterogradely to pre-

synapses to exert their synaptic functions, to then return retrogradely to the axon initial 

segment. Their bidirectional transport is dictated by the phosphorylation state of the 

scaffolding protein huntingtin (htt). When phosphorylated, htt recruits kinesin-1 to vesicles 

promoting their anterograde motion but when dephosphorylated this bond is released to 

favor the dynein-dynactin-mediated retrograde transport (Colin et al. 2008) (Figure 4 B).  

Signaling endosomes are membrane-bound organelles generated by endocytosis upon 

neurotrophins binding to their cognate receptors, responsible for the degradation of no-

longer functional proteins or organelles. When immature they express EEAS1 and Rab5 

(defined as early endosomes, EE), when mature they are positive for Rab7 (late endosomes, 

LE), which will further translate into degradative lysosomes expressing the lysosomal-

associated membrane protein (LAMP1).  
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As they mature and are transported along the axons, their directionality changes according 

to the motor effectors they interact with.  

The anterograde transport of EEs is modulated by KIF16B motor and its interaction with Rab5 

and its effector protein hVPS34 (Hoepfner et al. 2005), while their retrograde transport is 

modulated by HOOK1 which links Rab5 to the dynein-dynactin complex, as shown by its KD 

which impairs the EE trafficking to the soma (Olenick, Dominguez, and Holzbaur 2018). In 

human cells, Hook1 was found to exert its function in concert with the fused toes protein 

(FTS) and the FTS–HOOK-interacting protein 1B (FHIP1B) (Christensen et al. 2021) (Figure 4 

C). Rab7-interacting lysosomal protein (RILP) is the adaptor protein modulating the 

retrograde transport of Rab7+ LEs (Johansson 2007) (Figure 4 D). A subgroup of Rab7 LEs can 

however acquire Arl8b, which promotes the recruitment of multiple partners forming the 

Arl8b/SKIP/HOPS/TBC1D15 complex. Through this complex, Rab7 is removed from LE which 

can now engage in the kinesin-driven plus-end directed transport (Jongsma et al. 2020) 

(Figure 4 E).  

Lysosomes are autophagic organelles that degrade and recycle misfolded proteins, damaged 

organelles or other cellular debris and are therefore essential in maintaining neuronal 

homeostasis. They can undergo bidirectional transport. Their anterograde motion is 

mediated by the adaptor SifA-kinesin-interacting protein (SKIP) that mediate the binding of 

the lysosomal membrane protein Arl8 to the light chain of kinesin-1 (Rosa-Ferreira & Munro, 

2011). The lysosomal membrane protein BLOC-one-related complex (BORC) with its 

associated partners Arl8 and SKIP are also essential to modulate the anterograde transport 

of lysosomes via its binding to both members of the kinesin-1 (KIF5B) and kinesin-3 (KIF1B𝛽 

and KIF1A) families (Farías et al. 2017; Guardia et al. 2016). Their retrograde transport has 

instead been associated to the binding of a broad variety of adaptors, including RUFY 3/4 and 

its partner JIP4 which interact with the lysosomal transmembrane protein TMEM55B (Kumar 

et al. 2022; Willett et al. 2017) (Figure 4 F).  

Mitochondria are uncommonly polyfunctional organelles with biological roles that span from 

energy supply to regulation of metabolic homeostasis and are therefore necessary to 

maintain neuronal development and function. Because of their multiple roles, mitochondria 

are distributed throughout all neuronal compartments via long-distance transport. Their 

bidirectional transport is modulated by a number of adaptor proteins that interact with the 
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mitochondrial Rho-like GTPase miro and induce the mitochondria recruitment onto both 

kinesins and dynein motors. Among these adaptors are TRAK1 and TRAK2 (Milton in 

Drosophila) which form a complex with both kinesin-1 and the dynein-dynactin complex, 

regulating mitochondria anterograde and lis1-dependent retrograde processivity, 

respectively (Fenton, Jongens, and Holzbaur 2021; Glater et al. 2006; Henrichs et al. 2020). 

Recent findings elucidate the bilateral interaction of the TRAK proteins with both motor 

families. On the one hand, these adaptors can simultaneously recruit both motors but 

activate only kinesin-1 to modulate the anterograde MT-based transport. On the other hand, 

they regulate the minus-end directed transport by interacting only with the dynein-dynactin 

complex, precluding their binding to the kinesin motors. Through this mechanism, TRAK1/2 

succeed to coordinate the activity of both motor families and prevent any competitive 

processivity (Canty et al. 2023). While other adaptors as syntabulin (Cai, Gerwin, and Sheng 

2005) and FEZ1 (Fujita et al. 2007) have been additionally shown to contribute to their 

trafficking, synthaphilin is responsible for mitochondria arrest (Chen 2013) (Figure 4 G).  
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Figure 4. Schematic of the cargo-specific adaptor proteins regulating their motor-driven 
bidirectional transport. While synaptic vesicle precursors (A) and dense-core vesicles (B) 
predominantly undergo anterograde transport, early (C) and late (D, E) endosomes, 
lysosomes (F) and mitochondria (G) display a bidirectional motion. Adapted from: (Cason & 
Holzbaur, 2022) 

 

2. The Tubulin Code  

The ability of MTs to display different behaviors and modulate several functions is attributed 

to multiple factors, including the existence of different tubulin variants and tubulin post-

translational modifications (PTM) which, together, define the commonly named tubulin code. 

The tubulin code, together with the MT affinity for a broad range of MT associated proteins 

(MAPs), define MTs behaviors.  

2.1 Tubulin isotypes 

Multiple variants of the 𝛼 and 𝛽-tubulin monomers have been identified, and their number 

differ across species: while humans have 9 isotypes for both 𝛼-tubulin and 𝛽-tubulin, in the 

mouse 𝛼-tubulin and 𝛽-tubulin are encoded by 3 and 7 genes, respectively. Furthermore, 

tubulin isotypes expression can be cell-types specific (𝛽3-tubulin is for this reason considered 

as a neuronal marker) (reviewed in: Gasic, 2022). The broad variety of tubulin isotypes and 

their ability to heterodimerize into highly organized structures define MTs as tubular 

structures with heterogenous composition. Most interestingly, the variations across isotypes 

are predominantly found within their C-terminal tails and can involve only a few amino acids. 

This heterogeneity confers MT different structural features, a selective affinity for specific 

MAPs and susceptibility towards preferred PTMs. Purified human 𝛼1B/𝛽2B and 𝛼1B/𝛽3 MTs 

revealed different architecture and dynamics. Accordingly, compared to 𝛼1B/𝛽3 MTs which 

are formed of 13 protofilaments, 𝛼1B/𝛽2B MTs have 14 protofilaments which confer them 

increased flexibility, resistance to passive disassembly as well as to depolarization induced by 

the MT-associated protein (MAP) mitotic centromere-associated kinesin (MCAK) (Ti, Alushin, 

and Kapoor 2018). Interestingly, the increased stability of 𝛽2B MTs compared to 𝛽3 MTs is 

ascribed to the core of the tubulin subunits, as chimeric 𝛽2B and 𝛽3 tubulins generated by 

swapping their C terminal tails displayed the same dynamic proprieties of the native isotypes 

(Pamula, Ti, and Kapoor 2016). The role of subtype-specific tubulins has also been 

investigated at a cellular level. As missense mutations in TUBB3 have been linked to brain 
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development defects including cortical gyration malformations (Poirier et al. 2010), the 

TUBB3 neuron-specific isoform has been studied in the context of cortical development. Loss 

of TUBB3 disrupts the migration of cortical neurons, which could by rescued by the 

overexpression (OE) of TUBB3 but not of other three beta-tubulin subunits (TUBB1, TUBB2B, 

TUBB4A). However, Tubb1a, Tubb2a and Tubb2b also display segregated functions during 

cortical development. Accordingly, the loss of Tubb1a lead to severe cortical malformations 

compared to the mild cortical defects observed upon the loss of the other two variants 

(Bittermann et al. 2019). Additionally, partial loss of Tubb1a has been associated to a lower 

number of assembled MTs and axonal transport defects in new born mice, which further 

developed into adult-onset ataxia correlated with smaller synapses at the neuromuscular 

junction (NMJ) (Buscaglia et al. 2020). Different tubulin isoforms therefore retain unique 

proprieties that preclude their interchangeability. The structural heterogeneity of MT is 

therefore a key determinant for their broad range of properties and functions.  

It is now well established that tubulin isotypes can influence the dynamic properties of MTs. 

Brain-derived MTs devoid of the beta-III tubulin isotype show an increased polymerization 

rate, suggesting that tubulin-isotypes can play a role in regulating MT assembly and 

catastrophe. This isotype-driven propriety was hypothesized to be driven by a unique 

phosphorylation site in proximity of the C-terminal tail, suggesting that isotype-specific PTMs 

modulate MT dynamics (Banerjee et al. 1990). Interestingly, a wealth of in vitro studies has 

additionally shown that tubulin isotypes are key determinant for the number of 

protofilaments constituting the MT cylindric architecture. The existence of a different number 

of isotypes across species can therefore justify the species-specific MT structure.  

2.2 Post-translational modifications 

Post-translational modification (PTMs) consists in the covalent addition or removal of 

chemical groups to/from amino acid residues of a protein mediated by catalyzing enzymes. 

PTMs have been mostly observed on the C-terminal residues of tubulin monomers that 

project outside of the MT tubular structure. Given the disposition of the tubulin C-terminal 

tails with respect to the MT lattice, PTMs have major roles in modulating MT dynamics and 

function, as well as interaction with MAPs and interacting partners. The most studied MT 

PTMs are detyrosination/tyrosination (Peris et al. 2022), polyglutamylation (Genova et al. 

n.d.), polyglycylation (Wloga et al. 2009) and phosphorylation (Ori-McKenney et al. 2016). In 
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addition, two PTMs take place inside the lumen of MTs on the same Lysin40 residues of 𝛼-

tubulin, namely tubulin acetylation (L’Hernaul and Rosenbaum 1985) and methylation (Park 

et al. 2016). Overall, the catalyzing enzymes for these PTMs can have either a preference for 

the polymerized form of MT (polyglutamylation and acetylation), or decorate equally MT and 

their constituting soluble dimers (phosphorylation), or selectively target unassembled dimers 

(tyrosination) (reviewed in: Janke & Magiera, 2020).  

 

Figure 5. The tubulin code. The diversity of MTs is ascribed to: 1) the existence of different 
tubulin genes encoding for different tubulin isotypes that can assemble heterogeneously 
during MT formation; 2) broad variety of enzymatically-catalyzed PTMs localized at globular 
body of tubulins (as phosphorylation), at their C-terminal tails (as glutamylation, glycylation, 
tyrosination, and detyrosination), or inside the MT lumen (acetylation). Adapted from (Janke 
and Magiera 2020).  

 

2.3 Post-translational modifications decorating the MT lattice 

Tubulin detyrosination/tyrosination consists in the enzymatic removal and re-addition of a 

tyrosine residues at the C terminal tail of most tubulins, catalyzed, respectively, by tubulin 
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tyrosine ligase (TTL) and tubulin carboxypeptidase (TCP). Detyrosinated residues can be 

further truncated to generate truncated tubulin isotypes (Peris et al. 2022).  

Tubulin polyglutamylation and polyglycylation refer to the addition of multiple glutamate 

residues at sites of glutamate or glycine residues of tubulin C-terminal tails, respectively. The 

polyglutamylases, also called tubulin tyrosine ligase-like (TTLL) enzymes, can generate 

glutamate chains of different length, linear or branched, and prefer either 𝛼- or 𝛽-tubulin 

isotypes (Janke et al. 2005).  

Phosphorylation at any 𝛽-tubulin isotype at serine 172 (S172) is catalyzed either by cyclin-

dependent kinase 1 (CDK1) or by Minibrain (MNB), a dual-specificity tyrosine-regulated kinase 

(DYRK) (Fourest-Lieuvin et al. 2006; Ori-McKenney et al. 2016).  

All these PTMs that decorate the MT lattice can modulate MT dynamics, either directly or 

indirectly by the action of MAPs. Among the PTMs displaying such a function is tubulin 

phosphorylation. In vitro polymerization assays show a dramatic decreased tubulin 

polymerization in the presence of MNB, which is prevented by the expression of a kinase-

dead MNB variant or a mutant form lacking its MT-binding domain (Ori-McKenney et al. 

2016). Another PTM-driven mechanism controlling MT dynamics involves the activity of 

molecular motors. Accordingly, a growing body of evidences show that tubulin tyrosination 

can regulate MT dynamics by modulating MTs interactome. The mitotic centromere-

associated kinesin (MCAK), a plus-end directed kinesin-13 family motor, triggers the 

depolymerization of taxol-stabilized tyrosinated MTs, while its activity was significantly 

diminished on detyrosinated taxol-stabilized MTs (Peris et al. 2009). Conversely, the dynactin 

subunit p150-Glued, which promotes the retrograde transport of the associated dynein 

motor, binds preferably to tyrosinated tubulin patches distributed at the plus-end of dynamic 

MTs where it exerts an anti-catastrophe activity (Lazarus et al. 2013; Wang et al. 2014). 

Another function attributed to PTMs as 𝛼-tubulin tyrosination and 𝛼/𝛽-polyglutamylation is 

the regulation of the processivity of a selective range of motors. Accordingly, in vitro assays 

show that the depletion of tyrosine at the tubulin C-terminal tail can decrease and increase, 

respectively, the processivity of kinesin-1 and kinesin-2. These evidences indicate that while 

kinesin-1 is sensitive to tyrosination, kinesin-2 activity relies on detyrosinated tubulin sites. 

The processivity of both kinesins was also improved upon addition of glutamate chains at the 

C-terminal tails. However, tubulins with different degrees of hyper-glutamylation can exhibit 
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different affinity for a given motor. Specifically, while both short (3 residues, as found in the 

brain) and long (10 residues) glutamate chains influence kinesin-2 motility, kinesin-1 is 

sensitive only to long chains. However, the kinesin-13 family motor MCAK, which is sensitive 

to tyrosinated MTs, does not rely on glutamate chains to exert its functions, further 

underlying the broad variety of MAPs that can interact with MT and their associated broad 

spectrum of functions (Sirajuddin, Rice, and Vale 2014).  

Polyglutamylation also plays an essential role in controlling MT severing. The severing activity 

of spastin linearly increases with the number of glutamate residues per tubulin until a 

threshold value after which its activity is inhibited (Valenstein and Roll-Mecak 2016). 

2.4 Post-translational modifications within the microtubule lumen 

2.4.1 Tubulin acetylation 

Acetylation is a well characterized PTM that occurs at the lysin 40 residues located within MT 

lumen. Although occurring on the same Lys40 residues, tubulin methylation, which is 

catalyzed by the histone methyltransferase SET-domain containing 2 (SETD2), has only been 

identified recently (Young Park et al. 2016).  

In mice, 𝛼-tubulin N-acetyltransferase 1 (ATAT1) is the only enzyme that catalyze tubulin 

acetylation (Akella et al. 2010). Its activity is reversibly antagonized by the histone 

deacetylases (HDAC6 is the most abundant in mammalian cells), which remove acetyl groups 

from the lys40 residues of 𝛼-tubulin (Hubbert et al. 2002). 

Acetylation of 𝛼-tubulin does not occur on cytosolic tubulin heterodimers but on already 

assembled and stable MTs, as the neurons develop (reviewed in: Janke & Montagnac, 2017). 

Accordingly, cortical neurons plated in culture for 4 hours develop growth cones whose MT 

network appear as tyrosinated but not acetylated. It is after 90 minutes in culture that the 

extended neurites anticipating the growth cones display stable and acetylated MTs 

(Mansfield and Gordon-Weeks 1991; Tanaka, Ho, and Kirschner 1995). The acetylation of MTs 

is not only developmentally regulated, but also spatially organized within neuronal dendrites 

and axons. Within neurites, MTs are organized in equally modified bundles that retain precise 

proprieties and regulate distinct biological processes. While bundles of acetylated MTs are 

preferentially oriented minus-end out, bundles of tyrosinated MTs have the opposite 

orientation, and each of these differently-modified bundles guide the trafficking of a subset 
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of molecular motors (Balabanian et al. 2017; Tas et al. 2017). Lastly, within a single MT, 

acetylation is not uniformly distributed as acetylated domains alternate to not-acetylated 

domains (Webster and Borisy 1989; Xu et al. 2017).  

2.4.2 Enzymes contributing to tubulin acetylation 

Acetylation is regulated by a stochiometric balance between the enzymatic activity of histone 

acetylases (HATs) and histone deacetylases (HDACs), that catalyze the acetylation and 

deacetylation, respectively, of the lys40 𝛼-tubulin residues. In mammals, ATAT1 is the only 

MT HAT (Akella et al. 2010) and its stability is partly regulated via its interaction with the 

Cip/Kip family member p27Kip1 (Morelli et al. 2018). Contrarily, multiple HDACs exist and are 

highly conserved across species, including HDAC6, the most abundant in mammalian cells. 

The activity of the HAT and HDAC enzymes is reversible and tuned to an equilibrium that 

ensure cellular homeostasis (reviewed in: Parbin et al., 2014).  

Because acetylation occurs on already assembled MTs at their inner surface, it has been 

widely debated how ATAT1 could enter the MT lumen to exert its activity. Despite the 

numerous efforts in answering this question, the debate remains open. In vitro experiments 

suggest that ATAT1 can access the MT lumen either by its extremities or through breaks and 

bends along its structure, depending on the stability and structural integrity of the lattice 

(Figure 6 A-B). Accordingly, ATAT1 activity was assessed either on stabilized MTs which 

revealed acetylation sites preferentially localized at MT entry sites, or on damaged MTs 

whose sparse cracks along the lattice appeared as dense sites of tubulin acetylation (Coombes 

et al. 2016). However, this observation is in contrast with other in vitro reports showing how 

stabilized MTs exposed to ATAT1 display a stochastic distribution of acetylation patches along 

the MT lattice, both at its ends and along the lattice  (Ly et al. 2016; Szyk et al. 2014). It is 

pivotal to keep in mind that these discrepancies might be attributed to different sample 

preparation methods, which could affect the structural integrity of MTs and have a major 

impact on their biophysical proprieties, including the accessibility to its lumen. Despite the 

controversies, it is also possible that the two suggested models are not mutually exclusive.  

In vitro experiments revealed that kinesins and dyneins exert ATP-dependent mechanical 

forces on the MT lattice to sustain their trafficking. These forces induce the removal of tubulin 

dimers from the lattice causing MT cracks that, if not efficiently repaired with a new 

incorporation of free tubulin dimers, it can lead to MT destruction (Andreu-Carbó et al. 2022; 
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Triclin et al. 2021) (Figure 6 B). Motor-induced damage of the MT lattice has also been 

recently confirmed in a cellular system. The kinesin1-induced cracks along MTs are used by 

HDAC6, but not ATAT1, to enter the MT lumen and generate deacetylation domains that 

expand progressively from the breaking point (Andreu-Carbó et al. 2022). The motor-induced 

MT damage has recently been reported also in cellular systems, where the expression of a 

mutant kinesin form with increased motility leads to MT breakage and fragmentations 

(Budaitis et al. 2022).  However, whether motor-induced impairment of MT integrity can 

occur also in physiological conditions, and whether cells retain the ability to activate the 

downstream self-repairing mechanisms that have been described in in vitro reconstituted 

systems, have yet to be confirmed. 

Despite the debate around the MT entry points of ATAT1, a growing body of studies starts to 

unveil the molecular mechanism guiding ATAT1 to MTs. A first mechanism suggests that 

ATAT1 doesn’t have an affinity only for the lysin40 residues within the MT lumen, but also for 

the external surface of the lattice. The recruitment on the external MT surface would thus  

facilitate its entry to the MT lattice (Howes et al. 2014) (Figure 6 C). An alternative emerging 

model suggests that ATAT1 could approach MTs by hitchhiking on intra-cellular structures. 

ATAT1 was found to localize on clathrin-coated pits (CCPs) by interacting with its adaptor 

protein 2 (AP2), thus promoting tubulin acetylation (Montagnac et al. 2013) (Figure 6 D). In 

line with these observations, a more recent study published as preprint suggests that ATAT1 

localizes at mitochondria by forming a stable complex with the mitochondria outer 

membrane proteins mitofusin-2 (mfn2) and miro, and with the kinesin-1 motor. Once 

released from this complex, atat1 would catalyze MT acetylation from putative entry sites 

(Kumar et al. 2023) (Figure 6 E). Whether other organelle subtypes can modulate the 

transport and localization at MT entry sites of ATAT1 is still an open question.   
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Figure 6. Mechanistic insights into the ATAT1 acetylating activity. ATAT1 might enter the MT 
lumen via its extremities (A) or through cracks along the MT lattice induced my trafficking 
motors (B). ATAT1 might approach MTs ought to its affinity for its surface (C), or as shuttled 
by CCPs (D) or trafficking mitochondria (E).  

Another key player that emerged to have a role in tubulin acetylation is the Elongator 

complex, a highly conserved macro-molecular assembly of around 850 KDa in size. It is 

composed of 6 subunits organized in two sub-complexes, each one present in duplicates. The 

core sub-complex includes the subunits 1-2-3 (Elp1–Elp3), where Elp3 represents the 

enzymatic core, as it harbors two highly conserved domains including the N-terminal S-

adenosyl-l-methionine (SAM) domain and the C-terminal histone acetyltransferases (HAT) 

domain. The subunits 4-5-6 (Elp4-5-6) form the accessory subcomplex (reviewed in: Dalwadi 

& Yip, 2018). Elongator has been described in the nervous system. Its subunits are expressed 

in the mouse developing cerebral cortex (Creppe et al. 2009; Tielens et al. 2016), at synapses 

of the ventral nerve cord neurons in third-insta larvae (Miśkiewicz et al. 2011), on motile 
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vesicles isolated from adult mice brain (Hinckelmann et al. 2016) and on signaling endosomes 

isolated from ES-derived motoneurons (Debaisieux et al. 2016) 

Across all eukaryotes, Elongator is primarily known as a tRNA modifier as it modifies uridines 

at the wobble position of tRNAs. This role is modulated by its SAM domain (Huang, Johansson, 

and Byström 2005). Together with the methyltransferase Alkylation repair homolog 8 

(Alkbh8) and the thiouridylases cytosolic thiouridylase homolog 1/2 (Ctu1/Ctu2), Elongator is 

the first enzyme that contributes to the reaction cascade that catalyze the generation and 

addition of the 5-methoxycarbonylmethyl-2-thiouridine (mcm5s2) modification to the 

wobble uridine (U34) of tRNAs (reviewed in: Rapino, Delaunay, Zhou, Chariot, & Close, 2017). 

The mcm5s2U34 modification is essential for a subset of tRNAs to decode efficiently their 

cognate codons and to regulate the translation of codon-biased genes (Goffena et al. 2018; 

Huang et al. 2005). Accordingly, loss of this modification correlates with a codon-biased 

ribosome pausing and triggered aggregation of translated proteins, leading to impaired 

protein homeostasis and cellular fitness (Laguesse et al. 2015; Nedialkova and Leidel 2015). 

Further insights into this mechanism reveal that the U34-mediated control of protein output 

is not only determined by the codon content of an mRNA but also by the presence of 

hydrophilic motifs within the translated protein (Rapino et al. 2021).  

A study performed in Saccharomyces cerevisiae showed that the deletion of each single 

subunit of the complex leads to similar gene expression patterns, suggesting that all the 

constitutive subunits are essential for the activity of the complex (Krogan and Greenblatt 

2001). In agreement, although the catalytic activity of the complex resides in the elp3 

subunits, brain tissue and fibroblasts from FD patients, which bear a mutation in the 

Elp1/IKAP gene that results into aberrant splicing, show reduced levels of mcm5s2U 

modifications (Karlsborn et al. 2014).  

Ought to its HAT domain, Elongator is also known for its acetylating activity and for the broad 

range of substrates it targets. As it was found to interact with the RNA polymerase II (Kim, 

Lane, and Reinberg 2002), Elongator was soon identified a transcriptional regulator of 

multiple proteins, many of which are also important for the development and maintenance 

of the nervous system. Among these are the anti-apoptotic heat shock protein 70 (HSP70) 

(Han et al. 2007), and regulators of cell migration and actin cytoskeleton (Close et al. 2006; 

Creppe et al. 2009; Tielens et al. 2016).  
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In Drosophila, Elongator catalyzes the acetylation of Bruchpilot (BRP), an integral protein at 

presynaptic active zones, to regulate the recruitment of synaptic vesicles at pre-synapses and 

ensure a proper neurotransmitter release (Miśkiewicz et al. 2011).  

Lastly, Elongator was suggested to contribute to the acetylation of 𝛼-tubulin. Its subunits 

were found to co-precipitate with 𝛼-tubulin and the overexpression (OE) of elp3 but not of a 

HAC-defective variant was found to increase tubulin acetylation levels (Creppe et al. 2009). 

As a reduction in tubulin acetylation via the expression of tubulin K40A (dominant negative 

tubulin form that cannot be acetylated) induces the same migratory defects observed in the 

absence of Elongator, Elongator was suggested to modulate the migration and branching of 

cortical projection neurons partly via MT acetylation (Creppe et al. 2009).  

2.4.3 Functions of tubulin acetylation 

Given the peculiarity of tubulin acetylation, multiple studies tried to elucidate its biological 

function at a molecular level. Today, it is widely accepted that tubulin acetylation confers MTs 

stability, resistance to bending and a longer lifespan. Firstly, by weakening protofilament 

interactions, tubulin acetylation increases MTs flexibility (Portran et al. 2017) and resistance 

to mechanical forces induced by actomyosin contractions, thus preventing downstream 

breakage (Xu et al. 2017). Secondly, by constraining MT architecture and dynamics, tubulin 

acetylation can regulate the stability of MTs (Wei et al. 2018). ATAT1-depleted hippocampal 

neurons lacking tubulin acetylation do not only display increased MT debundling at nascent 

branching points along axons and increased MT invasion at growth cones, but also increased 

dynamics. Accordingly, an increased MT growth and increased catastrophe frequency 

decrease the growth lifetime of MT plus-ends (Wei et al. 2018). Additionally, MEC-17 (ATAT1 

paralog in C. elegans) mutants displayed high degree of MT instability due to enhanced MT 

dynamics which lead to axonal degeneration, phenotype that could be rescued by 

administration of a MT-stabilizing drug (Neumann and Hilliard 2014). These evidences favor 

a model in which acetylation would confer stability to MTs.  

While it was originally believed that the trafficking of motors is solely determined by MT 

polarity, a groundbreaking study showed for the first time that PTMs including acetylation 

and polyglutamylation play an essential complementary role in controlling motor transport. 

Reed at colleagues performed a battery of in vitro studies using MTs devoid of specific PTM 
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sites and showed that loss of 𝛼-tubulin lysin40 sites significantly deplete the MT binding 

capacity to kinesin-1 motors (Reed et al. 2006).  

A growing number of in vivo studies correlated tubulin acetylation to transport dynamics by 

rescuing the transport defects associated to a broad spectrum of neurodegenerative diseases 

with a pharmacological or genetic manipulation of the deacetylating or/and acetylating 

enzymes (d’Ydewalle et al. 2011; Dompierre et al. 2007; Godena et al. 2014; Guo, Stoklund 

Dittlau, and Van Den Bosch 2020; Kim et al. 2016). Pharmacological inhibition via trichostatin 

A (TSA) of histone deacetylases including HDAC6 was shown to increase tubulin acetylation, 

the recruitment of motors on the MT, and the transport dynamics of BDNF-expressing vesicles 

(Dompierre et al. 2007). TSA treatment proved out to rescue the transport defects of BDNF-

vesicles displayed in mouse striatal cells expressing the Huntington’s Disease (HD)-associated 

htt mutations (Dompierre et al. 2007). Drosophila motor neurons expressing LRRK2 variants 

linked to Parkinson’s Disease (PD) show defects in mitochondria axonal transport which can 

be rescued by promoting tubulin acetylation, either via broad or selective inhibition of the 

histone deacetylases or via the overexpression of ATAT1 (Godena et al. 2014). Charcot-Marie-

Tooth disease 2F (CMT2F) and distal hereditary motor neuropathy 2B (dHMN2B) are 

examples of disorders of the peripheral nervous system that equally arise from mutations in 

the heat-shock protein (HSPB1) gene and present with impaired axonal transport dynamics. 

Dorsal root ganglion (DRG) neurons isolated from adult mice expressing a disease-associated 

HSPB1 mutation (d’Ydewalle et al. 2011), as well as motor neurons derived from iPSCs of 

CMT2F and dHMN2B patients (Kim et al. 2016), display impaired mitochondria axonal 

transport dynamics and reduced tubulin acetylation, phenotypes that could be reversed upon 

HDAC6 inhibition. Similarly, tubulin acetylation and mitochondria axonal transport defects 

associated to mitofusin-2 (mfn2) mutations linked to Charcot-Marie-Tooth type 2A (CMT2A) 

could be rescued by HDAC6 inhibitors (Kumar et al. 2023). Lastly, pharmacological inhibition 

of HDAC6 was show to restore the transport defects of mitochondria and ER-derived vesicles 

in iPS-derived motor neurons isolated from Amyotrophic lateral sclerosis (ALS) patients 

bearing mutations in the FUS gene (Guo et al. 2017).  

Interestingly, the contribution of tubulin acetylation in the regulation of axonal transport 

dynamics also emerged from the study of p27Kip1 as regulator of ATAT1 stability. Loss of 

p27Kip1 in mice or of its ortholog Dacapo in Drosophila impairs axonal transport dynamics, 
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which can be restored either via HDAC6 inhibition or ATAT1 overexpression (Morelli et al. 

2018). 

To investigate the importance of tubulin acetylation at a tissue level, mice with germline 

deletion of ATAT1 were generated and characterized. Atat1 expression was lost in a broad 

variety of tissues but most abundantly in the brain, testis, renal pelvis and gastrointestinal 

tract. Surprisingly, loss of ATAT1, and therefore of tubulin acetylation, doesn’t affect the 

embryo viability but correlates only with a slightly deformed dentate gyrus (Kim et al. 2013), 

with enlarged lateral ventricles due to hypoplasia of the septum and striatum and impaired 

neuronal migrations to these areas (Li et al. 2019). Loss of ATAT1, and therefore tubulin 

acetylation, has also been correlated with cortical development alterations. Downregulation 

of ATAT1 expression in cortical progenitors impairs the morphology and migration of cortical 

projection neurons, defects that could be reduced upon HDAC6 knockdown or OE of tubulin 

K40Q, variant that mimics tubulin acetylation (Li et al. 2012). Furthermore, ATAT1-depleted 

mice showed callosal projections neurons, the upper layer cortical neurons whose axons 

project through the corpus callosum to the contralateral somatosensory cortex, with 

increased overbranching (Wei et al. 2018). A conditional gene deletion approach was instead 

adopted to selectively investigate the role of tubulin acetylation in sensory neurons. 

Conditional Atat1 KO (cKO) mice displayed decreased touch sensation. This observation was 

associated to an increased stiffness of the deacetylated sensory neurons, a decreased 

sensitivity of their expressed mechanoreceptors and downstream evoked current (Morley et 

al. 2016). Despite the various defects identified, after performing a broad battery of 

behavioral tests, loss of ATAT1 was only found to induce an anxiety-like behavior (Kalebic, 

Sorrentino, et al. 2013; Wei et al. 2018). 

2.4.4 Transport-associated diseases  

Given the importance of axonal transport in sustaining the morphology and activity of 

neurons, defects in this intracellular process have been widely correlated to multiple 

neurological disorders. Mutations in all the components of the transport machinery, including 

MTs, molecular motors, adaptors and cargos can lead to MT instability, loss of motor binding 

to MTs, and impaired motor recruitment of their associated cargos. These phenotypes have 

been widely correlated to a broad range of neurodegenerative diseases.  



27
 

The amyloid precursor protein (APP) and presenilin1 (PSEN1) are adaptor proteins that 

modulate kinesin recruitment of APP synaptic vesicles (Szpankowski, Encalada, and Goldstein 

2012), and their mutations, which have been widely linked to familial AD, correlate with 

axonal transport defects (Calkins et al. 2011; Pigino et al. 2003). Equally, pathological post-

translational modifications in the kinesin heavy chain (KHC) subunit or mutations in its 

adaptor KIF5A have been correlated to a plethora of other neurodegenerative diseases, 

including hereditary spastic paraplegia (HSP) (Liu et al. 2014; Schule et al. 2008), amyotrophic 

lateral sclerosis (ALS) (Nicolas et al. 2018), and Charcot- Marie Tooth disease (Liu et al. 2014). 

CMT has additionally been linked to mutations in the DYNC1H1 dynein subunit and 

downstream retrograde transport abnormalities (Zhao et al. 2016). Impaired organization of 

MTs or misfunctioning of their MAPs can lead to an impaired binding of motor proteins and 

cargos, and these defects have additionally been described in multiple disorders. For 

example, most of the HSP cases are linked to mutations in the MT-severing enzyme spastin 

which inhibit fast axonal transport dynamics and impair the intracellular distribution of 

organelles (Leo et al. 2017). Mutations in tau, another MAP with a key role in MT dynamics 

and motor recruitment onto MTs, correlates with axonal transport deficits. The tau mutation 

associated to FTD results in tau hypophosphorylation, decreased tau binding to MTs and 

impaired mitochondria axonal transport (Rodríguez-Martín et al. 2016).  

Altered levels of tubulin acetylation and downstream axonal transport defects have also been 

widely correlated to a broad spectrum of neurodegenerative diseases, including HD 

(Dompierre et al. 2007), PD (Godena et al. 2014), CMT2F and dHMN2B (d’Ydewalle et al. 2011; 

Kim et al. 2016), CMT2A (Kumar et al. 2023) and ALS (Guo et al. 2017). In all these cases, 

HDAC6 inhibitors restore tubulin acetylation level and improve transport defects, further 

strengthening the link between this PTM and the diseases pathophysiology.  

3. Local translation 

3.1 Introducing local translation: what and why 

Neurons are highly polarized cells, with long processes namely dendrites and axons that 

extend from the cell soma, defining subcellular compartments with distinct molecular identity 

and functions. Within every and each one of the neuronal sub-compartments 

(soma/dendrites/axon) we can identify domains (AIS, synapses, boutons) as well as 
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macromolecular complexes and structures (ER, Golgi, mitochondria, organelles and 

ribosomes) that are heterogeneously distributed according to their functions. In particular, 

the identification within axons and synapses of one of these structures has challenged one of 

the cores believes of molecular biology. The identification of ribosomes, the machinery that 

sustain protein synthesis, within these peripheral regions lead to the discovery that proteins 

are not only synthesized within the cell soma but can also be translated far away from this 

site through a mechanism defined as local translation. Since then, a plethora of studies 

started to investigate the advantages associated to a localized translation of proteins and to 

identify its regulatory mechanisms.  

Accordingly, local translation is a highly efficient system adopted by neurons to enable a quick 

and spatially restricted supply of proteins when most needed. Through this system, neurons 

can efficiently remodel the proteome of a given sub-compartment to respond efficiently to 

environmental stimuli or to comply with one of their biological needs.  

The translation of peripherally localized mRNAs has been so far described in multiple neuronal 

subtypes, including hippocampal (Glock et al. 2021; Hafner et al. 2019; Perez et al. 2021; 

Tushev et al. 2018; Younts et al. 2016) and dopaminergic (Hobson et al. 2022) neurons, as 

well as retinal ganglion (RGC) cells (Cagnetta et al. 2018; Cioni, Koppers, and Holt 2018; 

Shigeoka et al. 2016; Wong et al. 2017). In these polarized cells, proteins were found to be 

synthesized throughout their branched ramifications, not only along neurites but also within 

the most peripheral sub-compartments including synapses (Hafner et al. 2019; Oostrum et al. 

2023) and growth cones (Leung et al. 2018; Rangaraju, Tom Dieck, and Schuman 2017; Zivraj 

et al. 2010). The subcellular localization of mRNAs however appears as a highly conserved 

process throughout evolution, as it was identified not only in other non-neuronal cells within 

and outside the central nervous system but also in fungi and budding yeasts. Among the glial 

cells, local translation events were identified along the astrocyte processes (Sakers et al. 

2017) and their terminal endfeet contacting blood vessels (Boulay et al. 2017) or neuronal 

synapses (Sakers et al. 2017). In addition such events have also been reported within the 

myelinating sheets oligodendrocytes form around axons (Torvund-Jensen et al. 2014), the 

microglia processes (Vasek et al. 2021) and endfeet of radial glia cells (Pilaz et al. 2016). 

Outside of the central nervous system, mRNA transport and its peripheral translation were 

identified as key process for the embryonic patterning of Drosophila oocytes (Lasko 2020), in 
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migrating fibroblasts (Jung et al. 2014) and tumorigenic human cell lines  (Popovic D, Nijenhuis 

W, Kapitein C L 2020; Yan et al. 2016).To reach a given peripheral site where they will be 

ultimately translated, transcripts need to be transported from their site of transcription, the 

nucleus. There are multiple advantages from transporting mRNAs for their local translation 

than transporting proteins from point to point within the cell: 1) temporal and spatial 

controlled expression of proteins; 2) quantitative advantage under the protein output 

perspective; 3) qualitative control of the newly translated proteins.  

First, the transport and localization of mRNAs along neurites and at synapses ensure that 

proteins can be translated only where needed. In this way, neurons can spare energy by 

preventing an overproduction of proteins for a heterogeneous distribution everywhere in the 

cell. Furthermore, this transcript relocation system favors a temporal control of translation 

events, as localized mRNAs start to be translated only when mostly needed, in response to 

environmental stimuli or cellular activity. Thanks to this ability, cells can adjust their proteome 

quickly and in an energetically advantageous manner.  

Secondly, the local translation of an mRNA also retains a quantitative advantage. In fact, as a 

single mRNA can translate multiple copies of the correspondent protein (Biever et al. 2020), 

a single mRNA can contribute significantly to a local protein pull of that given transcript. The 

protein output obtained from the long-distance transport of a single mRNA is more abundant 

than the transport of a single protein to a given localization. Lastly, local translation ensures 

the structural and functional integrity of newly translated proteins where and when it’s 

mostly needed. Accordingly, with this mechanism a newly synthetized protein doesn’t burn 

part of her lifetime elsewhere, for example while being transported.  

As developing and maturing neurons need to constantly remodel their proteome to respond 

as efficiently as possible to environmental stimuli and to comply with their energetic needs, 

local translation becomes a process of extreme importance thorough the life of a neuron. A 

broad range of proteins were found to be translated during axonal growth, branching, 

synaptic formations, and activity. In RGC axons, hotspots of 𝛽-actin mRNAs reside at sites of 

branch emergence and their localized translation is important for their axonal harboring 

(Wong et al. 2017). In mouse hippocampal neurons, the recruitment at pre-synapses of the 

synaptosomal-associated protein 25 (SNAP25) transcript and its localized translation 

contribute to the assembly of pre-synaptic sites (Batista, Martínez, and Hengst 2017). 
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Additionally, presynaptic translation is essential for an induced long-term plasticity of GABA 

release in mature hippocampal interneurons (Younts et al. 2016). Local translation has been 

recognized a role also at post-synapses, as the dendritic-localized translation of synaptic 

related receptors such as the calcium/calmodulin-dependent protein kinase 2 alpha 

(CaMK2a) and mGluR has been linked to the modulation of synaptic plasticity and learning 

(Huber, Kayser, and Bear n.d.; Miller et al. 2002).  

3.1.2 Mechanisms regulating mRNA transport 

To be spatially distributed, mRNAs need to be directed through two main mechanisms that 

started to be elucidated only recently, namely co-translational targeting and motor-mediated 

transport.  

Co-translational targeting describes the process by which newly-translated secreted proteins 

(so defined as destined to be either secreted extracellularly or incorporated within ER, Golgi, 

organelles or plasma membrane) are directed to the ER. In detail, translating peptides retain 

a specific amino acid targeting sequence that is recognized by the signal recognition particle 

(SRP) and guided to its cognate receptor expressed on the ER for ER internalization (Jan, 

Williams, and Weissman 2014) (Figure 7 D).  

Other transcripts can be transported to peripheral compartments through an ATP-dependent 

and motor-driven mechanism in the form of ribonucleoprotein (RNP) granules. RNP granules 

are membraneless structures incorporating mRNAs, RNA-binding proteins (RBPs) and 

ribosomes that form by phase-separation from the cytoplasm into condensates with liquid-

like properties (reviewed in: Formicola, Vijayakumar, & Besse, 2019). Accordingly, electron 

microscopy analysis on RNA granules isolated either from mouse cortical cultures or P5 rat 

whole brain reveal that granules are RNAse-sensitive and display a compact morula-like 

structure, where ribosomes constitute their functional unit (El Fatimy et al. 2016; Kipper, 

Mansour, and Pulk 2022). These granules are translationally repressed, as unable to 

incorporate radioactive amino acids and therefore initiate translation (Krichevsky and Kosik 

2001). Very low amount of the leucine tRNA, the translation initiation factors eIF4E and 4G 

and the elongation factor eEF2, as well as of the poly A binding protein PABP1 were identified. 

On the contrary, RBPs with translation inhibitory proprieties as FMRP were abundant 

(Anadolu et al. 2022; Krichevsky and Kosik 2001). However, upon KCl-induced depolarization, 

RNP granules reorganize into less compact structures, enabling polysomes to extend out of 
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the granule for translation initiation (Krichevsky and Kosik 2001). Although the general model 

describes RNA granules as incorporating paused/stalled polysomes, ribosome footprint 

studies of RNP granules identified not only transcripts that are preferentially translated by 

polysomes, but also by monosomes (Anadolu et al. 2022). Among the most abundant mRNAs 

are the somatodendritic CaMKII, trkB and NMDAR1 (Krichevsky and Kosik 2001) and the 

cytoskeleton proteins beta-actin, Tubb2b and map1b, expressed both within dendrites and 

axons (Anadolu et al. 2022). 

How these granules undergo long-distance transport along neurites for their peripheral 

distribution and localized translation has been the focus of multiple groups. 

Immunoprecipitation studies started to show that RNAse-sensitive granules enclosing a 

subset of mRNAs and RBPs associate to motors of the kinesin superfamily (Dictenberg et al. 

2008; Kanai, Dohmae, and Hirokawa 2004). Through their binding to motors, RNP granules 

can undergo a MT-dependent bidirectional motion for their axonal distribution and functional 

roles at peripheral sites (Medioni et al. 2014). This transport mechanism was reported for the 

RBP fragile X mental retardation protein (FMRP), which interacts with kinesins through its C-

terminal domain (Dictenberg et al. 2008) and with the dynein-dynactin complex through the 

adaptor protein BicD (Bianco et al. 2010). Loss of FMRP was found to reduce the stimuli-

induced bidirectional transport and dendritic distribution of its target CaMKIIa mRNA, 

impairing dendritic spine morphology (Dictenberg et al. 2008). Similarly, the bidirectional 

transport of the RBP Imp enables the axonal distribution of the associated chickadee mRNAs, 

to ultimately modulate axonal growth and branching (Medioni et al. 2014).  

Together with transported RNP granules, other examples of membrane-less assemblies are 

stress granules (SGs) and processing bodies (PBs), which generate under stress conditions. 

The assembly of these granules is part of the integrated stress response mechanism set up by 

the cell to restore cell homeostasis. Their assembly is triggered by the phosphorylation and 

therefore silencing of the translation initiator eIF2alpha, followed by the recruitment and 

agglomeration of mRNAs, RBPs, ribosomes as well as pro-apoptotic molecules. Within these 

granules, its constituents are protected from stress-induced damage and maintained 

silenced, to prevent their translation initiation or initiation of apoptosis (Thomas et al. 2011). 

However, the advent of single molecule imaging techniques has started to challenge the idea 

that only silenced transcripts can be found within SGs. By using the SunTag technology which 
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enables the live imaging tracking of a transcript undergoing active translation (Yan et al. 

2016), translating mRNAs have been visualized on SGs, seldomly transitioning from these 

granules to the cytosol, confirming the dynamic state of these structures (Mateju et al. 2020).  

3.1.2 RNA binding proteins regulating mRNAs transport and localized translation 

In the last 20 years, a major focus has been directed to the study of the 𝛽-actin mRNA, 

shedding light on the mechanisms regulating its subcellular distribution and aggregation into 

RNP granules. By providing a broader understanding of how, when, and why this transcript is 

associated to molecular motors and regulatory proteins, many groups established the 

foundations of these intracellular mechanisms. This field is now extending its focus to 

hundreds of other mRNAs, thanks to the technological advances based on both sequencing 

and imaging screening approaches.  

The fate of mRNAs is defined by the concurring or subsequent binding of multiple RBPs to cis-

acting regulatory motifs within the untranslated regions (UTRs) of mRNAs. Through this 

binding, RBPs regulate their translation state, as well as modulate the recruitment of motor 

proteins to promote the MT-directed transport of mRNAs. A given RBP can, however, target 

multiple transcripts. This propriety confers RBPs a moderate adaptability, and, consequently, 

allows neurons to reply quickly and efficiently to stimuli. One of the first identified adaptors 

of 𝛽-actin mRNA is zipcode binding protein 1 (ZBP1), which recognize and bind to the 54 

nucleotide-long regulatory zipcode region within the transcript’s 3’UTR (Ross et al. 1997). 

Through co-localization and co-fractionation studies, ZBP1 was found to work in joint with 

other interactors, namely Htt and HAP1, to bind to the zip-code region of 𝛽-actin mRNA. Their 

association to KIF5A and the cytoplasmic dynein regulates the transcript’s bidirectional MT-

dependent motion (Ma et al. 2011). Furthermore, a regulatory mechanism described for both 

𝛽-actin and 𝛽-2B tubulin mRNAs assigns the adenomatous polyposis coli (APC) protein the 

propriety to tether the APC-binding motif found within their 3’UTRs to the KAP3-loaded KIF2 

(also called KIF3A/B) motor and regulate their long-distance transport. Thanks to its 

preferential affinity for 𝛽-tubulin mRNA whose expression level is 10 times lower than 𝛽-actin 

mRNA, APS efficiently regulates the trafficking of both transcripts (Baumann et al. 2020). 

Another transcript found to interact with a set of RBPs for its dendritic distribution is Rac1. 

While TDP43 and FMRP are essential to modulate its anterograde transport and distribution 

into dendritic spines, its interaction with Staufen regulates its retrograde trafficking. TDP43 is 
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also a translator repressor, that maintains Rac1 granules translationally silenced during their 

transport for their ultimate release at spines, sites of local translation (Chu et al. 2019).  

A growing body of evidences is now supporting a model describing a heterogeneous 

population of RNP granules with the shared role of maintaining the enclosed transcripts at a 

translationally repressed state. The isolation of two different granule subtypes expressing 

either Staufen2 (Stau2) or Barentsz (Btz) revealed that only one third of their protein 

interactome was shared. This list includes FMRP, Pur-𝛼 and DDX6 which all contribute to RNA 

localization, and many translational repressors including ZBP1 and FMRP. Their heterogeneity 

was also found at the mRNA level, as some transcripts were common in both granules (Lypla1) 

or enriched in one of the two (Arc and Linkk1 mRNAs in Btz granules while CaMKII-alpha 

mRNA in Stau2 granules) (Fritzsche et al. 2013). Accordingly, endogenous CaMKII-alpha, 

MAP2 and Sept7 mRNAs distribute along dendrites with a not-overlapping pattern, suggesting 

that they are sorted in different granule types for their long distance transport (Tübing et al. 

2010).  

Despite their heterogeneity, RNP granules are all believed to enclose translationally silent 

mRNAs. Dendritic RNP granules were found to express the cap binding protein 80 (CBP80), 

component of the cap binding complex, and Y14/RBM8A, component of the exon junction 

complex (EJC), which together associate to a target mRNA for its nuclear export and 

agglomeration into RNP granules. As their disassociation from the transcripts occurs upon 

translation initiation, their identification within granules indicates that the sequestrated 

transcript are translationally silent (Wang et al. 2017). While most granules are translationally 

repressed, it is clear that RNP granules also retain the machinery required for translation 

initiation. Half of the proteins identified within RNP granules isolated from mouse brain 

corresponded to ribosomal subunits (El Fatimy et al. 2016). These proteins were found 

together with the ATP-dependent helicase of the DEAD box family (DHX30), which contribute 

to the mRNAs unwinding, and the translation initiation factors eIF3b and eIF3c (El Fatimy et 

al. 2016). Furthermore, the advent of new imaging technologies that enable the live imaging 

tracking of a given transcript and its translation dynamics revealed that 𝛽-actin mRNA 

granules can undergo active translation along dendrites (Wu et al. 2016). These data suggest 

that the heterogeneity in protein and transcript content found across different RNP granules 

can also be extended to their translational proprieties. It can therefore be speculated that 
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their unique identity could underline different transport dynamics and functions, to 

ultimately regulate the fate of different transcripts.   

3.1.3 External cues driving mRNAs transport and local translation 

The fact the RNP granules are highly dynamic structures that can quickly rearrange their 

architecture, the fact that they accommodate RBPs whose activity can be quickly adjusted by 

PTMs, and the fact that they are associated to motor complexes, make these condensates 

prone to respond rapidly and efficiently to environmental fluctuations. Extrinsic cues or 

intrinsic events can trigger their subcellular relocation and structural remodeling, to provide 

peripheral compartment with a newly synthesized pull of proteins, needed to sustain a given 

cellular response.  

Given the importance of 𝛽-actin for the formation and stabilization of spines (reviewed in: 

Lei, Omotade, Myers, & Zheng, 2016), multiple studies converged their attention to its 

transcript, with the aim on unravelling the factors triggering its peripheral localization and 

local translation. 𝛽-actin mRNA, along with peripherin and vimentin transcripts, owe their 

axonal localization to the neuronal exposure to neurotrophic factors (NGF, BDNF). This 

mechanism is transcript-specific, as Uch-L1 (neurodegenerative-associated protein), 

grp78/BiP and HSP70 (ER proteins) were not sensitive to these factor’s gradients (Willis et al. 

2005). A given transcript, however, can respond to a broad range of stimuli that can act in 

coordination or individually to elicit a given cellular response. Accordingly, neurotrophin-3 

(NT-3) can also elicit a ZBP1-dependent distribution of 𝛽-actin mRNA within growth cones of 

cultured neurons, effect that was inhibited upon expression of antisense oligonucleotide to 

the beta-actin zipcode region (Zhang et al. 2001). Furthermore, the transport within growth 

cones of 𝛽-actin mRNA and its co-transported regulatory protein Vg1RBP (homolog of the 

zipcode binding protein 1, ZBP1, in mouse neurons) can also be modulated by Netrin-1 for its 

distribution and localized translation (Leung et al. 2006). Glutamatergic signal and activity 

patterns that define neuronal maturation have also been identified as priming events for 

mRNAs trafficking and for their translation at peripheral sites. A photochemical activation of 

glutamate receptors at dendritic spines to elicit a localized excitatory post-synaptic potential 

(EPSP) triggers the trafficking to and local recruitment at spines of beta-actin mRNAs, where 

they undergo localized translation (Yoon et al. 2016). However, KCl-induced depolarization 

has been shown to correlate not only with an increased dendritic localization of ZBP1 granules 
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containing 𝛽-actin mRNAs, but also of Rac1 and map1b mRNAs associated to TDP43 (Chu et 

al. 2019; Tiruchinapalli et al. 2003). More recently, neuronal activity elicited either via KCl-

induced depolarization or tetradotoxin (TTX)-withdrawal paradigm was correlated to cycles 

of Arc1 mRNA transport to selective dendritic domain enriched in spines, forming local hubs 

of locally translated Arc1 proteins induced by eIF4E (Das et al. 2023). These data suggest that 

the cue-driven distribution of mRNAs is regulated in space and time and that this regulatory 

mechanism is essential to remodel their local proteome and to sustain their localized 

functions.  

3.1.4 Ribosome transport 

Ribosomes have been widely identified along neurites (Hafner et al. 2019; Shigeoka et al. 

2016) and described as translationally active both in form of monosomes and polysomes 

(Biever et al. 2020). Their transport can be modulated via multiple mechanisms: 1) via motor-

based transport; 2) as part of RNP granules; 2) via association to membrane-bound organelles. 

In C. elegans, the axonal distribution of ribosomes is regulated by UNC-16, adaptor protein 

for the kinesin-1-mediated cargos transport, and rely on microtubule proteins, as their 

mutated forms impair the ribosomal axonal distribution (Noma et al. 2017). Ribosomes also 

constitute the structural units of RNP granules (El Fatimy et al. 2016) which undergo a MT-

based and motor-driven bidirectional transport (Dictenberg et al. 2008; Kanai et al. 2004; 

Medioni et al. 2014). However,  while ribosome-containing RNP granules can be transported 

by trafficking lysosomes (Kipper et al. 2022; Liao et al. 2019), polysomal chains have been 

identified on ER-derived ribosome-associated vesicles (RABs) where they arrange into spiral-

like structures (Carter et al. 2020). The presence of ribosomes along neurites and their 

association to transcript-enriched granules allows neurons to modulate their proteome with 

a spatially restricted and temporally controlled manner. 

3.2 mRNAs translation coupled to membrane-bound organelles 

While on the one hand RNP granules can undergo bidirectional transport along the MT 

network through their direct interaction with the transport machinery, on the other hand 

they can also tether on membrane bound organelles, such as the ER, mitochondria, 

lysosomes, and endosomes.  

3.2.1 Endoplasmic Reticulum 
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The ER is a membrane-bound organelle with a unique architecture that distributes 

throughout the entire cytoplasm of a cell, including the peripheral compartments of neuronal 

cells. The "rough" domain has a high density of ribosomes at its surface and is primarily 

localized around the nucleus where it organizes in a network of folded sheets. The "smooth" 

ER, ribosome-pour, extends to the peripheral compartments of a cell forming a network of 

interconnected tubules, seldom forming cisternae (Figure 7 A).  Their axonal localization is 

due to their bidirectional movement along MT modulated by two independent mechanisms: 

1) via the formation of the TAC complex, generated from the interaction between the ER 

protein STIM1 and the MT-associated protein EB1; in this way, the ER is anchored to MTs and 

moves according to their growth or retraction (Figure 7 B); 2) via the interaction with motor 

proteins which modulate the bidirectional sliding of the associated ER along the MT network 

(reviewed in: Öztürk, O’Kane, & Pérez-Moreno, 2020) (Figure 7 C).   

Among its broad range of functions, the ER is also a key player in the secretory pathway. This 

pathway refers to the cellular process that involves the transport on newly synthesized 

proteins and lipids thought the endoplasmic reticulum (ER) and Golgi apparatus to their 

ultimate intra- or extracellular localization (reviewed in: Sicari, Igbaria, & Chevet, 2019). It was 

in the contest of the secretory pathway that the organelle-associated translation was first 

described in non-neuronal cells.  

One of the most characterized mechanisms of ER-associated translation involves the signal 

recognition peptide (SRP) which recognizes signal peptides at the N'-terminal sequence of 

translating proteins and direct it to its cognate receptor expressed on the ER. Upon binding, 

the associated mRNA/ribosomes complex is translocated to the Sec translocon, a protein 

conducting channel located on the ER membrane, for its entry into the ER (Zhang and Shan 

2014) (Figure 7 D). 

ER-couple translation can also be modulated by the synergistic activity of cytoplasmic RBPs 

and adaptor proteins associating to newly translated polypeptide chains. This mechanism was 

described in a range of non-neuronal human cell lines for the CD47 mRNA, which encodes for 

a plasma membrane protein belonging to the immunoglobulin superfamily. The binding at 

uridine-rich domains within its 3’UTR by the RBP TIS11B induce the formation of reticular peri-

nuclear assemblies that intertwine with the ER to form the TIGER (TIS granule-ER) domain 

(Ma and Mayr 2018). Within these granules, mRNAs can undergo active translation. Thanks 
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to the further binding of the RBP Hur (ELAVL1) onto the 3’UTR of the CD47 mRNA, recruitment 

of SET which targets the newly translated CD47 C-terminus, and mobilization of RAC1 which 

triggers the peptide mobilization to the ER membrane, the CD47 protein is thereafter 

trafficked to the ER via the Sec translocon. TIS granules are enriched with several transcripts 

including BCL2, CD274, as well as other proteins as HSPA8, a chaperone with important role 

for the folding of newly synthesized proteins (Berkovits and Mayr 2015; Ma and Mayr 2018) 

(Figure 7 E). 

Whether ER-associated translation occurs along neurites is still an open question. Recent 

findings show that mRNA-associated ribosomes interact with the ER to promote local 

translation, as shown by the decreased ribosomal distribution and translation events along 

axons upon disruption of the ER architecture (Koppers et al. 2022). This interaction is 

modulated by the binding of ribosomes to their cognate receptor p180 and is mRNA 

dependent. Accordingly, while pulldown assays for p180 identified ribosomal proteins as 

major interactors, their detection decreased significantly when RNA digestion was performed 

before the assay (Koppers et al. 2022) (Figure 7 F). This study paves the way to the idea that 

translation is also coupled to axonal ER but given the dynamicity of this organelle there’s still 

a lot to be elucidated on the mechanisms regulating this process and its functional outcomes 

at a subcellular level.  Interestingly, ER-derived vesicles identified along dendrites display on 

their outer membrane clusters of ribosomes arranged in a spiral-like fashion that resemble 

polysomal assemblies (Carter et al. 2020). Together with the ribosome-associated ERs 

trafficking along axons, these ribosome-associated vesicles (RAVs) can therefore serve as 

mobile platform for the translation machinery contributing to a spatial regulation of local 

translation (Figure 7 F). 
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Figure 7. The ER, its transport dynamics and associated translation. (A) The ER distributes 
within the entire volume of a neuron and differentiates into the ribosome-rich rough ER in 
the cell soma, and the smooth ER composed of tubules and cisternae within neurites. Panel 
(A) was adapted from (Öztürk et al. 2020). (B, C) Mechanisms regulating the ER motility. The 
ER can either bind onto MTs and follow its dynamics (B), or associate to molecular motors 
which regulate their bidirectional motion. (D-F) The ER and its associated translation events. 
Translating peptides can be recognized by the SRP and directed to the ER for their 
internalization (D). TIGER domain-associated transcripts can undergo active translation to be 
then trafficked to the associated ER for their internalization (E). Ribosomes localize on ER-
derived vesicles, as well as on the ER outer membrane while undergoing active translation 
(F).  
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3.2.2 Mitochondria 

Mitochondria are exceptional organelles that play a broad range of biological functions and 

are therefore essential to sustain neuronal development and activity. They cover crucial roles 

in metabolism and calcium homeostasis, as they regulate ATP production, lipid biogenesis, 

ROS production and calcium clearance. These organelles distribute throughout every 

neuronal subcompartment, ought to their dynamic and remodeling architectures able to 

undergo fusion and fission, and to their association to the transport machinery (reviewed in: 

Rangaraju, Lewis, et al., 2019). Mitochondria also localize at synapses where they provide the 

energy supply needed to sustain local translation events during synaptic plasticity (Rangaraju, 

Lauterbach, and Schuman 2019) (Figure 8 A). Whether mitochondria contribute to local 

translation only by providing the required energy supply (Rangaraju, Lauterbach, et al. 2019) 

or also by other means has not been elucidated yet. Recent insights come from studies that 

started to elucidate the role of mitochondria as shuttling platform for translating mRNAs 

(Harbauer et al. 2022).  

Mitochondria proteins are generally nuclear-encoded and have a very short half-life. For this 

reason, it becomes very challenging for these proteins to reach peripheral compartments 

without being previously degraded. To overcome these limitations and guarantee an efficient 

supply and turnover of their constitutive proteins, mitochondria can shuttle mitochondrial 

transcripts on their outer membrane, thus providing a platform for their active translation. 

Accordingly, a compelling number of combined transcriptome and translatome datasets 

detected nuclear-encoded mitochondria mRNAs engaged in translation along neurites and at 

synapses (Glock et al. 2021; Hobson et al. 2022; Shigeoka et al. 2016). A pioneering study that 

supports this model used a proximity-specific ribosomal profiling technique to characterize 

translation events at a subcellular compartment resolution, e.g. at mitochondria. This 

technique consists in the biotinylation of ribosomes expressing a biotin acceptor peptide, 

their interaction with a biotin-ligase fused to the mitochondria outer membrane (OMM), and 

their isolation for sequencing of their associated transcripts (Figure 8 B). Over 85% of the 

identified targets were annotated as mitochondrial. This study, combined with the 

dentification of ribosomes at the surface of mitochondria (Gold et al. 2017), strongly advocate 

for the mitochondria-coupled translation (Williams, Jan, and Weissman 2014).   
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These observations pave the way for mechanistical studies to understand how a given 

transcript could be shuttled on mitochondria. In mouse neurons, the transcript encoding for 

the mitochondrial PTEN-induced kinase 1 (pink), protein with a key role in axonal mitophagy, 

anchors to mitochondria via two conjoint mechanisms: 1) the AMPK-mediated interaction 

with the RNA-associated protein SYNJ2a and its mitochondria-associated binding partner 

SYNJ2BP; 2) its own translating polypeptide chain. This latest requirement defines a 

mechanism described as co-translational targeting, where the newly synthesized chain 

retains a targeting sequence for sub-compartments or organelles as mitochondria. 

Accordingly, treatment with the translation inhibitor puromycin prevents the interaction in 

situ between SYNJ2BP and SYNJ2a, along with the distribution of the target mRNA via 

mitochondria hitchhiking. In such manner, mitochondria can distribute Pink1a mRNA to 

peripheral compartments and at the same time provide a constant supply of newly 

synthesized PINK1 proteins to drive the mitophagy reaction cascade (Harbauer and Schwarz 

2022; Hees and Harbauer 2023) (Figure 8 C). However, compelling evidences show that 

mitochondria can sustain the dynamic turnover of their protein content not only via 

translation events occurring on their outer membrane, but also occurring in their 

proximity. LaminB2 mRNA (lmnb2), essential for mitochondria integrity, is translated on Rab7 

late endosomes that creates persistent contact points with nearby mitochondria. The 

integrity and activity of late endosomes is essential to regulate their localized translation 

events as disruption of their functions decreases significantly LaminB2 translation (Cioni et al. 

2019) (Figure 8 D). As for the case of late endosomes, transcripts encoding for nuclear derived 

mitochondrial proteins have been identified on early endosomes (Schuhmacher et al. 2023). 

These studies propose a functional coordination between organelle subtypes, where the 

translation potential of one supports the structural integrity of the other.    
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Figure 8. Mitochondria coupled-translation. (A) At synapses, mitochondria provide the 
energy for local translation and induced-morphological plasticity. (B) Schematic of the 
proximity-specific ribosomal profiling technique used in yeast cells to characterize the 
mitochondria-associated translation events. (C) Mitochondrial mRNAs are transported and 
translated on mitochondria to sustain mitophagy. (D) Mitochondrial mRNAs are translated on 
nearby endosomes to support the integrity of nearby mitochondria.  

 

3.3.3 Endosomes 

Endosomes are dynamic organelles that form by the invagination of the plasma membrane. 

They play a major role in maintaining cellular homeostasis and synaptic plasticity, as they are 

involved in the internalization, transport and sorting of molecules such as proteins, receptors 

and neurotransmitters for their degradation, storage or recycling to the plasma membrane 

(reviewed in: Roney, Cheng, & Sheng, 2022). Emerging evidences are however pinpointing a 
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new correlation between endosomes and translation regulation. Constituents of RNP 

granules as ribosomes, RBPs and mRNAs were identified on both early (rab5-expressing) and 

late (rab7-expressing) endosomes (Cioni et al. 2019).  

Recently, early endosomes have been investigated for their biased anterograde transport and 

for their promising role in distributing mRNAs along neurites. In HEK cells, early endosomes 

(EEs) carry the five-subunit endosomal Rab5 and RNA/Ribosome intermediary (FERRY) 

complex which interacts with monosomes and polysomes and modulates the recruitment of 

a selective range of mRNAs, the majority of which are nuclear encoded mitochondria 

proteins. Loss of the FERRY complex subunit Fy-2 decreases the complex colocalization with 

early endosomes, suggesting that this subunit mediates the binding of the complex to EEs, 

and loss of the FERRY complex decreases the colocalization between EES and the identified 

mRNAs (Schuhmacher et al. 2023). Interestingly, subcellular resolution analysis confirmed the 

colocalization of these transcripts with FERRY-loaded EEs along axonal projections 

(Schuhmacher et al. 2023) (Figure 9 A). 

While both early and late endosomal populations can traffic RNP granules along axons (Cioni 

et al. 2019; Schuhmacher et al. 2023), only Rab7 endosomes are essential to regulate the 

translation dynamics of the associated mRNAs. Global translation along axons as well as 

candidate-specific translation on late endosomes (as shown for LaminB2 mRNA) were both 

significantly reduced upon chemical-induced perturbation of late endosomes function (Cioni 

et al. 2019) (Figure 9 C). While the function of endosomes as platforms for the translation 

machinery starts to be elucidated, whether this mechanism is restricted for a given population 

of transcripts remains an open question. To characterize the endosome-associated 

transcriptome, Popovich and colleagues used Hela cells to combine an affinity isolation 

approach with spatial transcriptomics and identified a population of transcripts with an 

endosomal and translation-dependent subcellular distribution. Among these transcripts, 

Early Endosomal Antigen 1 (EEA1) mRNA was found to tether onto these organelles via its 

coding region and interacts with the translation-inhibitor Cysteine And Glycine Rich Protein 1 

(CSRP1), which controls its protein output (Popovic D, Nijenhuis W, Kapitein C L 2020) (Figure 

9 B). 

Given the limited knowledge on endosome-couple translation in mammalian cells, other less 

complex systems, where this mechanism has been more widely studied, are being used as a 
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model and source of information. In the past decade, the corn fungus pathogen ustilago 

maidis has attracted the attention of neurobiologists as it presents anatomical features that 

can be compared to those of neurons. Accordingly, this fungus has a highly polarized 

morphology and presents with MT-dependent transport along their hyphae protrusions. 

Growing hyphae enable the infection of the host and are therefore essential for the fungus 

virulence (Vollmeister et al. 2012). It was in this system that the mechanism of hitchhiking, 

the co-transport of mRNA and endosomes, was first described. Through this mechanism, the 

mRNA encoding for the septin Cdc3 anchors onto Rab5+ endosomes to be transported along 

the hyphae and sustain their growth (Baumann et al. 2014). Rrm4 is the most characterized 

RBP mediating the mRNA-endosome cotransport via its three N-terminal RNA recognition 

motifs (RRMs) and two C-terminal MademoiseLLE (MLL) domains. Through its RRMs, Rrm4 

recognize multiple binding motifs not only in the 3’UTR but also along ORFs, at the start and 

stop codons (Olgeiser et al. 2019). On the other hand, the two MML domains recognize the 

adaptor protein Upa1 which, in turn, interacts with the endosomal PIP3 lipids via its FYVE zinc 

finger domain. Accordingly, loss of Upa1 impaired the transport and distal localization of 

Rrm4-bound Cdc3 mRNAs and correspondent proteins. These observations led the authors 

propose a model where Rrm4 mediates the endosomal transport and local translation of the 

Cdc3 mRNA for the peripheral distribution of functional proteins (Pohlmann et al. 2015). Rrm4 

has been shown to form RNP-endosome complexes also in partnership with Pab1 (Pohlmann 

et al. 2015) and by interacting with a broad subsets of transcripts encoding for mitochondrial, 

vesicular transport and cytoskeleton proteins (Olgeiser et al. 2019). All four septins mRNAs 

(cdc3, cdc10, cdc11, cdc12) and the correspondent proteins assembled into heteromers are 

co-transported on endosomes (Figure 9 D). The heteromer formation is a prerequisite for the 

septins trafficking, as indicated by their impaired peripheral localization upon loss of their 𝛼-

helix, essential region for septin-septin interactions. Interestingly, the transport of the septin 

proteins is also dependent on the mRNA-binding protein Rrm4, as its absence significantly 

decreased their long-distance transport. Thus, this study proposes a model where septin 

mRNAs are translated on endosomes where they further assemble into heterodimers for their 

delivery to the hyphae growth pole (Zander et al. 2016). This model is further supported by 

the identification of ribosomes on Upa/Rrm4-associated endosomes (Pohlmann et al. 2015).   
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Because of the similarities in the structural organization of the MTs and the transport 

machinery, the process describing mRNAs being shuttled by moving endosomes while 

undergoing active translation might not be restricted to u. maidis but might occur also in more 

complex systems as mammalian neurons.  

 

Figure 9. Endosome-coupled translation. (A) In neurons, the FERRY complex couples a subset 
of transcripts to Rab5+ early endosomes. (B) The adaptor protein CSRP1 tethers the 
endosomal EEA1 mRNAs to early endosomes and controls its translation. (C) In neurons, 
Rab7+ late endosomes shuttle the mitochondrial lmnb2 mRNA to supply the nearby 
mitochondria with newly translated peptides and support their structural integrity. (D) In 
fungi, the septin Cdc3 mRNAs are transported and translated on Rab5+ early endosomes via 
the Upa1/Rrm4/Pab1 complex, supplying the vesicles with newly translated proteins.  

 

3.3.4 Lysosomes 

Lysosomes contribute to the maintenance of cellular homeostasis by controlling the 

degradation and recycling of intracellular proteins, organelles and lipids (reviewed in: Roney, 
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Cheng, & Sheng, 2022). Recent findings suggest that, similarly to other membrane-bound 

organelles as mitochondria and endosomes, lysosomes could also serve as transporting units 

for other macromolecular structures such as RNP granules. EM analysis of neuronal RNA 

granules isolated from newborn rat brains show morula-like structures abundantly associated 

with cytoskeleton-like structures and seldom in proximity with lysosomes. Cytoskeletal 

components and multiple Rabs were also identified as constituents of the isolated granules 

through a complementary proteomic approach (Kipper et al. 2022). This study strongly 

indicates that RNP granules traffic through a MT-based transport, which can occur through a 

lysosome-mediated hitchhiking mechanism. This mechanism is modulated by annexin A11 

(ANXA) which serves as molecular tether between the two organelles (Liao et al., 2019). 

Whether local translation can occur on lysosomes hasn’t been investigated yet.  

3.3 Toolbox to investigate local translation 

3.3.1 Transcriptome/translatome analysis of peripheral compartments 

Our current knowledge about sub-compartments localization of mRNAs comes from the over-

time development of techniques with increased resolution and sensitivity. Approaches as 

microdissections and fractionations that allow the separation of subcellular compartments 

are used to prepare a more and more resolved starting material (such as neuropils, isolated 

dendrites and/or axons, cell somas or subcellular organelles). Their combination with 

sequencing strategies, which are more and more recurrently combined with high throughput 

in situ hybridization analysis, generate subcellular transcriptomic pictures with an extremely 

high level of detailed information. By looking at the populations of transcripts found within 

these peripheral compartments, we can therefore have a first overview of the potential 

candidates undergoing localized translation. A pioneered approach from the Schuman’s lab 

takes advantage of the laminar organization of the hippocampus to microdissect soma-free 

neuropils from its CA1 region. This approach was used to perform RNA-seq analysis and 

identify transcripts with dendritic and/or axonal origins (Cajigas et al. 2012). This dataset was 

later combined with a translatome readout and bioinformatic filtering to identify the 

neuropil-up translatome of glutamatergic neurons, devoid of GABAergic and glia 

contaminants. This descriptive study shows that transcripts preferentially translated at 

neuropils have longer 3’UTRs than soma-up transcripts but unchanged translation efficiency, 

which is influenced by the length of their UTRs and coding sequence (Glock et al. 2021).  
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To further deepen the current knowledge on compartment-specific transcriptome and bring 

it to a single cell resolution, scRNA-seq was performed on laser-dissected soma and dendritic 

processes of individual cultured hippocampal neurons. Somatic transcriptome analysis 

enabled the identification of glutamatergic and GABAergic neuronal subtypes, which revealed 

both common and unique dendritic transcripts. This method can therefore identify inter-

cellular heterogeneity within the same or different neuronal subtypes (Perez et al. 2021). This 

study also aims at understanding if different neuronal subtypes undergo the same local 

translation dynamics along neurites. To this aim, it combines the use of cre-driven conditional 

mouse lines with click chemistry and illustrate how local translation is a common property of 

neuronal dendrites, despite their origin (Perez et al. 2021).  

Laser microdissection was also employed to isolate much smaller subcompartments as 

growth cones. Here, translation is developmentally regulated, as the number and species of 

localized transcripts increased with the maturation of the neurons (Zivraj et al. 2010).  

A step forward in increasing subcellular resolution was achieved when the synaptosomes 

preparation procedure was combined with the fluorescence-activated synaptosomes sorting 

(FASS) for downstream mass spectrometry analysis. This workflow was applied to cre-

inducible SypTOM mice to sort and characterize the synaptic proteome of different cell-type-

specific synapses isolated from different microdissected brain areas. The dataset generated 

from this experimental set-up draws a comprehensive picture of the common and subtype-

specific proteomic traits underlining synapses diversity (Oostrum et al. 2023).  

Ribosome profiling is a revolutionary technique that characterizes the ribosome-protected 

mRNA fragments via high-throughput sequencing, providing a snapshot of mRNA translation. 

It enabled the translatome profiling of neuropils microdissected from rat hippocampal slices 

and the identification of ribosomal mRNAs as locally translated for their downstream 

incorporation into pre-existing ribosomes (Fusco et al. 2021). Only recently, however, this 

technology has been adopted for single cell analysis. When applied to mouse unfertilized 

oocytes or fertilized embryos from 1-cell to 8-cell stages, it was possible to characterize the 

translation changes at a single cell level during embryonic development (Cenik and Can 2021). 

Lastly, the advent of the spatial transcriptomic revolution, that interrogates a full tissue 

transcriptome by preserving its spatial context and cellular resolution, opened the way to a 

new frontier of datasets with multiple dimensions. This pioneering technology led to the 
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development of a single-cell spatial translatome approach that unravel the protein synthesis 

dynamics of tissue-specific isolated cells at a subcellular resolution (Zeng et al. 2023).  

3.3.2 Isolation of membrane-bound organelles 

While on the one hand a broad set of methodologies were developed to interrogate the 

transcriptome and translatome of subcellular compartments such as soma, neurites, and 

synapses, on the other hand parallel strategies evolved to further refine and bring the analysis 

resolution to the level of macromolecular complexes as ribosomes and membrane-bound 

organelles (ER, golgi, vesicles). Membrane-bound organelles play a broad variety of essential 

functions in the maintenance of cell homeostasis and their dysregulation has been widely 

associated to a spectrum of neurological and non-neurological diseases. It is therefore 

imperative to isolate these organelles not only to characterize their composition and 

therefore unveil their biological roles but also to identify pathological proteomic and 

transcriptomic changes that could lead to the identification of disease-related biomarkers and 

the development of therapeutic strategies. 

Gradient centrifugation represented the golden standard method for the isolation of 

membrane bound organelles, including vesicles (Even et al. 2019), lysosomes (Gao et al. 

2017), endosomes (Pensalfini et al. 2021), and mitochondria (Hubbard et al. 2019; Jeandard 

et al. 2023). However, this strategy was rapidly outshined by affinity purification methods, 

that use beads-conjugated antibodies targeting an organelle’s surface protein. This strategy 

is less time consuming and yields to a purer isolated fraction, has been widely employed to 

purify organelles expressing tagged membrane proteins from a broad range of neuronal and 

non-neuronal cell types. Beads coupled to antibodies targeting the endogenous EEA1 or 

CKAP4 proteins enabled the affinity purification from homogenized Hela cells of early 

endosomes or ER, respectively, for subsequent transcriptome analysis (Popovic D, Nijenhuis 

W, Kapitein C L 2020). Sorting endosomes were also isolated from embryonic stem (ES)-cell 

derived motoneurons by exploiting the reaction developed by a cell to the exposure to 

tetanus neurotoxin and its binding fragment HCT. Cells internalize this toxin by endocytosis 

into signaling endosomes that undergo retrograde transport towards the soma. Firstly, ES 

cells are exposed to isotopically-tagged amino acids to label translating proteins. Then, they 

are differentiated into motoneurons and exposed to HCT for its internalization. Lastly, HCT 

labelled endosomes are sorted via magnetic purification for downstream proteomic analysis 
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of their SILAC-labelled proteome (Debaisieux et al. 2016). Affinity purification was also 

applied to characterize the lysosomal proteome of C. elegans transgenic lines generated with 

tissue-specific promoters to express lysosomal membrane proteins tagged with 3 tandem HA 

epitopes in different cellular types, including neurons (Yu et al. 2022).  

More recently, flow cytometry has been adopted to sort fluorescently-labelled organelles by 

fluorescent-activate organelle sorting (FAOS). Although this strategy requires a more 

laborious set-up optimization, it has been successfully used to isolate not only membrane 

bound organelles as secretory granules (Gauthier et al. 2008), extracellular vesicles (Cao et al. 

2008) and ER (Horste et al. 2022) but also liquid phase-separated granules as TIS11B granules 

(Horste et al. 2022; Ma and Mayr 2018) with a common strategy that includes a careful cell 

lysis, brief centrifugation for sample clearing and ultimately FAOS. 

3.4 Translation-associated diseases 

Local translation in neuronal peripheral compartments requires the long-distance transport 

of mRNAs which is achieved through the assembly and proper functioning of a mRNA 

transport system. This system encompasses RNP granules with their mRNAs and associated 

RBPs, motor proteins and their adaptors, and its disruption has been correlated to 

neurological disorders. 

Disease-causing mutations in genes encoding for RBPs and adaptor proteins have been 

associated to mRNA transport and translation defects, all together recalling the importance 

of the integrity of the RNP granule transport machinery. The RBP fused in sarcoma (FUS) 

participates in a broad range of mechanisms, such as RNA splicing, distribution and 

degradation, and associated mutations have been correlated to both ALS and FTD. Spinal cord 

transcriptomic analysis from humanized FUS mice encoding the ALS-linked FUS mutations 

unfold synaptic disfunction, activated integrated stress response and protein translation 

inhibition. These molecular alterations translate into motor and cognitive deficits (López-

Erauskin et al. 2018). TDP-43 is another RBP that regulates RNA metabolism and modulates 

the formation of RNP granules. Its mutations impair mRNA transport and are likewise linked 

to ALS (Alami et al. 2014). FMRP protein deficiency caused by mutations in the FMR1 gene 

has been correlated to the Fragile X Syndrome (FXS), a neurodevelopmental disorder 

characterized by altered dendritic morphology. Given the importance of FMRP for mRNA 
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trafficking and translation regulation, its downregulation alters the subcellular distribution of 

its target mRNAs Map1b and Calm1, as well as axonal growth (Wang et al. 2015). Survival of 

motor neuron (SMN) is an adaptor protein that serves as molecular tether between the RBP 

IMP1 and beta-actin mRNA, promoting the condensation of RNPs (Donlin-Asp et al. 2017). 

Mutations in the SMN1 gene lead to a decrease in SMN expression level which is recognized 

as leading cause for spinal muscular atrophy (SMA). SMN deficiency leads to impaired RNP 

assembly and decreased association with the MT network (Donlin-Asp et al. 2017).  

Disease-associated mutations have also been identified in the molecular players that regulate 

the hitchhiking mechanisms used by RNP granules to traffic along neurites. Rab7 is membrane 

protein of late endosomes (LE) that scaffold motors for the endosomal recruitment onto MTs, 

and its mutated variants associated with CMT2B compromise LE trafficking and local 

translation of the mitochondrial protein laminB2 (Cioni et al. 2019). ANXA11 serves as 

molecular tether between RNP granules and moving lysosomes. Its mutations have been 

linked to ALS and shown to interfere with the hitchhiking mechanism therefore reducing RNP 

granule transport (Liao et al. 2019). The FERRY complex modulates the recruitment of 

transcripts and ribosomes on early endosomes and its loss leads to a decreased distribution 

of their associated mRNAs (Schuhmacher et al. 2023). It has been reported that the FERRY 

complex plays a role in regulating neuronal development and activity and its loss-of-function 

mutations correlate to neurological conditions such as intellectual disability (Bhoj et al. 2016).  

In the past decade significant advancements in the field of local translation have been 

achieved, unraveling its regulatory molecular mechanisms and molecular players. However, 

much more need to be elucidated and implemented with the current knowledge frame to 

better understand the pathophysiology of translation-associated diseases. 

Disease Gene 
product 

Subcellular func on Defects References 

ALS, FTD FUS RBP - Synap c disfunc on 
- Ac vated stress responce 
- Transla on inhibi on 
- Motor and cogni ve deficits 

(López-Erauskin et al. 
2018) 

ALS TDP43 RBP - Impaired mRNA transport  (Alami et al. 2014) 

FXS FMRP RBP - Impaired mRNA transport 
and distribu on 
- Axonal growth defects 

(Wang et al. 2015) 

SMA SMN Adaptor protein 
between β-ac n 
mRNA and RBP IMP1 

- Impaired assembly and 
associa on to MTs of RNP 
granules 

(Donlin-Asp et al. 2017) 
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CMT2B Rab7 Membrane protein of 
LE 

- Impaired trafficking of LEs 
- Impaired transla on of 
laminB2 

(Cioni et al. 2019) 

ALS ANXA11 adaptor protein 
between RNP 
granules and 
lysosomes 

- Impaired transport of RNP 
granules 

(Liao et al. 2019) 

ID FERRY 
complex 

adaptor protein 
between ribosome-
associated mRNAs 
and EE 

- Impaired mRNA transport 
and distribu on 

(Schuhmacher et al. 
2023) 

Table 1: Translation-associated diseases. 
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My work is divided into the following two chapters: 

 

Chapter 1: Unraveling the role of membrane-bound organelles in the regulation of MT 

acetylation and axonal transport dynamics.  

The link between MT acetylation and transport dynamics has been reported through multiple 

in vitro evidences, describing the importance of this PTM for the recruitment and binding of 

molecular motors to MTs (Dompierre et al. 2007; Reed et al. 2006). Multiple studies 

strengthened this finding by showing how low tubulin acetylation levels that characterize 

multiple neurological disorders correlate with impaired transport dynamics (d’Ydewalle et al. 

2011; Dompierre et al. 2007; Godena et al. 2014; Guo et al. 2017; Kim et al. 2016). These 

defects could be rescued by pharmacological inhibition of the deacetylating enzyme HDAC6 

and subsequent restoration of tubulin acetylation levels, suggesting a link between tubulin 

acetylation and transport dynamics. However, given the aspecificity of some HDAC6 inhibitors 

used in these studies, it’s still not clear whether the rescued phenotype can solely be ascribed 

to the recovered tubulin acetylation levels or also to other secondary targets that could have 

been modulated, directly or indirectly, the transport dynamics. Whether there is a causal 

relationship between tubulin acetylation and axonal transport has yet to be clarified.  

This chapter presents the content of two studies that aim at:  

1) Clarifying the link between tubulin acetylation and axonal transport by assessing the 

contribution of ATAT1, the enzyme that catalyzes tubulin acetylation, to the axonal 

transport dynamics of membrane-bound organelles across different species;  

2) Identifying the mechanism through which ATAT1 modulates its acetylating activity;  

3) Understanding if there’s a functional correlation between ATAT1 and the Elongator 

complex, which has also been shown to engage in MT acetylation.    

 

Chapter 2: Establishing the toolkit to uncover the transcriptome and translatome of motile 

cargos.  

Since the discovery that proteins can be translated locally within peripheral compartments 

(Hafner et al. 2019; Shigeoka et al. 2016), multiple studies set out to elucidate both the 

transcriptome and the translatome of subcellular domains, progressively refining the 

resolution to the scale of a synapse. Recently, membrane-bound organelles started to attract 
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the attention of many, as foci of translating peptides were identified on mitochondria and 

endosomes (Cioni et al. 2019; Harbauer et al. 2022; Schuhmacher et al. 2023). These studies, 

however, focus on investigating the organelle-associated localization and translation of a 

given target of interest. First, it remains unresolved whether local translation could occur on 

cargos undergoing bidirectional motion. Secondly, a comprehensive characterization of the 

transcripts shuttled and translated on motile cargos hasn’t been performed yet.  

This chapter details the methodologies developed to:  

1) Isolate motile cargos from a transgenic mouse line to characterize its proteome and 

associated transcriptome;  

2) Generate a stable cell line of neuron-like cells expressing the SunTag system to 

determine the translation dynamics of candidate transcripts.  
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SUMMARY of the results 

1. ATAT1-enriched vesicles promote microtubule acetylation via axonal 

transport   

A growing body of evidence supports the link between tubulin acetylation and axonal 

transport, showing that the axonal transport defects found in multiple neurodegenerative 

diseases can be rescued by pharmacological inhibition of the deacetylase HDAC6 (d’Ydewalle 

et al. 2011; Dompierre et al. 2007; Godena et al. 2014; Guo et al. 2017; Kim et al. 2016). As 

HDAC6 can deacetylate other substrates than 𝛼-tubulin (Zilberman et al. 2009), the effects 

observed upon the use of HDAC6 inhibitors might not be uniquely ascribed to a restoration 

of the acetylation level of MTs. To dissect the link between tubulin acetylation and transport 

dynamics, we sought to investigate how ATAT1, the only known tubulin acetyltransferase 

(Kalebic, Sorrentino, et al. 2013) with no other targets than K40 residues of 𝛼-tubulin (Shida 

et al. 2010), could impact axonal transport. To this aim, we set out to study how loss of ATAT1 

activity would modulate the axonal transport of membrane-bound organelles in mouse 

cortical neurons and motoneurons of Drosophila third instar larvae.  

Ex vivo, ATAT1 downregulation led to impaired lysosomes transport along the projections of 

callosal neurons in organotypic slices. In vitro, plated cortical neurons with KD-depleted or sh-

reduced ATAT1 levels displayed transport defects of organelles that could be rescued upon 

OE of ATAT1 or of the acetylation-mimicking tubulin variant K40Q. In vivo, we tracked 

dynamics of SVPs movement along fly larvae motoneurons upon Atat1/2 KD and found 

transport defects that could be restored upon HDAC6 KD or pharmacological inhibition with 

TBA. These results suggest that ATAT1-mediated tubulin acetylation is a key regulator of 

axonal transport dynamics across species. To unambiguously assess how transport dynamics 

are modulated by the loss of tubulin acetylation, we set up an in vitro assay where purified 

and labelled vesicles are loaded on polymerized and labelled MTs isolated from ATAT1 KO 

mice (not acetylated) or WT littermates (acetylated). Vesicular transport was impaired when 

MT were not acetylated, confirming our previous results, and further supporting the link 

between tubulin acetylation and transport dynamics.  

To assess how ATAT1 reaches MTs and promotes their acetylation, we assessed its subcellular 

distribution along axons of mouse and human neurons, where it was partially codistributed 
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with vesicular markers. Firstly, we could confirm its vesicular enriched distribution by mass 

spectrometry. Secondly, axonal transport recordings of lysosomes and ATAT1-GFP foci in 

mouse cortical neurons revealed their cotransport. Lastly, vesicular treatment with 

proteinase-K showed that ATAT1 is localized at the external vesicular membrane. Given its 

vesicular localization, we identified the sequence downstream of the ATAT1 catalytic domain 

responsible for the its binding to vesicles. We generated a truncated ATAT1 variant lacking 

the vesicular binding domain and observed decreased tubulin acetylation levels upon its 

expression in Hela cells, when compared to the expression of the full length ATAT1. Taken 

together, these data suggest that the vesicular pool of ATAT1 is essential to efficiently 

acetylate MTs.  

To test whether the transport of vesicles was required for the ATAT1-mediated MTs 

acetylation, we disrupted either the bidirectional axonal transport via high concentration of 

ciliobrevin D, or more specifically the retrograde movement via expression of shRNA-

mediated KD of Lis1. In both cases, we detected decreased levels of tubulin acetylation, 

suggesting that the vesicular pool of ATAT1 exerts its acetylating activity when vesicles are 

motile. To confirm this hypothesis, we performed an in vitro assay to evaluate the ability of 

vesicles to acetylate unmodified MTs in the presence/absence of acetyl-CoA, the substrate of 

ATAT1. While motile WT vesicles acetylate MTs in the presence of acetyl-CoA, vesicles 

isolated from ATAT1 KO mice or WT vesicles in the absence of acetyl-CoA were unsuccessful. 

Taken together, our data show that a vesicular pool of ATAT1 modulates MT acetylation thus 

regulating axonal transport dynamics.   

 
 
Figure 10: Proposed model illustrating how the vesicular pool of ATAT1 can modulate MT 
acetylation and therefore sustain axonal transport. We show that a vesicular pool of ATAT1 
regulates MTs acetylation and therefore the MT-dependent axonal transport. As the motors 
are known to create damage points along the MT lattice from their passage (Andreu-Carbó 
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et al. 2022; Triclin et al. 2021), we hypothesize that these cracks could be used by ATAT1 to 
access the MT and modulate the acetylation of 𝛼-tubulin lysin40 residues. 
 

1.1 Contributions  

I contributed to this study by performing mouse experiments. I prepared, seeded and cultured 

primary cortical neurons in microfluidics devices and performed live imaging recordings of 

the axonal transport dynamics of lysosomes under the supervision of Loic Broix (Fig. 1 M-Q). 

I performed immunofluorescent staining for ATAT1 and vesicular markers on hIPSC-derived 

projection neurons that were generated by Romain Le Bail, and performed super resolution 

imaging under the supervision of Loic Broix (Fig. 4 B). I validated tamoxifen-inducible or 

constitutive sh-expressing plasmids upon their transfection in N2a cells and western-blotting 

analysis of their protein extracts (Fig. S1A, S; 6A). Lastly, I prepared, seeded and cultured 

primary cortical neurons for immunofluorescent staining of GFP, Lis1, total and acetylated 

tubulin, followed by image acquisition and analysis (Fig. S6B-G, I-K). 

2. ATP-citrate lyase promotes axonal transport across species 

Elongator is a dodecameric complex composed of 6 subunits with elp3 being the catalytic 

core. Elongator is highly expressed in the nervous system (Creppe et al. 2009; Hinckelmann 

et al. 2016; Miśkiewicz et al. 2011) and despite its canonical function as a tRNAs modifier 

(reviewed in: Rapino et al. 2017), its activity has also been associated to tubulin acetylation. 

Accordingly, loss of elongator correlated with decreased expression levels of this PTM 

(Creppe et al. 2009; Solinger et al. 2010). As tubulin acetylation relies on the vesicular pool of 

ATAT1, which catalyze the addition of acetyl groups to 𝛼-tubulin lysin40 residues (Even et al. 

2019), we wondered how Elongator could contribute to tubulin acetylation and whether it is 

functionally correlated to ATAT1. 

To answer these questions, we first reported that tubulin acetylation levels are decreased 

and transport dynamics impaired in cortical neurons isolated from Elp3 cKO mice. Secondly, 

we probed the same parameters in cortical neurons isolated from Atat1 KO mice, 

with/without co-downregulation of Elp3. We show that the loss of elp3 doesn't have additive 

effects on the decreased acetylation levels and transport dynamics defects reported upon 

ATAT1 loss. These results suggest that Elongator and ATAT1 can modulate these phenotypes 

by acting on the same molecular pathway. These results were confirmed in vivo by using D. 
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Melanogaster third insta larvae in which elp3 subunits were KD in combination or not with 

ATAT1 KD. Accordingly, the decreased tubulin acetylation levels and transport dynamics 

detected upon loss of Elongator, which could be rescued by ELP3 OE or HDAC6 KD, were not 

further modulated by the loss of ATAT1. 

We then set out to assess how Elongator and ATAT1 cooperate in regulating tubulin 

acetylation and transport dynamics. We first excluded the hypothesis that Elongator could 

modulate these parameters by regulating the expression or activity of the enzyme responsible 

for the regulation of MT acetylation, ATAT1 itself or of the deacetylating enzyme HDAC6. 

Then, we tested if Elongator modulates the production of acetyl-CoA, the substrate of ATAT1 

required for its acetylation activity. In mouse cortical extracts, we found that expression of 

Acly and ACSS2, enzymes catalyzing the production of acetyl-CoA from the cleavage of citrate 

and acetate, respectively, were significantly reduced in the absence of Elp3. Subcellular 

fractionation analysis of WT cortical lysate showed that, while Acly was highly enriched in the 

vesicular fraction together with ATAT1 and Elongator subunits, ASCC2 was mostly cytosolic. 

Accordingly, immunofluorescence analysis showed Acly foci partially codistributed with 

vesicular markers in mouse cortical neurons. Furthermore, the expression and activity (ability 

to produce acetyl-CoA) of vesicular pool of Acly decreased upon Elp3 loss. These data suggest 

that Elongator could modulate the levels of the vesicular pool of Acly.  

We first tested whether Elongator modulates tubulin acetylation by regulation the vesicular 

pool of Acly. For this we showed that a pharmacological inhibition of Acly in mouse cortical 

neurons phenocopied the tubulin acetylation and transport defects observed upon loss of 

Elongator. Additionally, fly larvae motoneurons not only displayed the same defects upon 

Acly KD, but also showed that the acetylation and transport defects due to Elongator loss 

could be rescued by Acly OE. We therefore show that Elongator regulates tubulin acetylation 

and axonal transport by regulating Acly expression. 

To assess the clinical relevance of our findings, we analyzed fibroblasts from FD patients which 

bear a loss-of-function mutation in the Elp1 subunit of Elongator which leads to decreased 

levels of both elp1 and elp3. Compared to matched controls, FD fibroblasts displayed 

decreased tubulin acetylation and transport defects, which could be rescued by HDCA6 

inhibition. FD cells also displayed decreased Acly levels, and inhibition of the residual Acly led 

to a further dose-dependent loss of tubulin acetylation. Lastly, Acly OE could rescue both 
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tubulin acetylation expression and MT-based transport in FD cells. These data suggest that 

the Elp3-dependent mechanisms investigated in mouse and fly are conserved in human cells, 

and that the Elp3-dependent defects in tubulin acetylation and axonal transport might 

contribute to the etiology of the disease. 

To understand how Elongator modulates Acly expression, we first assessed its activity as a 

tRNA modifier. To this end, we performed polysomal fractionation of cortical extracts from 

WT and Elp3 cKO mice but did not detect any difference in Acly mRNA expression. Secondly, 

we hypothesized that Elongator could regulate Acly translation. We used the puromycylation 

assay combined with the puro-PLA assay to visualize newly translating Acly peptides along 

mouse cortical neurites but identified the same number of Acly peptides in the presence or 

absence of Elongator. Lastly, to test if Elongator could modulate Acly expression by regulating 

its stability, we performed the cycloheximide assay in FD fibroblasts which displayed a 

decrease Acly half-life when compared to their matched control. In agreement with IP analysis 

showing an interaction between Acly and the Elongator complex, these results suggest that 

Elongator modulates tubulin acetylation and transport dynamics by stabilizing Acly peptides. 

We therefore identified the enzymatic cascade that regulates tubulin acetylation and MT-

dependent axonal transport and that is likely to occur on motile vesicles. 
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Figure 11: proposed model for the molecular cascade regulating tubulin acetylation and 
axonal transport dynamics. Acly and ACSS2 are the two enzymes that catalyze the production 
of Acetyl-CoA, providing to ATAT1 the substrate to catalyze MT acetylation (Even et al. 2019). 
While ACSS2 has a cytosolic localization, Acly is predominantly vesicular. Together with ATAT1 
and Acly, we also identified on vesicles the Elongator complex. We describe a molecular 
cascade that is likely occurring on vesicles, where Elongator regulates the stability and 
expression level of Acly. In the absence of Elongator, Acly expression decreases and with it 
the availability of Acetyl-CoA, which in turn leads to a decreased MT acetylation mediated by 
the vesicular pool of ATAT1. Adapted from (Even et al. 2021). 
 

2.1 Contributions  

I contributed to this study by performing mouse experiments. I managed the breeding of 

transgenic mouse lines to collect P0 cortices and obtain their protein lysate for western 

blotting analysis of Acly, ACSS2 (Fig. 2F-H), as well as of acetylated and total tubulin (Fig. S1A). 

I prepared, seeded and cultured primary cortical neurons for: 1) for immunofluorescent 

staining of Acly and vesicular markers followed by super-resolution image acquisition (Fig. 

2M, N) and of total and acetylated tubulin upon pharmacological treatment with the Acly 

inhibitor hydroxycitric acid (HCA) (Fig. 3A); 2) puromycilation assay combined with proximity 

ligation assay (PLA) and downstream image acquisition and analysis (Fig. 5C-F). I prepared, 

seeded and cultured primary cortical neurons in microfluidics devices and recorded axonal 

transport dynamics of lysosomes upon pharmacological treatment with HCA (Fig. 3B-D; S3A). 

I seeded and performed the cycloheximide assay on human fibroblasts lines (from FD patients 

and controls) and performed western-blotting analysis on their protein extracts (Fig. 5G, H). 

Lastly, I performed western-blotting analysis on fly head lysates for acetylated and total 

tubulin (Fig. S3H). 
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ATAT1-enriched vesicles promote microtubule 
acetylation via axonal transport
Aviel Even1*, Giovanni Morelli2,3*, Loïc Broix2*, Chiara Scaramuzzino4,5, Silvia Turchetto2, 
Ivan Gladwyn-Ng2, Romain Le Bail2, Michal Shilian1, Stephen Freeman2, Maria M. Magiera6,7, 
A. S. Jijumon6,7, Nathalie Krusy2, Brigitte Malgrange2, Bert Brone3, Paula Dietrich8, 
Ioannis Dragatsis8, Carsten Janke6,7, Frédéric Saudou4,5,9, Miguel Weil1*†, Laurent Nguyen2*†

Microtubules are polymerized dimers of a- and b-tubulin that underlie a broad range of cellular activities. Acetylation 
of a-tubulin by the acetyltransferase ATAT1 modulates microtubule dynamics and functions in neurons. However, 
it remains unclear how this enzyme acetylates microtubules over long distances in axons. Here, we show that loss 
of ATAT1 impairs axonal transport in neurons in vivo, and cell-free motility assays confirm a requirement of a-tubulin 
acetylation for proper bidirectional vesicular transport. Moreover, we demonstrate that the main cellular pool of 
ATAT1 is transported at the cytosolic side of neuronal vesicles that are moving along axons. Together, our data 
suggest that axonal transport of ATAT1-enriched vesicles is the predominant driver of a-tubulin acetylation in axons.

INTRODUCTION
Neurons are polarized cells, structurally and functionally divided into 
somatodendritic and axonal compartments. Axons are often long and 
characterized by intense bidirectional microtubule (MT)–dependent 
transport of cargos to control critical functions, including cell sur-
vival and neurotransmission. Cargos such as vesicles and membrane 
organelles (e.g., mitochondria, endosomes, and lysosomes) as well 
as proteins and messenger ribonucleoprotein complexes are loaded 
on molecular motors to undergo axonal transport along MTs. The 
anterograde transport is powered by the kinesin superfamily, while 
retrograde transport involves cytoplasmic dynein (1). Posttransla-
tional modifications (PTMs) of MTs have been suggested to modu-
late axonal transport (2, 3). Specifically, the acetylation of MTs may 
contribute to this process by enhancing the recruitment of kinesin 
and dynein and their mobility (4, 5). Moreover, increasing MT acetyl-
ation improves the transport deficits resulting from mutations in 
Huntingtin and LRRK2 genes (4, 6). The acetylation of a-tubulin in 
MTs is driven by the a-tubulin N-acetyltransferase 1 (ATAT1)/MEC17 
(7, 8). Recent in vitro experiments performed with recombinant ATAT1 
have suggested that it can enter the lumen of MTs from their extrem-
ities and/or lateral imperfection (9, 10) and passively diffuses to 
promote acetylation of a-tubulin K40 residues (11, 12). However, it 
remains unclear how ATAT1 reaches and acetylates MTs in living 
cells. This question is particularly important in neurons where 
axons and dendrites cover long distances with rather homogenously 
acetylated MTs. To decipher how ATAT1 promotes MT acetylation 

in neurons, we combined cell-free assays with cellular and molecular 
analyses of ex vivo (organotypic slices) or cultured mouse cortical 
projection neurons (in microfluidic chambers) and motoneurons of 
Drosophila larvae in vivo. Our work unveils the existence of a pre-
dominant pool of ATAT1 at the cytosolic side of motile vesicles, 
whose active transport promotes acetylation of a-tubulin in MTs. 
Therefore, we propose that the transport of ATAT1-enriched vesicles 
is a predominant driver of axonal MT acetylation.

RESULTS
Loss of Atat1 interferes with axonal transport in  
neurons across species
ATAT1 promotes the acetylation of a-tubulin in MTs, a PTM that 
favors the recruitment of kinesin and dynein and their mobility along 
axons (4, 5, 13). To test whether loss of Atat1 impairs axonal trans-
port in cortical projection neurons in situ, we performed time-lapse 
recordings of organotypic brain slices from postnatal (P) day 2 
wild-type (WT) mice. For this purpose, embryonic day 14.5 (E14.5) 
mouse embryos were in utero electroporated (IUE) with a combina-
tion of 4OH-tamoxifen (4OHT)–inducible Cre, Cre-inducible short 
hairpin RNA against Atat1 (shAtat1) (fig. S1A), Cre-inducible red 
fluorescent protein, and Lamp1-Emerald plasmids. Successive in-
jections of 4OHT allowed us to identify the callosal projection of 
IUE neurons and record the transport of Lamp1-Emerald–positive 
lysosomes (Fig. 1, A and B, and movie S1). We showed that the 
4OHT-induced knockdown (KD) of Atat1 in callosal projection 
neurons 3 days after IUE at E14.5 (to maintain the expression of 
Atat1 during the migration of projection neurons) impaired both 
anterograde and retrograde axonal transports recorded at P2 
(Fig. 1, A to F, and fig. S1B). The KD of Atat1 led to the reduction 
of the average and instantaneous velocities (Fig. 1, C and D) and the 
run length and to the increase of the pausing time of lysosomes 
(Fig. 1, E and F). These data were confirmed in cortical projection 
neurons from E14.5 Atat1 knockout mice (Atat1 KO) or their cor-
responding WT controls (14) cultured for 5 days in vitro (DIV) in 
microfluidic devices and incubated with fluorescent probes to fol-
low the transport of lysosomes and mitochondria along axonal MTs 
(Fig. 1, G and H, and movies S2 and S3). The average velocities 

1Laboratory for Neurodegenerative Diseases and Personalized Medicine, Depart-
ment of Cell Research and Immunology, The George S. Wise Faculty for Life 
Sciences, Sagol School of Neurosciences, Tel Aviv University, Ramat Aviv 69978, 
Israel. 2GIGA-Stem Cells and GIGA-Neurosciences, Interdisciplinary Cluster for 
Applied Genoproteomics (GIGA-R), University of Liège, CHU Sart Tilman, Liège 
4000, Belgium. 3BIOMED Research Institute, University of Hasselt, Hasselt 3500, 
Belgium. 4Grenoble Institut des Neurosciences, GIN, Univ. Grenoble Alpes, F-38000 
Grenoble, France. 5Inserm, U1216, F-38000 Grenoble, France. 6Institut Curie, PSL 
Research University, CNRS UMR 3348, F-91405 Orsay, France. 7Université Paris-Sud, 
Université Paris-Saclay, CNRS UMR3348, F-91405 Orsay, France. 8Department of 
Physiology, University of Tennessee Health Science Center, Memphis, TN 38163, 
USA. 9CHU Grenoble Alpes, F-38000 Grenoble, France.
*These authors contributed equally to this work.
†Corresponding author. Email: lnguyen@uliege.be (L.N.); miguelw@tauex.tau.ac.il (M.W.)

Copyright © 2019 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

 o
n

 Janu
a

ry 15, 202
0

http
://a

dvances.scie
ncem

ag.org/
D

o
w

n
lo

ade
d fro

m
 



Even et al., Sci. Adv. 2019; 5 : eaax2705     18 December 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 15

G

Inducible DsRed/Lamp1-Emerald 0.0

0.1

0.2

0.3

0.4

0.5

A
v.

 L
am

p1
-E

m
er

al
d 

ve
lo

ci
ty

 (
µm

/s
)

0

20

40

60

80

100

La
m

p1
-E

m
er

al
d 

pa
us

in
g 

tim
e 

(%
)

0

1

2

3

4

5

6

7

La
m

p1
-E

m
er

al
d 

ru
n 

le
ng

th
 (

µm
)

20.8

20.6

20.4

20.2

0.0

0.2

0.4

0.6

0.8

In
st

an
t. 

La
m

p
1-

E
m

er
al

d 
ve

lo
ci

ty
 (

µm
/s

)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

A
v.

 ly
so

so
m

e 
ve

lo
ci

ty
 (

µm
/s

)

N.S.

N.S.

21.0
20.8
20.6
20.4
20.2

0.0
0.2
0.4
0.6
0.8
1.0

In
st

an
t. 

ly
so

so
m

e 
ve

lo
ci

ty
 (

µm
/s

)

N.S.
N.S.

N.S. N.S.

0

20

40

60

80

100

P
au

si
ng

 ti
m

e 
(%

) 
ly

so
so

m
es

N.S.

N.S.

0

1

2

3

4

5

6

7

8

R
u

n 
le

ng
th

 (
µm

) 
ly

so
so

m
es

N.S.

N.S.

0.0

0.2

0.4

0.6

A
v.

 ly
so

so
m

e 
ve

lo
ci

ty
 (

µm
/s

)

N.S.

21.0
20.8
20.6
20.4
20.2

0.0
0.2
0.4
0.6
0.8
1.0

In
st

an
t. 

ly
so

so
m

e 
ve

lo
ci

ty
 (

µm
/s

 )
 

N.S. N.S.

N.S. N.S.

0

2

4

6

8

10

R
un

 le
ng

th
 (

µm
) 

ly
so

so
m

es N.S. N.S.

0

20

40

60

P
au

si
ng

 ti
m

e 
(%

) 
ly

so
so

m
es

N.S. N.S.

D FE

I J LK

N O QP

A

E14.5

E15.5

M

E14

IUE

E17 E18 P1 P2

4OHT 4OHT 4OHT Organotypic 
slices

Soma Axon

D
sR

e
d

Anterograde

Retrograde

B

H

Corpus callosum midline

Fig. 1. Depletion of Atat1 prevents acetylation of a-tubulin and interferes with fast axonal transport of organelles ex vivo and in vitro. (A) Experimental setup 
used to perform axonal transport recordings in organotypic brain slice. (B) Labeling of lysosome Lamp1-Emerald+ (green) and inducible dsRed (red) in axons crossing the 
corpus callosum of a P2 mouse cortical section. Scale bars, 200 mm (top) and 10 mm (bottom). (C to F) Histograms showing axonal transport parameters of Lamp1-Emerald 
(lysosomes) to analyze average velocity (C), instantaneous velocity (D), run length (E), and pausing time (F). (G) Microfluidic device setup used for recording axonal transport 
in cortical neurons. (H) Labeling of lysosomes and mitochondria with fluorescent probes (LysoTracker and MitoTracker) in cortical neurons cultured 5 DIV and isolated 
from E14.5 WT or Atat1 KO mouse embryos. Scale bars, 50 mm. (I to L). Histograms showing parameters of axonal transport of lysosomes to analyze average velocity 
(I), instantaneous velocity (J), run length (K), and pausing time (L) of mouse cortical neurons transfected with GFP or ATAT1-GFP, cultured 5 DIV, and isolated from E14.5 from 
WT or Atat1 embryos. (M) Experimental setup for time-lapse recording of axonal transport in E15.5 cortical neurons isolated from E14.5 IUE mouse embryos and cultured 5 days 
in microfluidic device. N.S., not significant. (N to Q) Histograms showing parameters of axonal transport of lysosomes (LysoTracker) to analyze average velocity (N), instantaneous 
velocity (O), run length (P), and pausing time (Q) in mouse cortical neurons cultured 5 DIV from E15.5 embryos transfected with WT a-tubulin GFP (Tub-GFP) or acetylation mimic 
K40Q a-tubulin GFP (K40Q Tub-GFP) together with sh-Scramble (sh-Scr) or sh-Atat1. Description of graphical summaries here within are histograms of means ± SEM, while 
statistical analyses of (C to F) are two-tailed Mann-Whitney and (I, J, K, L, N, O, P, and Q) are Kruskal-Wallis test. Specifically [(C) P < 0.0001 and U = 17,455; (D) P < 0.0001 and 
U = 3044 and P = 0.0002 and U = 6372 for anterograde and retrograde, respectively; (E) P < 0.0001 and U = 20,972; (F) P < 0.0001 and U = 26,168; (I) P < 0.0001 and K = 54.03; 
(J) P = 0.0033 and K = 13.74 and P < 0.0001 and K = 36.45 for anterograde and retrograde, respectively; (K) P < 0.0001 and K = 38.29; (L) P < 0.0001 and K = 34.05; (N) P < 0.0001 and 
K = 31.88; (O) P = 0.0006 and K = 17.43 and P = 0.0002 and K = 20.19 for anterograde and retrograde, respectively; (P) P < 0.0001 and K = 22.29; and (Q) P < 0.0001 and K = 28.7).
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(Fig. 1I and fig. S1, G, M, N, and R), anterograde and retrograde 
instantaneous velocities (Fig. 1J and fig. S1, H, M, N, and R), and 
run lengths (Fig. 1K and fig. S1, I, M, N, and R) of moving vesicles 
and mitochondria were reduced, while their pausing time were in-
creased (Fig. 1L and fig. S1, J, M, N, and R). These modified vesicular 
parameters were associated with an impairment in the overall flux 
of organelles in Atat1 KO mice (fig. S1, K, L, M, and N), likely arising 
from the reduced recruitment of motors onto MTs. Western blot-
ting analyses revealed that lack of ATAT1 expression in newborn 
cortical neurons resulted in the absence of MT acetylation (fig. S1, 
O and P) without affecting the expression level of histone deacetylase 6 
(HDAC6), the main a-tubulin deacetylase (fig. S1, O and Q). Expres-
sion of catalytically active ATAT1–green fluorescent protein (GFP) 
(15, 16) in cortical neurons from E14.5 WT and Atat1 KO embryos 
rescued the average velocity (Fig. 1I and fig. S1R), anterograde and 
retrograde instantaneous velocities (Fig. 1J and fig. S1R), run length 
(Fig. 1K and fig. S1R), and pausing time (Fig. 1L and fig. S1R) of 
lysosomes. To confirm that the defects in axonal transport upon 
down-regulation of Atat1 arise from reduced a-tubulin acetylation, we 
coexpressed the acetyl mimic a-tubulin K40Q with shAtat1 (fig. S1S) 
in projection neurons of WT E14.5 embryos. We isolated the electro-
porated neurons 1 day after electroporation and cultured them 5 days 
in microfluidic devices (Fig. 1M). Our recordings showed that ex-
pression of a-tubulin K40Q rescued the average and instantaneous 
transport velocities of lysosomes (Fig. 1, N and O, and fig. S1X) and 
mitochondria (fig. S1, T, U, and Y), as well as their run lengths 
(Fig. 1P and fig. S1, V, X, and Y) and pausing time (Fig. 1Q and fig. S1, 
W, X, and Y) resulting from Atat1 KD at E14.5.

We further examined whether the role of ATAT1 in axonal trans-
port is conserved in vivo in Drosophila melanogaster. We assessed 
the transport of synaptotagmin-GFP vesicles in axons of third-instar 
larva motoneurons (Fig. 2, A and B, and movie S4) upon RNA inter-
ference (RNAi)–mediated KD of Atat1/2 (the orthologs of mouse 
Atat1 in D. melanogaster). Individual KDs of Atat1 and Atat2 were 
not compensated by expression of other a-tubulin acetylation regu-
lators (fig. S2, A and B) and led to the reduction of average velocity 
(Fig. 2C and fig. S2C), anterograde and retrograde instantaneous 
velocities (Fig. 2D and fig. S2C), as well as run length (Fig. 2E and 
fig. S2C) of synaptotagmin-GFP vesicles, with associated increase of 
their pausing time (Fig. 2F and fig. S2C). The transport defects were 
not resulting from global protein aggregation along axons (fig. S2D) 
but were more likely associated with the decreased acetylation of 
MTs (Fig. 2, G and H). This was further supported by a genetic rescue 
of axonal transport upon concomitant depletion of the main a-tubulin 
deacetylase Hdac6 (17) (fig. S2E) in motoneurons from individual 
KD of Atat1 or Atat2 larva (Fig. 2, C to F, and fig. S2C), where re-
sidual Atat activity can promote MT acetylation (Fig. 2, G and H). 
These data were also supported in the third-instar larvae fed 
for 30 min before recordings with 10% sucrose solution contain-
ing tubastatin (TBA), a specific inhibitor of HDAC6 (18), which 
rescued all measured axonal transport parameters (Fig. 2, I to L, 
and fig. S2F).

Impaired axonal transport in larvae or adult fly motoneurons 
leads to locomotor behavior deficits (18). We thus monitored the 
climbing index of adult flies as well as the crawling speed and peri-
staltic body-wave frequency of their larvae as functional readouts 
of single or combined KD of Atat1/2 (6, 19). These motoneuron- 
dependent activities were affected upon conditional KD of Atat1/2 
expression (Fig. 2, M to O) and were rescued by either a concomitant 

genetic depletion of Hdac6 (Fig. 2, M to O) or inhibition of HDAC6 
activity using TBA (Fig. 2, P and Q). The disruption of motor be-
haviors was most likely a consequence of fast axonal transport 
defects, since we did not observe morphological changes at the neuro-
muscular junctions’ synapses (fig. S2, G and H) and the RNAi-mediated 
KD was restricted to motoneurons (see Materials and Methods). 
Together, these data support that ATAT1 promotes the acetylation 
of axonal MTs across vertebrate and invertebrate species and that 
acetylation of the MTs tracks is an important regulator of fast 
axonal transport.

We next assessed in a cell-free in vitro molecular transport assay 
how the reduction of K40 acetylation on MTs affects bidirectional 
axonal transport. For this purpose, purified vesicles were added to 
in vitro polymerized and polarity-marked MTs (to determine trans-
port directionality), where 10% of rhodamine-labeled (acetylated) 
tubulin were mixed with either unacetylated tubulin from Atat1 KO 
mouse brains or with endogenously acetylated tubulin from WT 
littermates (control) (Fig. 3, A and B, and movie S5). While MTs from 
Atat1 KO mouse brains were lacking acetylation (20), they were not 
showing defects of polyglutamylation, glutamylation, tyrosination, 
or the abundance of D2 tubulin PTMs (Fig. 3C). In vitro transport 
analyses showed that vesicles’ anterograde and retrograde instanta-
neous velocities (Fig. 3D and fig. S3A), together with their run lengths 
(Fig. 3E and fig. S3A), were reduced when vesicles were transported 
along Atat1 KO brain-derived MTs as compared with acetylated 
MTs isolated from WT brains. These data were comparable to the 
one obtained in neurons in vitro and in vivo (Figs. 1, D and E, and 2, 
D and E) and further demonstrate that loss of a-tubulin K40 acetyl-
ation impairs MT-dependent transport.

Atat1 is transported along MTs at the external surface 
of motile vesicles
Axons and dendrites are highly enriched in long-lived MTs, whose 
acetylation depends on ATAT1 distribution and activity. In vitro 
experiments have previously reported that recombinant ATAT1 
undergoes slow and passive diffusion inside MT lumen (12). However, 
it remains unclear how ATAT1 reaches the MTs in living neurons; 
thus, we studied its axonal distribution in cultured cortical neurons 
isolated from E14.5 mice. Mouse cortical neurons were transfected 
with a combination of plasmids coding for brain-derived neuro-
trophic factor (BDNF)–mCherry and ATAT1-GFP and cultured 
5 DIV. Analysis by superresolution microscopy revealed a punctate 
distribution of ATAT1 along axons, partially overlapping with the 
dense core vesicle marker BDNF, suggesting a possible vesicular 
enrichment of ATAT1 (Fig. 4A). The vesicular enrichment of ATAT1 
was further confirmed in cultured human projection neurons derived 
from pluripotent stem cells, showing that expression of endogenous 
ATAT1 broadly codistributes with lysosomes (LAMP1 positive) and 
precursors of synaptic vesicles (SV2C and synaptophysin positives) 
along their axon (Fig. 4B).

To confirm the vesicular expression of ATAT1, we performed 
liquid chromatography–tandem mass spectrometry (LC-MS/MS) 
on vesicular extracts isolated from the cortex of newborn mice. The 
analysis of the vesicular enriched fraction detected 3648 proteins 
whose overlap with published vesicular proteomes was, in average, 
75% (21–23) (Fig. 4C). These analyses showed that ATAT1, but not 
HDAC6, is detected together with kinesins and dyneins in a mid-
range fraction of the vesicular proteomic content (Fig. 4D and table 
S1). Western blot analysis of the subcellular fractions obtained from 
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Fig. 2. Depletion of Atat1 prevents acetylation of a-tubulin and interferes with fast axonal transport of organelles in vivo. (A and B) In vivo live-imaging setup 
used to record axonal transport of synaptotagmin-GFP (SYT1-GFP in green) in D. melanogaster third-instar larvae expressing UAS:RNAi under a motoneuron-specific 
driver (D42:GAL4) to analyze average velocity (C), instantaneous velocity (D), run length (E), and pausing time (F). (G and H). Analyses of immunolabeled motoneurons 
from third-instar larvae to detect total a-tubulin (Tot a-tub) and acetylated a-tubulin (Ac a-tub). Scale bars, 10 mm. (I to L) Axonal transport recording in Atat1;Atat2 KD 
third-instar larvae fed for 30 min before recording with 10% sucrose with 1 mM TBA or dimethyl sulfoxide (DMSO) to measure SYT1-GFP average velocity (I), instantaneous 
velocity (J), run length (K), and pausing time (L). (M and N) Larva peristaltic movements and crawling speed in third-instar larvae expressing RNAi under a motoneuron- 
specific driver (D42:GAL4). (O) Climbing index in adult flies expressing RNAi under a motor neuron-specific driver. (P and Q) Larva peristaltic movements and crawling 
speed in third-instar larvae expressing RNAi under a motoneuron-specific driver (D42:GAL4) or in control and Atat1;Atat2 KD larva prefed for 30 min with 10% sucrose with 
1 mM TBA or DMSO. Description of graphical summaries here within are histograms of means ± SEM, while statistical analyses of (C, D, E, F, H, I, J, K, and L) are Kruskal-Wallis 
and (M to Q) is one-way analysis of variance (ANOVA). Specifically [(C) P < 0.0001 and K = 60.10; (D) P < 0.0001 and K = 65.80 and P < 0.0001 and K = 76.02 for anterograde 
and retrograde respectively; (E) P < 0.0001 and K = 25.39; (F) P < 0.0001 and K = 9.6; H, P < 0.0001 and K = 30.09; (I) P < 0.0001 and K = 121.1; (J) P < 0.0001 and K = 62.57 
and P < 0.0001 and K = 50.34 for anterograde and retrograde, respectively; (K) P < 0.0001 and K = 24.3; (L) P < 0.0001 and K = 12.96, M, P < 0.0001 and F(4, 58) = 34.55; (N) 
P < 0.0001 and F(4, 55) = 40.83; (O) P < 0.0001 and F(4, 33) = 45.61; (P) P < 0.0001 and F(7, 71) = 27.29; and (Q) P < 0.0001 and F(7, 83) = 47.65]. In addition, post hoc multiple 
comparisons for (C, D, E, F, I, J, K, L, and H) Dunn’s tests, for (M to Q) is Dunnett’s test and are *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. The total number of 
samples analyzed were as follows: (C to F) 110 to 276 vesicle tracks from 7 to 12 larvae per group; (H) 6 to 8 larvae per group; (I to L) 112 to 161 vesicle tracks from at 6 to 
8 larvae per group; (M and N) 9 to 18 larvae per group; (O) 6 to 11 assays per group; and (P and Q) 8 to 9 larvae per group.
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protein extract of newborn mouse brains confirmed the selective 
enrichment of ATAT1 in the vesicular fraction (P3), contrasting with 
the predominant cytosolic distribution of HDAC6 (S3) (Fig. 4E). 
Moreover, time-lapse recordings showed that ATAT1-GFP clusters 
move bidirectionally together with lysosomes (LysoTracker, Fig. 4F) 
and dense core vesicles (BDNF-mCherry, Fig. 4F) at velocities that 
are consistent with axonal transport in transfected cortical projection 
neurons (Fig. 4, G and H, and movie S6) (24). These data demon-
strate that ATAT1 is enriched in the vesicular fraction and that it is 
transported along axons by motile vesicles.

ATAT1 binds to clathrin-coated vesicles via an AP2 binding 
domain (amino acids 307 to 387) (25), which is only conserved by 
its isoforms 1 and 2 (Fig. 4I). Our LC-MS/MS analysis did not 
detect peptides corresponding to the AP2 binding domain of ATAT1 
in purified vesicles extracts (fig. S4A), and Western blott (WB) per-
formed on mice cortical brain extracts only detected the presence 
of ATAT1 isoforms 3 and 4 (Fig. 4E), suggesting that the AP2 bind-
ing domain is not required for the recruitment of ATAT1 to motile 
vesicles.

To identify ATAT1’s vesicle binding domain, we engineered dis-
tinct truncated ATAT1 forms by deleting amino acid sequences be-
tween the minimal catalytic domain of ATAT1 (amino acids 1 to 196) 
and the C-terminal part of isoform 4 (amino acids 1 to 333) (Fig. 4I). 
These constructs were next used to transfect human embryonic kid-
ney (HEK) 293 cells and analyzed for their subcellular localization 
by WB (Fig. 4, J and K). ATAT1 isoform 4 and its amino acid 1 to 
286 truncation were enriched in vesicles [vesicles (P3)/cytosol frac-
tion ratio (S3) > 1], while the other truncated forms (1 to 242 and 1 
to 196) preferentially localized in the cytosol (P3/S3 < 1) (Fig. 4K). 
Moreover, expression of the vesicular-enriched ATAT1 isoforms was 
more efficiently raising the level of a-tubulin acetylation when ex-
pressed in HeLa S3 cells as compared to the others (Fig. 4, L and M). 
Together, these data suggest that the amino acid sequence of ATAT1 

comprised between amino acids 242 to 333 is required for both its 
vesicular enrichment and efficient a-tubulin acetylation.

To decipher whether ATAT1 is encapsulated within the intra-
vesicular lumen and/or associated with the extravesicular membrane, 
we performed a mild proteinase K digestion to remove protein an-
chored at the external surface of vesicles (26). The treatment led to 
a dose-dependent reduction of ATAT1 and dynein intermediate 
chain (DIC) without altering levels of the intravesicular protein 
a-synuclein (Fig. 4N) (26). Together, these data suggest that ATAT1 
is enriched at the cytosolic side of moving vesicles, from where it 
may be released in vicinity of MTs to promote a-tubulin acetylation 
and modulate axonal transport.

The vesicular pool of Atat1 controls axonal transport by 
promoting acetylation of MTs
We first performed LC-MS/MS on vesicular extracts isolated from 
the cortex of newborn WT or Atat1 KO mice to check whether loss 
of Atat1 interferes with axonal transport by altering the vesicular 
proteome. The analysis revealed that, from 44 differentially detected 
proteins (fig. S5A and table S2), none of the 29 molecular motor 
proteins (fig. S5B and table S3) nor the 16 glycolytic enzymes (fig. 
S5C and table S4) were significantly affected by lack of Atat1 
expression. Moreover, gene ontology (GO) data analysis of the dif-
ferentially detected proteins did not reveal significantly enriched 
processes, function, or cellular component upon Atat1 loss in 
vesicular extracts. Since we did not detect any differences of the Atat1 
KO vesicular proteome that can explain the reduction of MT acetyl-
ation, we hypothesized that Atat1-enriched vesicle displacement 
on MTs might be required for their acetylation. To test this hypothesis, 
we cultured mouse cortical neurons with the cytoplasmic dynein 
inhibitor ciliobrevin D (20 mM) (27) to disrupt axonal transport of 
vesicles. This led to a mild reduction (33%) of MT acetylation in the 
soma of the neurons (Fig. 5, A and B) and a severe reduction (67%) 
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Fig. 3. Vesicle transport is reduced on nonacetylated MTs in vitro. (A) Scheme representing the experimental setup to study in vitro transport and acetylation assays. 
(B) Total internal reflection fluorescence (TIRF) image series of rhodamine-labeled MTs (10%, purple) with a transported DIO (green)–labeled vesicle from mouse brains. Scale bar, 
2 mm; presented frames are in a 400-ms interval. (C) Western blott (WB) analyses to detect acetylated, glutamylated, polyglutamylated detyrosinated, D2, or total a-tubulin (Tub) 
in cortical brain extracts of WT or Atat1 KO adult mice. (D and E) In vitro transport assay of vesicles purified from WT mice with nonacetylated a-tubulin from Atat1 KO 
mouse brain or endogenously acetylated a-tubulin from WT mice. Histogram of anterograde and retrograde instantaneous velocities (D) and run length (E) of moving 
vesicles. Description of graphical summaries here within are histograms of means ± SEM, statistical analyses of (D) and (E) are two-tailed t test. Specifically [(D) P = 0.0299 
and t, df(2,273,32) and P = 0.0054 and t, df(2,971,34) for retrograde and anterograde, respectively; and (E) P = 0.0086 and U = 50]. The total number of samples analyzed 
were as follows: (D and E) 16 to 20 vesicles from three WT or Atat1 KO mice.
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Fig. 4. ATAT1 is a vesicular-enriched protein that localizes on the cytosolic side of the vesicular membrane. (A) Superresolution image of a transfected E14.5 cortical 
neuron-cultured 5 DIV and labeled for 4′ 6‐diamidino‐2‐phenylindole (DAPI) (blue), ATAT1-GFP (green), and BDNF-mCherry (red). Scale bar is 20 mm for the original image 
and 5 mm for the magnified area. (B) Superresolution imagine of day 36 human projecting neurons derived from hIPSCs and immunostained for ATAT1 along with 1, 
Lamp1; 2, SV2C; and 3, synaptophysin. Arrowheads indicate codistribution of markers. Scale bar is 10 and 1 mm for the original image and magnified area, respectively. 
(C) Venn diagrams of vesicular content identified by LC-MS/MS in this work and previous publications. (D) LC-MS/MS of vesicle fraction isolated from newborn mouse 
brain cortices, proteins were ranked by intensity and plotted according to their relative abundance (gray spots). Atat1 (pink) detection among proteins previously identified 
as vesicular components (purple) and molecular motors (green) (n = 3, graph represent the mean intensity value). (E) Subcellular fractionation (T, total; S1, postnuclear; 
P1, nuclear; S2, cytosol and vesicles; P2, larges membranes; S3, cytosol; and P3, vesicles) of mouse brain cortex showing predominant vesicular enrichment of Atat1, 
immunostained with antibodies (Table 1) against ATAT1 (isoform 3 and 4 corresponding to 37 and 30 kDa), histone deacetylase 6 (HDAC6), synaptophysin (SPH), synaptic 
vesicle glycoprotein 2A/B (SV2A/B), b-actin, a-tubulin (a-tub), and histone H3 (HH3) antibodies. (F) Kymographs of ATAT1-GFP and LysoTracker or BDNF-mCherry in E14.5 
cortical neurons axons cultured 5 DIV, showing partial cotransport of Atat1 and lysosomes or BDNF-mCherry. Scale bars, 10 mm (x) and 20 s (y). (G and H) Bin distribution 
and kymograph of ATAT1-GFP transport velocities in transfected E14.5 cortical neurons cultured 5 DIV (n = 5; n for anterograde =143, retrograde = 179). Scale bars, 10 mm 
(x) and 20 s (y). (I) Schematic representation of truncated ATAT1 isoform four constructs. (J and K) Subcellular fractions of cultured HEK293 cells were analyzed using WB 
to detect ATAT1 truncated forms (J), vesicles/cytosol (P3/S3) ratios were quantified to identify vesicular enrichment (ratio > 1) of the various truncated ATAT1 forms (K). 
(L and M) Transfected HeLa cells with ATAT1:IRES-GFP truncated constructs were immunolabeled for acetylated a-tubulin (Ac a-tub, gray), total a-tubulin (Tot a-tub, red), 
and DAPI (blue) and analyzed for their relative acetylated a-tubulin levels [Ac a-tub/Tot a-tub ratio, controls are set to 1, (M)]. Scale bar, 10 mm. (N) WB analysis of cerebral 
cortex vesicles subjected to proteinase-K digestion. Intravesicular a-synuclein is digestion resistant, while the outer vesicular membrane motor protein DIC as well as 
Atat1 were digested in an enzymatic concentration–dependent manner. Description of graphical summaries here within are histograms of means ± SEM; statistical 
analyses of (K) is one-way ANOVA and (M) is Kruskal-Wallis. Specifically [(K) P = 0.0018 and F(3,12) = 17.29; (M) P < 0.0001 and K = 83.16]. In addition, post hoc multiple 
comparisons are Holm-Sidak’s tests (K), and Dunn’s test (M);  *P < 0.05, **P < 0.01, and ****P < 0.0001. The total number of samples analyzed were four independent 
HEK293 cultures (K) and four independent HeLa cultures (M) per ATAT1 truncation construct.
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of acetylation of distal axonal MTs (Fig. 5, A and C) as a result of a 
reduction of axonal transport (Fig. 5D and fig. S6L). At this concentra-
tion, ciliobrevin D blocks both retrograde and anterograde transports 
(27); we thus specifically reduced retrograde transport by knocking 
down Lis1 in mouse cortical neurons (fig. S6, A to H). This led to a 
reduction of MT acetylation in the axon but not in the soma of these 
neurons (fig. S6, I to K). Moreover, feeding Drosophila third-instar 
larvae with ciliobrevin D (800 mM) disrupted anterograde and ret-
rograde axonal transport (Fig. 5, E to G, and fig. S6A) and decreased 
MT acetylation (Fig. 5, H and I) in motoneurons in vivo to a level 
comparable with the one observed upon expression of Atat1/2 RNAi 
(Fig. 2, G and H). These results show that disrupting axonal trans-
port impairs MT acetylation, a defect that correlates with a lack of 
mobility of Atat1-enriched vesicles along the axonal MTs.

To test whether the vesicular pool of Atat1 promotes the acetyl-
ation of a-tubulin in MTs, we isolated subcellular fractions from 
newborn mouse cortices and then assessed their ability to promote 
the acetylation of nonacetylated MTs isolated from HeLa cells (8), 
compared with endogenously acetylated bovine brain MTs (control) 
(Fig. 6A). We observed that most of the MT acetyltransferase activity 
was detected in the vesicular fraction (Fig. 6B), an activity that was 
lost in either vesicles isolated from Atat1 KO mice or vesicles incu-
bated without acetyl–coenzyme A (CoA), the acetyl group donor for 
Atat1-dependent MT acetylation (Fig. 6, C to E) (15). Moreover, 
the vesicular fraction was able to promote the acetylation of MTs 
over several hours in vitro, as suggested by the strong reduction of 
CoA release upon incubation with vesicles from Atat1 KO mice, as 
compared to WT control (Fig. 6F). These findings suggest that the 

Fig. 5. Ciliobrevin disrupts a-tubulin acetylation and axonal transport in vitro and in vivo. (A to C) Immunolabeled cortical neurons from E14.5 mice embryos treated 
with 20 mM of ciliobrevin D of control buffer 1 hour before fixation, showing total a-tubulin (Tot a-tub) and acetylated a-tubulin (Ac a-tub) in the soma (B) or distal axons 
(C) of the neurons. Scale bar, 10 mm. (D to G) Axonal transport in motoneurons from synaptotagmin-GFP D. melanogaster third-instar larvae fed during 2 hours with 800 mM 
of DMSO (control) or ciliobrevin D before the analysis of average SYT1-GFP vesicle velocity (D), instantaneous velocity (E), run length (F), and pausing time (G). (H and I) 
Immunolabeled motoneurons from third-instar larvae fed with 800 mM of ciliobrevin D 2 hours before sacrifice, showing total a-tubulin (Tot a-tub) and acetylated a-tubulin 
(Ac a-tub). Scale bar,10 mm. Description of graphical summaries here within are histograms of means ± SEM; statistical analyses of (B) and (C) are two-tailed t test, while 
those of (D) to (G) are two-tailed Mann-Whitney. Specifically, [(B) P = 0.0419 and t, df(2.051, 58); (C) P < 0.0001 and U = 699; (D) P < 0.0001 and U = 23,096; (E) P = 0.0005 and 
U = 3857 and P = 0.0209 and U = 3,293 for anterograde and retrograde, respectively; (F) P = 0.7385 and U = 37,999; (G) P < 0.0001 U = 28,877; and (I) P < 0.0001 and U = 336). 
The total number of samples analyzed was (B and C) 29 to 50 neurons from four embryos; (D to G) = 116 to 279 SYT1-GFP tracks from 6 to 8 larvae per group; and (I) 37 to 
49 neurons from 8 to 10 larvae. *P < 0.05 and ****P < 0.0001.
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Fig. 6. Vesicles predominantly promote a-tubulin acetylation via ATAT1. (A) WB analysis of purified tubulin from bovine brain and HeLa cells, showing acetylated 
a-tubulin (Ac a-tub). Ponceau red identified total a-tubulin (Tot a-tub) on corresponding extracts. (B and C) In vitro enzyme-linked immunosorbent assay (ELISA)–based 
a-tubulin acetylation assay of polymerized nonacetylated MTs from HeLa cells; incubated with subcellular fraction (B); or with vesicular fractions isolated from WT or Atat1 KO 
mouse brain cortices with acetyl-CoA or vehicle (C). Purified bovine endogenously acetylated MTs served as control. (D and E) a-Tubulin acetylation assay of in vitro 
polymerized nonacetylated MTs from HeLa cells incubated with vesicular fractions (P3) isolated from WT or Atat1 KO mouse brain cortices and acetyl-CoA or vehicle. 
Purified bovine endogenously acetylated MTs served as control. Fluorescent signal was measured for total a-tubulin by using rhodamine dye and for acetylated a-tubulin 
by immunolabeling. Scale bar, 2 mm. (F) In vitro a-tubulin acetylation assay based on CoA release from acetyl-CoA by incubating vesicles from WT or Atat1 KO mice with 
polymerized nonacetylated MTs from HeLa cells. (G) Scheme depicting the axonal transport (anterograde and retrograde) of vesicles enriched in ATAT1 at their external 
surface. The proper acetylation of MTs is linked to the axonal transport of these vesicles and we propose that axonal transport transiently disrupt the MT lattice by creating 
transient openings through which ATAT1 relocates intralumenally to promote K40 a-tubulin acetylation. Description of graphical summaries here within are histograms 
of means ± SEM, while statistical analyses of (B and C) are one-way ANOVA; (D) is Kruskal-Wallis and (F) is two-way ANOVA. Specifically [(B) P < 0.0001 and F(4,35)=35.56; 
(C) P < 0.0001 and F(4,38)=158.3; (E) P < 0.0001 and K = 120.8; (F) P < 0.0001 and F(1,3360) = 8113) In addition, post hoc multiple comparisons are Sidak’s tests (B and C): 
Dunn’s test (D); ****P < 0.0001. The total number of samples analyzed were as follows: (B and C) eight subcellular brain cortical fractions from eight newborn mice; (E) = 29 
to 46 MTs, (F) 240 sample points (1/min) of purified vesicles from three WT and three Atat1 KO mouse brain cortices.
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pool of vesicular Atat1 provides an enzymatic activity that promotes 
MT acetylation and thereby fast axonal transport (Fig. 6G).

DISCUSSION
Here, we show that loss of Atat1(/2), thereby MT acetylation, 
impairs bidirectional axonal transport in mouse cortical neurons in 
culture or in organotypic slice as well as in fly larva motoneurons 

in vivo, ultimately resulting in locomotor defects in adult flies. Our 
work revealed the existence of a large pool of functional Atat1 at 
the external surface of different types of motile vesicles, including 
lysosomes and precursors of synaptic vesicles. Moreover, blocking 
MT-dependent transport impaired a-tubulin acetylation, further 
suggesting that Atat1-enriched vesicles have to be transported along MT 
to promote a-tubulin acetylation. Treatment with high concentration 
of ciliobrevin D (that blocks both retrograde and anterograde transport; 

Table 1. List of antibodies and their dilution used for ELISA assays, immunostainings, and/or Western blottings.  

Protein Company Cat no. WB IF ELISA

a-Tubulin Sigma-Aldrich T9026 1:5000 1:2,000

a-Tubulin* DSHB 12G10 1:500

a/b-Tubulin Cytoskeleton ATN02-A 1:150

Acetylated a-tubulin Sigma-Aldrich T7451 1:15,000 1:15,000

Polyglutamylated tubulin AdipoGen AG-25B-0030 1:10,000

Glutamylated tubulin AdipoGen AG-20B-0020 1:10,000

Detyrosinated tubulin Millipore AB3201 1:1,000

∆2-Tubulin Millipore AB3203 1:2,000

Lis1 Santa Cruz Sc-393320 1:100 1:100

ATAT1 Sigma-Aldrich HPA046816 1:2000 1:120

GAPDH Millipore MAB374 1:300

LAMP1 Abcam Ab25630 1:20

Synaptophysin Synaptic Systems 101 004 1:1000

SV2C Synaptic Systems 119 204 1:500

GFP Origene TP401 1:5000

GFP Abcam Ab6673 1:1000

b-Actin Sigma-Aldrich A3853 1:20,000

HDAC6 Santa Cruz 
Biotechnology sc-5258 1:200

GFP Molecular Probes A11122 1:1000

ATAT1 Maxence Nachury 1:1000

CSP** (cystein-string protein) DSHB DCSP-2 (D6D) 1:10

HRP Sigma-Aldrich P97899 1:1,000

FLAG Sigma-Aldrich F3165 1:1,000

Synaptophysin Sigma-Aldrich s5768 1:1,000

Histone H3 cell signaling 9715 1:5,000

Synuclein Abcam ab51252 1:5,000

DIC Millipore MAB1618 1:500

SV2*** DSHB AB 2315387 1:100

b-Tubulin cell signaling 2146 1:100

Goat anti mouse Jackson 
ImmunoResearch Labs 115–035-003 1:10,000 1:200 1:5,000

Goat anti rabbit Jackson 
ImmunoResearch Labs 111-035-003 1:10,000 1:200

Donkey anti goat Jackson 
ImmunoResearch Labs 705-035-003 1:10,000

 *12G10 anti–a-tubulin was deposited to the DSHB by J. Frankel/E.M. Nelsen (DSHB hybridoma product 12G10 anti–a-tubulin).   **DCSP-2 (6D6) was deposited 
to the DSHB by S. Benzer [DSHB hybridoma product DCSP-2 (6D6)].   ***SV2 was deposited to the DSHB by K.M. Buckley (DSHB hybridoma product SV2).
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Fig. 5E) or expression of shLis1 (that blocks retrograde transport; 
fig. S6E) significantly reduced MT acetylation in the axon, while only 
ciliobrevin D treatment did so in the soma. This suggests a possible 
predominant role for the anterograde transport of Atat1-enriched 
vesicles to promote a-tubulin acetylation in the soma, a hypothesis 
whose validation would require additional experiments.

Increasing MT acetylation has been shown to compensate for 
axonal transport defects in fly, mouse, and human models (6, 16). 
However, the role of Atat1 in axonal transport has been debated, 
since loss of Atat1/MEC17 expression impairs axonal transport in 
Caenorhabditis elegans neurons (28) but not in hippocampal and 
dorsal root ganglia neurons from adult mice (29). This apparent 
discrepancy may reflect different contributions of Atat1, thereby 
MT acetylation to axonal transport in distinct neuronal populations. 
It is also unexpected that, while acute deletion of Atat1 impairs MT 
acetylation, neuronal migration, and axon branching in the developing 
rodent cortex (30), Atat1 KO mice only show mild neurological 
abnormalities such as increased anxiety and impairments in mecha-
nosensation (14, 29). Such discrepancy may reflect a stronger require-
ment for Atat1 during development and early life, as suggested by 
its decreasing expression after birth in the cerebral cortex of both 
mice (30) and humans (31) (figure S7, 2018 Allen Institute for Cell 
Science. BrainSpan Atlas of the Developing Human Brain. Available 
from: brainspan.org/rnaseq/search/index.html).

Recent work performed in vitro has suggested that ATAT1 diffuses 
in the lumen of MTs where it induces acetylation of a-tubulin K40 
(12). While the mode of intraluminal relocation of ATAT1 remains 
controversial (11, 12), we now suggest that motile vesicles bring 
ATAT1 in close vicinity to MTs, which is in accord with the detection 
of ATAT1 at the surface of MTs by electronic scanning microscopy 
(9). Supposing that molecular transport triggers transient MT lattice 
deformations (32, 33) and disruption (34), one can postulate that 
locally released vesicular ATAT1 could reach the MT lumen to 
acetylates a-tubulin K40 in vivo via these dynamic lateral openings (35).

The results of our work, together with the observation that vesicular 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activity contrib-
utes to local generation of adenosine triphosphate (ATP) for fast-moving 
vesicles (24), show that vesicles have on-board enzymatic machinery 
that can act locally and modulate their own transport by changing 
their molecular environment. Our work suggests, in particular, that in 
neurons, vesicle-associated enzymes can locally modify MT tracks, thus 
optimizing axonal transport. Reduced acetylation of MTs also affect 
their flexibility and thus resistance to physical breakage after repeated 
mechanical stress (10, 36), and loss of Atat1/MEC17 in C. elegans 
leads to MT instability and axonal degeneration (28). Therefore, it would 
be interesting to test whether a reduced vesicular axonal transport, as 
observed in neurodegenerative diseases (37), might contribute to the 
neurodegeneration process via curtailing the acetylation of a-tubulin, 
hence leading to a global weakening and breakage of axonal MTs.

MATERIALS AND METHODS
Mice
Mice were euthanized and brain cortices were harvested either at P0 
to P2 for biochemical analysis or E14.5 for preparation of cortical 
neuronal cultures. Atat1+/− mice were used to obtain WT and KO mice 
(14). Mice were maintained with access to food and water ad libitum 
and kept at a constant temperature (19° to 22°C) and humidity (40 to 
50%) on a 12:12-hour light/dark cycle according to the guidelines 

of the Belgian Ministry of Agriculture and in agreement with the 
European Community Laboratory Animal Care and Use Regulations 
(86/609/CEE, Journal Officiel des Communautés Européennes 
L358, 18 December 1986). All experimental procedures were performed 
in strict accordance with the recommendations of the European 
Community (86/609/EEC) for care and use of laboratory animals 
under the supervision of authorized investigators.

D . melano gaster maintenance and lines
Flies were kept at a 25°C incubator with a 12-hour light and dark 
cycle. Crosses were performed at 25°C, first-instar larvae were 
transferred to a 29°C incubator until use. For axonal transport, be-
havioral experiments and immunolabeling D42-Gal4-UAS: Syt1-GFP 
or D42-Gal4 virgin females were crossed with upstream activation 
sequence (UAS)–RNAi carrying lines. For quantitative polymerase 
chain reaction (qPCR) analysis, elav-Gal4 females were crossed 
with UAS-RNAi males. All RNAi inserts sequences were validated 
by Sanger sequencing.

Drosophila lines were acquired from the Vienna Drosophila 
Resource Center (VDRC) and the Bloomington Drosophila Stock 
Center (BDSC). UAS-Syt1:GFP (BDSC 6925), UAS-RNAi Atat1 
(VDRC CG3967), UAS-RNAi Atat2 (VDRC CG17003), UAS-RNAi 
Hdac6 (BDSC 51181), and UAS-RNAi Zpg (VDRC CG10125) were 
used as control. Elav-Gal4 (BDSC 458) or D42-Gal4 (BDSC 8816) 
flies were used for specific activation of a UAS sequence in postmitotic 
neurons or motor neurons, respectively. All RNAi insert sequences 
were validated by Sanger sequencing.

Constructs
BDNF-mCherry was previously used in (24) and ATAT1-GFP (27099), 
pCALNL-DsRed (13769), and pEGFP a-tubulin K40Q (105302) were 
purchased from Addgene (www.addgene.org/). pEGFP-Tub was ob-
tained from Clontech (www.takarabio.com/). pCAG mEmerald- LAMP1 
and pCAG mito-DsRED were provided by F. Polleux (Columbia Uni-
versity, New York, USA), and pCAG-iCreERT2 was provided by A. Tye 
(NIMR, UK). pCX-Cre plasmid was designed and provided by X. Morin 
(Institut de Biologie de l’Ecole Normale Superieure IBENS, France). 
ATAT1 truncation constructs, FLAG- ATAT1(amino acids 1 to 333), 
FLAG-ATAT1(amino acids 1 to 286), FLAG-ATAT1(amino acids 1 
to 242), and FLAG-ATAT1(amino acids 1 to 196) were synthesized 
as gBlocks and inserted to a pCIG2 vector. The Atat1 short hairpin RNA 
(shRNA) sequence was 5′-GCAGCAAATCATGACTATTGT-3′ (30). 
Atat1 sequence was inserted in pBS/U6- ploxPneo plasmid (provided 
by X. Coumoul). Lis1 shRNA sequence was 5′-GAGATGAACTA-
AATCGAGCTA-3′ (38) and was subcloned in pCA-b-EGFPm5 silencer 
3, a gift from M. Vermeren (King’s College London, UK). All construct 
sequences were verified by Sanger sequencing.

Cell lines culture, transfections, and drug treatment
Mouse neuroblastoma N2A cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) (Gibco) supplemented with 10% fetal calf 
serum at 37°C with 5% CO2. To test shAtat1 efficiency, we treated 
N2A cells with 4OHT (1 mM) 24 and 48 hours after lipofection with 
Lipofectamine 2000 (Invitrogen), and cell lysis or fixation was 
performed 48 hours after the first treatment with 4OHT.

Neuronal cell culture
E14.5 mouse brain cortices were dissected and mechanically dissociated 
in Hanks’ balanced salt solution (HBSS) (Sigma-Aldrich, H6648) 
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supplemented with 1.5% glucose. Cells were cultured at a confluence 
of ~70% with Neurobasal Medium (Gibco, Invitrogen, 21103049) 
supplemented with 2% B27 (Gibco, Invitrogen, 17504044), 1% penicillin/
streptomycin (Gibco, Invitrogen, 15140122), and 1% GlutaMAX 
(Gibco, Invitrogen, 35050061) at 37°C. Nucleofections of E14.5 
cortical neurons were performed using Mouse Neuron Nucleofector 
Kit (VPG-1001, Lonza) according to the manufacturer’s protocol.

Human-induced pluripotent stem cell culture 
and generation of cortical projection neurons
Human embryonic stem cell research and protocols were approved by 
the Ethics Committee of the University of Liège (no. B70720096466); 
all experiments were conducted according to its guidelines. Human- 
induced pluripotent stem cell (hIPSC) line GM23446 (Coriell Institute) 
was maintained on Geltrex-coated dishes (Gibco) in DMEM/F12 
supplemented with 20% KO serum replacement (Gibco), 100 mM 
nonessential amino acids (NEAA) (Gibco), 100 mM 2-mercaptoethanol, 
and basic fibroblast growth factor (100 ng/ml; PeproTech, London, 
UK), conditioned on g-irradiated mouse embryonic fibroblasts. Cells 
were passaged routinely with collagenase A (1 mg/ml; Roche).

Generation of human cortical neurons was performed as described 
in (39). Briefly, hiPSCs were dissociated with TrypLE (Gibco) for 
4 min at 37°C and cultured on Geltrex-coated dished in Pluripro 
medium (Cell Guidance Systems) until they reached confluency. 
Neural induction was triggered with media making use of dual SMAD 
inhibition and tankyrase inhibitor to enhance forebrain fate: DMEM/
F12 containing N2 (Gibco), B27 (Gibco), penicillin/streptomycin 
(1:100; Gibco), glucose (0.8 mg/ml; Carl Roth HN06.2), NEAA, 
GlutaMAX (Gibco), cyclic adenosine 3′,5′-monophosphate (0.15 ng/ml; 
Sigma-Aldrich, A9501-1G), 500 nM A83-01 (Miltenyi Biotec, 130-
106-274), 200 nM LDN-193189 (Miltenyi Biotec, 130-103-925), and 
2 mM XAV939 (Enzo Life Sciences, BML-WN100-0005). Medium 
was changed daily, and cells were passaged at day 8 with 0.5 M 
EDTA. Cells were maintained until day 18 and replated at a density 
of 12,000 cells/cm2 in neural differentiation media containing 1:1 
DMEM/F12/Neurobasal, N2, B27, penicillin/streptomycin, glucose 
(0.8 mg/ml), NEAA, and GlutaMAX. Neural differentiation media 
were changed every other day, and Geltrex (1:100) was added 4 days 
before fixation with 4% paraformaldehyde (PFA) at day 32 to prevent 
detachment of the neurons.

Immunofluorescence
Mouse cerebral cortical neurons, N2A cells, HeLa S3 cells, and human 
projection neurons derived from hiPSCs were fixed using 4% PFA 
for 20 min at room temperature (RT) and washed with phosphate- 
buffered saline (PBS) + 0.3% Triton X-100. Antigen retrieval was 
performed for nucleofected cerebral cortical neurons using 10 mM 
sodium citrate (pH 9) for 1 hour at 60°C. After washing, neurons 
were incubated in blocking solution (PBS + 0.3% Triton X-100 + 10% 
normal donkey serum) for 1 hour at RT. Following overnight 
incubation with primary antibodies (Table 1) in blocking solution 
at 4°C, washing, incubation with secondary antibodies (PBS + 0.3% 
Triton X-100 + 1% normal donkey serum) at RT for 1 hour, and washing, 
coverslips were mounted on a microscope slide using Mowiol.

D. melanogaster larvae were dissected in PBS to expose brain and 
motor neurons, after dissection larvae were fixed with 4% PFA for 
20 min at RT, washed with PBS + 0.2% (CSP staining) or 0.3% 
(a-tubulin acetylation staining) Triton X-100, and incubated in 
blocking solution PBS and 0.2% (CSP staining) or 0.3% (a-tubulin 

acetylation staining) Triton X-100 + 1% bovine serum albumin 
(BSA) for 30 min at RT. Following overnight incubation with 
primary antibodies at 4°C, washing, and incubation with secondary 
antibodies at RT for 2 hours, the larvae were mounted on a micro-
scope slide using Mowiol. After washing in PBS + 0.3% Triton X-100, 
samples were incubated in blocking solution (PBS + 5% normal 
donkey serum + 0.3% Triton X-100) for 1 hour at RT. Following 
overnight incubation with antibodies at 4°C, washing, and incubation 
with secondary antibodies at RT for 2 hours, the larvae were mounted 
on a microscope slide using Mowiol. Images were acquired with a 
Nikon A1Ti confocal microscope (60× lens) for all analyses, except 
ATAT1-GFP and BDNF-mCherry staining that was acquired with 
the Airyscan superresolution module of a Zeiss LSM 880 confocal 
microscope. HeLa cells were plated at densities of 10,000 for 96-well 
black-bottom plates. The following day, cells were transfected using 
calcium phosphate with 0.01 mg/96-well plates of ATAT1:IRES-
GFP truncated-form plasmids. Twenty-four hours after transfec-
tion, cells were fixed using 4% PFA and blocked and permeabilized 
using PBS + 3% fetal bovine saline (FBS) + 0.1% Triton X-100 
for 1 hour. Following overnight incubation with primary [total 
a/b-tubulin (ATN02-A) and acetylated a-tubulin (T9026)] anti-
bodies at 4°C, washing, and incubation with secondary antibodies 
at RT for 2 hours, cells were imaged using an IN Cell 2200 micro-
scope (GE Healthcare).

Western blotting
Mouse brain cortices from Atat1 KO mice (20) or HEK293 or N2A 
cells were homogenized on ice in radioimmunoprecipitation assay 
buffer or 320 mM sucrose, 4 mM Hepes buffer for subcellular fractions, 
with protease inhibitor cocktail (Roche, P8340 or Sigma- Aldrich, S8820) 
and 5 mM trichostatin A (Sigma-Aldrich, T8552). Subsequently, samples 
were boiled and reduced by 5 min of incubation at 70°C with loading 
buffer and were loaded on SDS–polyacrylamide gel electrophoresis 
gel to be finally transferred to a nitrocellulose membrane. For a-tubulin 
acetylation analysis, 2 mg of protein lysate was loaded on a gel; for 
analysis of all other proteins, 30 mg of lysate was used. Membranes 
were imaged using Amersham Imager 600 (General Electric, 29083461), 
and band densitometry was measured using ImageJ.

Subcellular fractionation
Subcellular fractionation of a frozen mouse brain cortex or cultured 
HEK293 cells was performed as previously described (24).

MS analysis
All chemicals were purchased from Sigma-Aldrich unless stated 
otherwise. Pellets from three independent samples of vesicles isolated 
from the brain cortex of WT or Atat1 KO mice were solubilized 
using 5% SDS. Samples were then loaded onto the commercial 
S-Trap columns (ProtiFi, USA); for washing the detergents, reduction 
with 5 mM dithiothreitol (DTT), 10 mM iodoacetamide, and overnight 
digestion with trypsin (Promega) at 50:1 protein:trypsin ratio. Eluted 
peptides were dried using a vacuum centrifuge and stored in −80°C. 
Ultra LC/MS grade solvents were used for all chromatographic steps. 
Each sample was loaded using splitless nano ultraperformance LC 
(UPLC) (10 kpsi nanoACQUITY; Waters Corporation, Milford, MA, 
USA). The mobile phase was as follows: (A) H2O + 0.1% formic 
acid and (B) acetonitrile + 0.1% formic acid. Desalting of the sam-
ples was performed online using a Reversed-Phase Symmetry C18 
trapping column (internal diameter of 180 mm, 20 mm in length, 
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and 5 mm particle size; Waters Corporation). The peptides were then 
separated using a T3 High Strength Silica nanocolumn (internal 
diameter of 75 mm, 250 mm in length, and 1.8-mm particle size; Waters 
Corporation) at 0.35 ml/min. Peptides were eluted from the column 
into the mass spectrometer using the following gradient: 4 to 30% B 
in 155 minutes, 30 to 90% B in 5 min, maintained at 90% for 5 min, 
and then back to initial conditions. The nanoUPLC was coupled online 
through a nanoelectrospray ionization emitter (10-mm tip; New Objec-
tive, Woburn, MA, USA) to a quadrupole orbitrap mass spectrometer 
(Q Exactive Plus, Thermo Fisher Scientific), using a FlexIon nano-
spray apparatus (Proxeon). Data were acquired in a data-dependent 
acquisition mode, using a top 10 method. MS1 resolution was set to 
70,000 [at 200 mass/charge ratio (m/z)], mass range of 300 to 1650 m/z, 
and AGC of 3e6, and maximum injection time was set to 60 ms. MS2 
resolution was set to 17,500, quadrupole isolation 1.7 m/z, AGC of 1e5, 
dynamic exclusion of 60 s, and maximum injection time of 60 ms. 
Raw data were processed with MaxQuant v1.6.0.16. The data were 
searched with the Andromeda search engine against the SwisssProt 
human proteome database appended with common lab protein con-
taminants and the following modifications: carbamidomethyl on C 
and oxidation of M. Quantification was based on the Label-free quan-
titation method, based on unique peptides. t test with the Holm-Sidak 
method for multiple comparison was used for determination of sta-
tistical significance after logarithmic transformation. GO data analysis 
of the differentially detected proteins was done using GOrilla tool 
(40) (http://cbl-gorilla.cs.technion.ac.il), using two ranked lists and 
a P value of 10 × 10−3 as threshold.

Proteinase K sensitivity assay
Proteinase K sensitivity assay was performed as previously described 
(26). Fifty micrograms of vesicles (P3) were incubated with increasing 
concentration of proteinase K to reach a final concentration of 0, 0.05, 
0.25, 1.25, and 6.25 mg/ml in digestion buffer (10 mM Hepes, 10 mM 
KCL, 2 mM EGTA, and 300 mM sucrose) in a total volume of 50 ml, 
for 30 min at 37°C. To end the reactions, 5 mM phenylmethylsulfonyl 
fluoride (PMSF) with Laemmli buffer, followed by immediate boiling 
and reduction of the samples in 95°C for 5 min.

Microfluidics device fabrication and axonal transport 
recordings in mice cortical neurons and D ro so phila  
third-instar larvae
Microfluidics devices were prepared as described in (41). Axonal 
transport recording was performed after 5 DIV, as previously described 
(16), using an inverted confocal microscope (Nikon, A1Ti), at a 600-ms 
interval for 60 s using 60× lens. For cell culture, the recording 
microscope chamber was heated at 37°C and supplied with 5% CO2.

Locomotor activity and climbing assay
Larval locomotion assays were performed by placing third-instar 
D. melanogaster larvae in the center of 15-cm petri dishes coated 
with 3% agar (42). Millimeter paper was glued below each 15-cm petri 
dish to quantify distance traveled. Crawling speed was extrapolated 
from distance traveled in 1 min; peristaltic activity was defined as 
complete posteroanterior contraction of the larvae in 1 min. Climbing 
assay for adult flies was performed as previously described in (43). 
Ten flies per group were allowed to climb an empty polystyrene 
tube for 1 min in three sequential assays. Climbing index was defined 
as average ratio successful climbs over 15 cm of the total number of 
flies in a group.

Lysosome transport analysis in organotypic slice
Mice purchased from Janvier were anesthetized with isoflurane 
(Abbott Laboratories) in an oxygen carrier before the administration 
of temgesic (Schering-Plough). Endotoxin-free plasmids were injected 
into lateral ventricles of E14.5 mouse embryo forebrains using a 
FemtoJet microinjector (Eppendorf) with 0.1% fast green for visual-
ization. Injection was followed by electroporation (5 pulses of 24 mV 
at 50-ms intervals for 950 ms) using platinum electrodes (Sonidel, 
catalog no. CUY650P3) connected to an electroporator (ECM 830, 
BTX). Embryos were coelectroporated with tamoxifen-inducible 
CreERT2 expressing plasmid along with two Cre-dependent constructs 
expressing DsRed and shAtat1/sh-scrambled and with LAMP1-Emerald– 
expressing plasmid. After electroporation, embryos were placed back 
in the abdominal cavity. For injection, 4OHT and progesterone 
were dissolved in ethanol 100% at concentrations of 20 and 10 mg/ml, 
respectively, and then diluted with nine volumes of corn oil (Sigma- 
Aldrich). Diluted tamoxifen solution (2 mg/ml, 100 ml per mouse) 
was intraperitoneally injected three times at E17, E18, and P1, and 
pups brains were dissected at P2. Brains were embedded in agarose 
4% HBSS solution and cut into coronal sections (300 mm) using a 
vibratome (Leica VT1000S, Leica Microsystems). The slices were 
placed on Matrigel-coated (Corning) MatTek glass-bottom dishes 
and covered with half-diluted Matrigel with supplemented Neuro-
basal culture medium. Sections were incubated for 30 min at 37°C 
before imaging. Time-lapse imaging was performed on a Zeiss 
Super Resolution LSM 880 Airyscan Elyra S1 (×63 magnification) at a 
500-ms interval for 60 s at the corpus callosum midline. The re-
coding microscope chamber was heated at 37°C and supplied with 
5% CO2.

qPCR analysis
Ten adult fly heads were collected in TRIzol Reagent (Ambion, Life 
Technologies), followed by RNA extraction performed using the 
manufacturer’s instructions. After deoxyribonuclease treatment 
(Roche), 1 mg of RNA was reverse-transcribed with RevertAid 
Reverse Transcriptase (Fermentas). qPCR was performed using a 
LightCycler 480 (Roche), with SYBR Green mix according to the 
manufacturer’s instructions (Roche). Analysis was done using 2-DDCT 
method after defining primer efficiencies, Rpl13 and Pgk served for 
normalization (44). The following primers were used: Rpl13, AGGAG-
GCGCAAGAAATC (forward) and CTTGCTGCGGTACTCCTT-
GAG (reverse); Pgk, TCCTGAAGGTCCTCAACAACATG (forward) 
and TCCACCAGTTTCTCGACGATCT (reverse); Atat1, CAGTC-
CCGCACGCTGACGAG (forward) and ACGCGCATGGTGGAG-
CAGAC (reverse); Atat2, TCCCAAGTCAAGGGAGACAC (forward) 
and TGCGGAAAGAGGTGCTTAAT (reverse); and Hdac6, CAAG-
CCCAAAGTCAAGCACT (forward) and ACCCAGTTCTCCCCCGTC 
(reverse).
Cilio brevin treatment
Drug treatments of cortical neuronal cultures were performed 
using 20 mM (Sigma-Aldrich 250401) diluted in dimethyl sulfoxide 
(DMSO) for 2 hours. For third-instar larva, drugs were fed in 10% 
sucrose solution supplemented with either 1 mM TBA (Sigma- 
Aldrich, SML0044) or 800 mM Ciliobrevin D and DMSO for 30 min 
and 2 hours, respectively.

Purification of tubulin from mouse brains or HeLa cells
Nonacetylated a-tubulin was obtained from HeLa S3 cells (American 
Type Culture Collection, CCL-2.2TM) for in vitro acetylation assays 
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or from WT and Atat1 KO mouse brains for in vitro transport assay 
according to the protocol adapted from (45). Cells were lysed in 
BRB80 [80 mM K− Pipes (pH 6.8), 1 mM MgCl2, and 1 mM EGTA] 
supplemented with 1 mM b-mercaptoethanol, 1 mM PMSF, and 
protease inhibitors at 4°C. The soluble fraction was obtained by 
ultracentrifugation, followed by tubulin polymerization at 30°C min 
by adding 1 mM guanosine triphosphate (GTP) and 30% glycerol. 
MTs were pelleted by ultracentrifugation at 30°C for 30 min and 
depolymerized in BRB80 at 4°C; soluble tubulin was clarified by 
ultracentrifugation at 4°C. The second polymerization round was 
performed for 30 min at 30°C in the presence of high-molarity 
Pipes to remove mitogen-activated proteins; the MT pellet was 
sedimented by ultracentrifugation. MTs were then depolymerized in 
BRB80 at 4°C, and soluble tubulin was clarified and snap-frozen.

In vitro a-tubulin acetylation assays
Half-area 96-well plates (Greiner, 674061) were coated with 5-mg 
tubulin from HeLa cells or bovine brain (Cytoskeleton, catalog no. 
HTS02-A) in 25 ml of ultrapure water for 2.5 hours at 37°C, followed 
by blocking (PBS + 3% BSA + 3% skim milk + 3% FBS) for 1 hour at 
37°C, and washing with PBS + 0.05% Tween 20. Twenty-five micro-
grams of the total, S2, S3, or P3 fractions isolated from the P0 mouse 
brain cortex were diluted in 2× histone acetyltransferase (HAT) 
buffer (Sigma-Aldrich, EPI001A) supplemented with protease inhibitor 
cocktail, 5 mM trichostatin, and 50 mM acetyl-CoA (Sigma-Aldrich, 
A2056) or vehicle (H20) were added per well for incubation of 2 hours 
at 37°C with shaking at 100 revolutions per minute. The wells were 
washed and incubated overnight with acetylated a-tubulin antibody 
(1:2000) in blocking buffer (PBS + 0.05% Tween 20 + 3% BSA) at 
4°C, and wells were washed and incubated for 2 hours at 37°C with 
peroxidase-conjugated goat anti-mouse antibody (1:5000) in antibody 
blocking buffer; following another wash, the samples were incubated 
with trimethylboron/E (Merck Millipore, ES001), and the reaction 
was stopped with H2SO4.

CoA release was measured using HAT activity colorimetric assay 
kit (Sigma-Aldrich, EPI001), as indicated by the manufacturer’s 
instructions. Twenty-five micrograms of P3 fraction were incubated 
with 5 mg of tubulin in black-bottom mClear plate (Greiner, 655090) 
for 4 hours, and signal was measured every minute.

In vitro MT-dependent transport assay
WT or Atat1 KO mouse brain was fractionated in vesicle buffer 
[10 mM Hepes-KOH, 175 mM L-aspartic acid, 65 mM taurine, 85 mM 
betaine, 25 mM glycine, 6.5 mM MgCl2, 5 mM EGTA, 0.5 mM 
D-glucose, 1.5 mM CaCl2, and 20 mM DTT (pH 7.2), with protease 
inhibitors], using increasing centrifugation speed with a final sucrose 
gradient step to isolate motility vesicles as described in (23). 
Rhodamine-labeled seeds were prepared by incubating a mix of 
rhodamine labeled with unlabeled purified tubulin from bovine 
brain (Cytoskeleton, catalog no. HTS02-A) or HeLa cells (isolated 
as described above) at a ratio of 1:10 for 1 hour at 37°C. The elongation 
was carried in GTP-BRB80 buffer (80 mM Pipes, 1 mM MgCl2, 1 mM 
EGTA, and 1 mM GTP) for 30 min at 37°C, followed by incubation 
for 20 min with 50 mM Taxol to stabilize MTs.

The in vitro polymerized rhodamine-labeled MTs from WT or 
Atat1 KO mouse brains were seeded in a flow chamber and purified 
vesicles diluted in motility buffer [BRB80, 0.5% Pluronic F127, 1 mM 
Taxol, BSA in BRB80 (10 mg/ml), 1 M DTT, glucose oxidase (0.5 mg/ml), 
20 mM Mg-ATP, glucose (15 mg/ml), and catalase (470 U/ml)] were 

labeled with the green fluorescent lipophilic carbocyanine [DiOC18(3), 
Thermo Fisher Scientific] tracer, loaded in the chambers with 
50 mM acetyl-CoA or vehicle, to acquire using a total internal reflection 
fluorescence (TIRF) microscope. For immunofluorescence analysis, 
MTs were fixed after the assay with 100% methanol for 10 min 
at −20°C, then incubated in blocking solution (PBS + 1% BSA) with 
acetylated a-tubulin antibody (1:10,000) and goat anti-mouse Alexa 
647 antibody (1:1000) for 2 hours at RT. Recordings were performed 
by using a TIRF microscope (Nikon, Eclipse Ti), at 200-ms intervals, 
using 60× lens.

Quantification of MT acetylation levels  
using immunofluorescence
Fluorescence intensity levels were measured by Fiji (https://imagej.net/
Fiji/Downloads). Regions of interest of 30 mm long for D. melanogaster, 
or the complete length for in vitro polymerized MTs, accounting for 
the full width of the motoneurons/MTs were used. The levels of 
acetylated a-tubulin and total a-tubulin levels were extracted from 
mean intensity levels. Background levels were subtracted, and the 
ratio of acetylated a-tubulin/tubulin was calculated.

Analysis of MT-dependent transport
Kymographs were generated for single blind analysis using ImageJ 
plugin-KymoToolBox (fabrice.cordelieres@curie.u-psud.fr). For 
D. melanogaster analysis, StackReg plugin was used to align frames. 
Vesicles were considered stationary if speed was lower than 0.1 mm/s.

Statistics
All experiments (except WB and quantitative reverse transcription 
PCR analyses) were performed under single-blinded condition, and 
statistical analyses were generated with GraphPad Prism Software 
6.0 or GraphPad Prism Software 7.0 for proteomic analysis.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/12/eaax2705/DC1
Fig. S1. Analysis of axonal transport parameters in WT and Atat1 KO mice.
Fig. S2. Validation of RNAi efficiency, mRNA expression of MTs modifying enzymes, 
representative kymographs of axonal transport, and protein aggregation in D. melanogaster.
Fig. S3. Kymographs of in vitro transport assay.
Fig. S4. Identified peptides of ATAT1 by LC-MS/MS.
Fig. S5. LC-MS/MS proteomics on vesicular extracts from WT and ATAT1 KO mice.
Fig. S6. Acute KD of Lis1 leads to defect in retrograde transport and dampens the acetylation of MTs.
Fig. S7. Expression of Atat1 in the cerebral cortex of human in the course of development and life.
Table S1. Intensity-ranked proteins in vesicle fractions from WT or Atat1 KO mice detected by 
LC-MS/MS.
Table S2. Differentially detected proteins in vesicle fractions from WT or Atat1 KO mice 
detected by LC-MS/MS.
Table S3. Identified molecular motors in vesicle fractions from WT or Atat1 KO mice detected 
by LC-MS/MS.
Table S4. Identified glycolytic enzymes in vesicle fractions from WT or Atat1 KO mice detected 
by LC-MS/MS.
Movie S1. Representative movie of Lamp1-Emerald trafficking in axons of cortical brain slice.
Movie S2. Representative movie of lysosome trafficking in axons located in the distal part of 
PDMS chambers.
Movie S3. Representative movie of mitochondria trafficking in axons located in the distal part 
of PDMS chambers.
Movie S4. Representative movie of synaptotagmin-GFP trafficking in motoneurons of 
third-instar larvae.
Movie S5. Representative movies of vesicles trafficking in vitro over polymerized rhodamine-
labeled MTs.
Movie S6. Representative movie of ATAT1-GFP trafficking in axons located in the distal part of 
PDMS chambers.

View/request a protocol for this paper from Bio-protocol.
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ATP-citrate lyase promotes axonal transport across
species
Aviel Even 1,10, Giovanni Morelli2,3,10, Silvia Turchetto2,10, Michal Shilian1, Romain Le Bail2, Sophie Laguesse2,

Nathalie Krusy2, Ariel Brisker1, Alexander Brandis4, Shani Inbar1, Alain Chariot5, Frédéric Saudou 6,7,8,

Paula Dietrich9, Ioannis Dragatsis9, Bert Brone 3, Loïc Broix 2, Jean-Michel Rigo 3, Miguel Weil1,11✉ &

Laurent Nguyen 2,11✉

Microtubule (MT)-based transport is an evolutionary conserved process finely tuned by

posttranslational modifications. Among them, α-tubulin acetylation, primarily catalyzed by a

vesicular pool of α-tubulin N-acetyltransferase 1 (Atat1), promotes the recruitment and

processivity of molecular motors along MT tracks. However, the mechanism that controls

Atat1 activity remains poorly understood. Here, we show that ATP-citrate lyase (Acly) is

enriched in vesicles and provide Acetyl-Coenzyme-A (Acetyl-CoA) to Atat1. In addition, we

showed that Acly expression is reduced upon loss of Elongator activity, further connecting

Elongator to Atat1 in a pathway regulating α-tubulin acetylation and MT-dependent transport

in projection neurons, across species. Remarkably, comparable defects occur in fibroblasts

from Familial Dysautonomia (FD) patients bearing an autosomal recessive mutation in the

gene coding for the Elongator subunit ELP1. Our data may thus shine light on the patho-

physiological mechanisms underlying FD.
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Axonal transport is an evolutionary conserved process that
delivers cargoes to distant subcellular compartments. It is
supported by molecular motors (kinesins and dyneins)

running along microtubule (MT) tracks and is particularly
important for projection neurons that send axons to distant
targets. MT-dependent transport contributes to neuronal devel-
opment in growing dendrites and axons via slow axonal transport
of cytoskeletal elements and, later, it sustains survival and
homeostasis of neurons via fast axonal transport of organelles
including mitochondria, lysosomes, and vesicles carrying various
types of proteins (growth factors, synaptic proteins…). Axonal
transport defect is a hallmark of several neurodegenerative dis-
orders, whose disruption affects neuronal function and
survival1–4. This is exemplified by the loss of activity of the
Elongator complex, which is associated with both neurodegen-
eration and axonal transport defects5,6. This molecular complex,
conserved from yeast to human, is composed of two copies of six
distinct protein subunits (Elp1 to Elp6)7. Elp3 is the enzymatic
core of the Elongator and harbors two highly conserved sub-
domains, a tRNA acetyltransferase8 and a S-adenosyl methionine
binding domains9. Elp1 is the scaffolding subunit of the complex,
but disruption of any of the Elongator subunits leads to com-
parable phenotype in eukaryotes, suggesting that all subunits are
essential for the integrity and activity of the complex10,11. Elon-
gator serves molecular functions in distinct subcellular
compartments12 but predominantly accumulates in the cytoplasm
where it promotes the formation of 5-methoxycarbonylmethyl
(mcm5) and 5-carbamoylmethyl (ncm5) on side-chains of wobble
uridines (U ) of selected tRNAs, thereby regulating protein
translation8,13. Convergent observations support a role for
Elongator in intracellular transport in the nervous system as Elp3
is enriched at the presynaptic side of neuromuscular junction
buttons in flies, where its expression is required for synapse
integrity and activity14,15. Elongator subunits are also detected in
protein extracts from purified motile vesicles isolated from the
mouse cerebral cortex16, and they colocalize with the vesicular
markers SV2 and RAB3A in human embryonic stem cells derived
neurons17. In humans, mutation of the gene coding for ELP1,
underlies Familial dysautonomia (FD), a devastating disease that
mostly affects the development and survival of neurons from the
autonomic nervous systems18,19. Moreover, other neurological
disorders are also associated with mutations affecting the
expression or the activity of Elongator5,20–23. Experimental data
on animal models show that interfering with Elongator activity
promotes early developmental and progressive neurodegenerative
defects, including poor axonal transport and maintenance24–27.
At the molecular level, loss of Elongator correlates with poor
acetylation of α-tubulin lysine 40 (K40) in neuronal microtubules
(MT)6,25,28. This post-translational modification (PTM) mod-
ulates axonal transport by facilitating the recruitment of mole-
cular motors to MTs29 and the loading of motile vesicles on
motors6. The acetylation of MTs relies mostly on a vesicular pool
of tubulin acetyltransferase 1 (Atat1)30 that catalyzes the transfer
of acetyl groups from Acetyl-Coenzyme-A (Acetyl-CoA) onto
lysine 40 (K40) of α-tubulin31,32. How loss of Elongator affects
MT acetylation, and whether a functional correlation between
Elongator and Atat1 exists, remains to be explored.

Here, by combining cellular and molecular analyses in mouse
cortical neurons in vitro and fly larva motoneurons (MNs)
in vivo, we show that Elongator is expressed in vesicles and
modulates axonal transport and acetylation of α-tubulin across
species by regulating the stability of ATP-citrate lyase (Acly). This
enzyme is enriched in vesicles and produces acetyl-coA, thereby
providing acetyl groups for Atat1 activity towards MTs. Impor-
tantly, analysis of primary fibroblasts from FD patients show
molecular defects comparable to those observed in mice and fly

projection neurons depleted in Elongator. Therefore, our data
may shine a light on the pathophysiological mechanisms under-
lying FD and other neurological disorders resulting from
impaired Elongator activity.

Results
Elongator and Atat1 cooperate in a common pathway to reg-
ulate the acetylation of α-tubulin and axonal transport. In
order to understand how Elongator controls tubulin acetylation
and MT-based transport, we performed complementary experi-
ments in distinct animal models that lack Elongator activity. We
compared the level of α-tubulin acetylation in cultured cortical
projection neurons (PN) that were isolated from embryonic (E)
day 14.5 WT or Elp3cKO mouse embryos (conditional loss of
Elp3 in cortical progenitors upon breeding Elp3lox/lox33 and
FoxG1:Cre34 transgenic mice). Axon of Elp3 cKO PNs, as well as
cortical extracts from E14.5 Elp3 cKO embryos displayed sig-
nificant reduction of α-tubulin acetylation (Fig. 1a, Supplemen-
tary Fig. 1a). We next assessed axonal transport in PNs that were
cultured in microfluidic devices for 5 days and incubated with
specific dyes to track lysosomes (LysoTracker®) and mitochon-
dria (MitoTracker®) movements by time-lapse videomicroscopy
(Fig. 1b). PNs showed a significant reduction of average and
moving velocities (in anterograde and retrograde directions) of
lysosomes and mitochondria along axons, which correlated with
an increase of their pausing time, as compared to WT PNs
(Supplementary Fig. 1b–h). These results confirmed that loss of
Elongator activity leads to defects of α-tubulin acetylation and
molecular transport in cortical neurons. Since a vesicular pool of
Atat1 promotes acetylation of α-tubulin, thereby controls axonal
transport in cortical PNs30, we postulated that Atat1 and Elon-
gator might contribute to axonal transport via a shared molecular
pathway. To test this hypothesis, we infected cortical PNs from
E14.5 WT and Atat1 KO mice with lentiviruses expressing either
sh-Elp3 or sh-Control (Supplementary Fig. 1i–j), and we cultured
them in microfluidics devices for five days (Fig. 1b). Targeting
Elp3 in WT neurons impaired lysosomes and mitochondria
transport across PN axons. However, we did not observe an
additive effect on MT acetylation or axonal transport kinetics
upon reduction of Elp3 expression in Atat1 KO PNs (which show
reduced acetylation of α-tubulin) (Fig. 1c–e, Supplementary
Fig. 1k–o). Comparable observations were made in vivo in MNs
of Drosophila melanogaster 3rd instar larvae obtained by crossing
UAS:Elp1 or UAS:Elp3 RNAi fly lines with D42:Gal4 (further
called Elp1 KD and Elp3 KD). The knockdown efficiency of the
UAS:Elp1 and UAS:Elp3 in postmitotic neurons was validated in
adult fly heads (Elav:Gal4 driver; Supplementary Fig. 1p–r). We
first confirmed that the level of α-tubulin acetylation was reduced
in Elp1 and Elp3 KD 3rd instar larvae MNs, a defect genetically
rescued by expressing human (h) ELP3 or by co-targeting the
main α-tubulin deacetylase Hdac6 with RNAi (Elp1;Hdac6 KD,
Elp3;Hdac6 KD) (Fig. 1f, Supplementary Fig. 1r). Moreover,
knocking down both Elp3 and Atat1 (Elp3;Atat1 KD) did not
further reduce the α-tubulin acetylation level, as compared to
Elp3 KD alone (Fig. 1f; p= 0.259 and p= 0.775, respectively). In
vivo time-lapse recording of the synaptotagmin-GFP axonal
transport (SYT1-GFP) in MNs of anesthetized fly 3rd instar
larvae (Fig. 1g) correlated with levels of α-tubulin acetylation
(Fig. 1f). We observed a reduction of both the average and
moving velocities of SYT1-GFP vesicles together with an exten-
sion of their pausing time both in Elp1 KD or Elp3 KD larvae
when compared to controls, and with no cumulative defects in
Elp3;Atat1 KD flies (Fig. 1h–j, Supplementary Fig. 1s). Moreover,
knocking down Hdac6 fully rescued the observed axonal trans-
port defects observed in Elp1/3 KD in 3rd instar larvae MNs
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(Elp1;Hdac6 KD, Elp3;Hdac6 KD) (Fig. 1h–j, Supplementary
Fig. 1s).

Interfering with Elongator activity affects codon-biased
translation that can ultimately lead to protein aggregation35,
thereby blocking axonal transport36. However, we did not detect
significant protein aggregation in the axon of either cultured
cortical neurons from Elp3 cKO mice (Supplementary Fig. 1t) or
motoneurons from Elp1 or Elp3 KD 3rd instar larvae in vivo
(Supplementary Fig. 1u), while axonal aggregates formed upon
blocking proteasome activity with MG132 incubation. Altogether,
these results suggest that the axonal transport defects observed in
Elongator deficient neurons unlikely result from a local
accumulation of protein aggregates.

Since impaired axonal transport in fly MNs leads to
locomotion defects1,37, we measured larvae crawling speed and
adult flies climbing index as functional readouts of axonal

transport activity in MNs30,37. These parameters were affected
upon depletion of either Elp1 or Elp3 (Fig. 1k–l), and were likely
resulting from MT acetylation and axonal transport defects, as
they were rescued by the knockdown of Hdac6 (Fig. 1k–l) and no
morphological changes of neuromuscular junction synapses were
observed (Supplementary Fig. 1v).

Elongator shares high amino acid similarity across species
(Supplementary Fig. 1w). Expression of human ELP3 in MNs of
3rd instar larvae of Elp3 KD flies (Elp3 KD+ ELP3) rescued α-
tubulin acetylation (Fig. 1f), axonal transport parameters
(Fig. 1h–j, Supplementary Fig. 1s) and locomotion behavior
defects (Fig. 1k–l), indicating that ELP3, and by extension
Elongator, has a conserved evolutionary role from human to fly in
axonal transport. Moreover, we show that loss of Elongator
activity does not worsen the axonal phenotype of Atat1 KO
neurons, further suggesting that these molecules act in a common
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molecular pathway to modulate MT acetylation and axonal
transport31,32.

Loss of Elongator impairs the production of acetyl-CoA,
thereby interfering with Atat1- mediated MT acetylation. Since
Hdac6 knockdown rescued the axonal transport deficits observed
in neurons lacking Elongator activity (Fig. 1h–j), we tested
whether these defects may arise from a change of expression or
activity of Hdac6 and/or Atat1, the enzymes that control α-
tubulin de/acetylation, respectively38,39. Since no change in
Hdac6 and Atat1 (isoform #3 and #4)30 expression in cortical
extracts from Elp3 cKO and WT littermate newborn mice
(Fig. 2a–c) were observed, we measured the activity of these
enzymes. The deacetylation activity of Hdac6 toward MTs,
assessed in vitro by incubating free acetylated α-tubulin from
bovine brains with cortical extracts from newborn Elp3 cKO or
WT littermate controls38, was comparable between conditions
(Fig. 2d). Atat1 activity was measured by using an in vitro α-
tubulin acetylation assay30. For this assay, pre-polymerized
unacetylated MTs from HeLa cells were incubated with acetyl-
CoA and P0 mouse brain extracts from Elp3 cKO or WT litter-
mate controls (Fig. 2e) to assess the level of acetylation of α-
tubulin. In striking contrast to brain extracts from Atat1 KO
mouse pups, we did not observe any differences in MT acetylation
levels between the cortical extracts from Elp3 cKO and WT mice
upon addition of acetyl-CoA (Fig. 2e). Altogether, these results
suggest that loss of Elongator activity: i) does not impair α-
tubulin acetylation by changing the expression or activity of
Hdac6 or Atat1; ii) may interfere with the metabolic production
of acetyl-CoA. Accordingly, western blotting of E14.5 Elp3cKO
cortical extracts showed that expression of Acyl-coenzyme A
synthetase short-chain family member (Acss2) and Acly, the

enzymes that generate acetyl-CoA40, were significantly reduced,
as compared to control extracts (Fig. 2f–h). Since α-tubulin
acetylation is mainly driven by a vesicular pool of Atat1 in
axons30, we performed sub-fractionation of cortical lysates
(Fig. 2i; T: total, P1: nuclei, S2: cytosolic+ vesicular, P2: mem-
branes, S3: cytosolic, P3: vesicular) from adult WT mice to ana-
lyze the subcellular distribution of Acss2 and Acly. While
Acss2 showed a strict cytosolic distribution (S3), we found that
Acly was strongly enriched together with Elp1 and Elp3 in vesi-
cles (P3) (Fig. 2j–l). These results were supported by immuno-
labeling of cortical neurons that show expression of Acly in some
synapthophysin+ vesicles and Lamp1+ late endosomes in PN
axons (Fig. 2m–n). Moreover, proteomic analysis of cortical
extracts from newborn mice confirmed the vesicular enrichment
of several Elongator subunits, Atat1, Acly, but not Acss2 (Sup-
plementary Fig. 2a). Altogether, these data suggest that α-tubulin
acetylation could be regulated by homeostatic changes in Acly-
dependent acetyl-CoA concentration, as previously observed for
histone acetylation41. Specifically, we postulated that loss of
Elongator could interfere with MT acetylation and axonal
transport via reduction of Acly expression. To test this hypoth-
esis, we performed an in vitro acetyl-CoA production assay
(malate dehydrogenase coupled assay)41, where subcellular frac-
tions of cortical brain extracts from Elp3 cKO and WT littermate
newborns were mixed with Acly substrates (ATP, CoA, and
citrate) (Fig. 2o). The vesicular fraction (P3), which is strongly
enriched into Elongator subunits (Elp1 and Elp3), Atat1 and Acly
(Fig. 2j, Supplementary Fig. 2a), more efficiently produced acetyl-
coA (Fig. 2o–p). While cortical extracts from Elp3 cKO E14.5
mouse embryos showed no change of Acly transcription (Fig. 2q),
we observed a reduction of Acly expression (Fig. 2f–g) together
with a correlative decrease of MTs acetylation (Supplementary

Fig. 1 Reduction of Elongator activity leads to axonal transport defects in mouse and fly. a Immunolabelings and quantification of acetylated α-tubulin
(Ac α-Tub) and total tubulin (Tot Tub) levels in axon of E14.5 WT and Elp3 cKO mice cortical neurons cultured for 5 DIV in microfluidic devices. Scale bar is
10 µm. b Experimental set up to record axonal transport by time-lapse microscopy in E14.5 mice cortical neurons cultured for 5 DIV in microfluidic devices.
c–e Histograms showing axonal transport of lysosomes (LysoTracker®) in WT or Atat1 KO cultured neurons infected with sh-Control or sh-Elp3 to analyze
average (av.) velocity c, moving velocity d, and percentage of pausing time e. f–l Study of Drosophila melanogaster expressing RNAi under a motoneuron
(MN)-specific driver (D42:GAL4); Elp1 KD, Elp3 KD, Atat1; Elp3 KD, Elp3 KD+ human ELP3, Elp1; Hdac6 KD and Elp3;Hdac6 KD. f Immunolabelings and
quantification of acetylated α-tubulin (Ac α-Tub) and total tubulin (Tot Tub) levels in MN axons of 3rd instar larvae, genotype as indicated. Scale bar is
10 µm. g Experimental set up for in vivo time-lapse recording of Synaptotagmin-GFP (Syt1-GFP) axonal transport in 3rd instar larvae motoneurons, to
analyze average (av.) velocity h, moving velocity i, and percentage of pausing time j. k–l Locomotion assays: histograms of the climbing index of adult flies
k and the crawling speed of 3rd instar larvae l. Description of graphical summaries here within are histograms of means ± SEM. Significance was determined
by: a two-sided t test, c, d, e, f, h, i, j, l two-sided Kruskal–Wallis test, and k two-sided one-way analysis of variance (ANOVA). Specifically, [(a)
p= 0.0070, t= 2.812, df = 5; (c) p < 0.0001 and K= 80.47; (d) p < 0.0001, K= 34.30 and p < 0.0001, K= 23.46 for anterograde and retrograde,
respectively, (e) p < 0.0001 and K= 73.34, (f) p < 0.0001, and K= 88.16, (h) p < 0.0001 and K= 223.6, (i) p < 0.0001, K= 110.3, and p < 0.0001,
K= 45.69 for anterograde and retrograde, respectively, (j)p < 0.0001, K= 46.06, (k) p < 0.0001, F= 28.74; (l) p < 0.0001, K= 86.04. In addition, the post
hoc multiple comparisons, to analyze statistical difference of each condition compared to control for (c, d, e, f, h, i, j, l) Dunn’s test, for (k) Dunnet’s test
and are **p < 0.01, ***p < 0.001, and ****p < 0.0001. a Number of axons: WT n= 28; Elp3 cKO n= 28. 3 mice per group. c Number of vesicles: WT+ sh-
Control n= 334; WT+ sh-Elp3 n= 101; Atat1 KO+ sh-Control n= 278; Atat1 KO+ sh-Elp3 n= 79. 3 mice per group. d Number of vesicles: WT+ sh-
Control n= 180 (anterograde), n= 135 (retrograde); WT+ sh-Elp3 n= 66 (anterograde), n= 56; Atat1 KO+ sh-Control n= 129 (anterograde), n= 163
(retrograde); Atat1 KO+ sh-Elp3 n= 58 (anterograde), n= 41 (retrograde). 3 mice per group. e Number of vesicles: WT+ sh-Control n= 333; WT+ sh-
Elp3 n= 104; Atat1 KO+ sh-Control n= 278; Atat1 KO+ sh-Elp3 n= 79. 3 mice per group. f Number of motoneurons: Control n= 32; Elp3 KD n= 20; Elp1
KD n= 18; Elp3;Atat1 KD n= 19; Elp3 KD+ hELP3 n= 14; Elp1;Hdac6 KD n= 36; Elp3;Hdac6 KD n= 15. 5 larvae per group. h Number of vesicles: Control
n= 487; Elp1 KD n= 130; Elp3 KD n= 217; Elp3;Atat1 KD n= 143; Elp3 KD+ ELP3 n= 397; Elp1;Hdac6 KD n= 80; Elp3;Hdac6 KD n= 421. Number of
larvae per group: Control: n= 7; Elp1 KD, Elp3 KD, Elp3;Atat1 KD, Elp3 KD+ ELP3, Elp1;Hdac6 KD, Elp3;Hdac6 KD n= 12. i Number of vesicles: Control
n= 127 (anterograde), n= 159 (retrograde); Elp1 KD n= 118 (anterograde), n= 105 (retrograde); Elp3 KD n= 194 (anterograde), n= 203 (retrograde);
Elp3;Atat1 KD n= 68 (anterograde), n= 81 (retrograde); Elp3 KD+ ELP3 n= 173 (anterograde), n= 247 (retrograde); Elp1;Hdac6 KD n= 50
(anterograde), n= 39 (retrograde); Elp3;Hdac6 KD n= 283 (anterograde), n= 264 (retrograde). Number of larvae per group: Control: n= 7; Elp1 KD, Elp3
KD, Elp3;Atat1 KD, Elp3 KD+ ELP3, Elp1;Hdac6 KD, Elp3;Hdac6 KD n= 12. j Number of vesicles: Control n= 488; Elp1 KD n= 217; Elp3 KD n= 130;
Elp3;Atat1 KD n= 429; Elp3 KD+ ELP3 n= 90; Elp1;Hdac6 KD n= 427; Elp3;Hdac6 KD n= 397. Number of larvae per group: Control: n= 7; Elp1 KD, Elp3
KD, Elp3;Atat1 KD, Elp3 KD+ ELP3, Elp1;Hdac6 KD, Elp3;Hdac6 KD n= 12. k Number of vials: Control n= 15; Elp1 KD n= 5; Elp3 KD n= 6; Elp3;Atat1 KD
n= 7; Elp3 KD+ ELP3 n= 6; Elp1;Hdac6 KD n= 7; Elp3;Hdac6 KD n= 6. Each vial contains 10 adult flies. l Larvae per group: Control n= 21; Elp1 KD n= 15;
Elp3 KD n= 12; Elp3;Atat1 KD n= 18; Elp3 KD+ ELP3 n= 17; Elp1;Hdac6 KD n= 12; Elp3;Hdac6 KD n= 12. Source data are provided with this paper.
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Fig. 1a). Indeed, the analysis of Elp3 cKO and WT newborn
cortices show a robust decrease of Acly protein level in both the
cytosolic and the vesicular fractions (P3, Fig. 2r–t). Comparable
reduction of Acly (but not Atat1) was detected by mass spec-
trometry in the vesiculome of P0 Elp1 KO brains (Supplementary
Fig. 2b–d). Moreover, we detected a reduction of acetyl-CoA level
in cortical extracts from Elp3 cKO mice, as compared to WT
newborn littermates by using LC-MS metabolic analysis (Fig. 2u).
Altogether, these results support a molecular cooperation
occurring at vesicles between the Elongator and Atat1 to drive

MT acetylation via the regulated expression of the enzyme Acly,
which provides acetyl-group donors to Atat1 for catalyzing α-
tubulin acetylation in neurons.

Expression of Acly rescues both acetylation of α-tubulin and
axonal transport defects in flies and mice that lack Elongator
activity. In order to test whether Acly is required for proper axonal
transport, we incubated WT mouse PNs with the Acly inhibitor
hydroxycitric acid (HCA)42. This treatment reduced the level of α-
tubulin acetylation in PNs axons (Fig. 3a). Moreover, incubation of
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HCA reduced average and retrograde moving velocities of lysosomes
along axons, which correlated with an increase of their pausing
times, as compared to vehicle treatment (Fig. 3b–d, Supplementary
Fig. 3a). We next analyzed 3rd instar larvae from Acly KD flies43

whose MNs displayed reduced α-tubulin acetylation (Fig. 3e) toge-
ther with impairment of SYT1-GFP vesicles transport (Fig. 3f–h,
Supplementary Fig. 3b). Knocking down Hdac6 fully rescued the
level of α-tubulin acetylation (Fig. 3e) and the axonal transport
defects observed in Acly KD MNs (Acly KD;Hdac6 KD, Acly;Hdac6
KD) (Fig. 3f–h, Supplementary Fig. 3b). We next postulated that the
impairment of α-tubulin acetylation and axonal transport observed
upon loss of Elongator (Supplementary Fig. 1a–h) may arise from
the reduced expression of Acly in PNs. To test this hypothesis, we
expressed human ACLY (which shares high amino acid homology
with its murine and fly homologues; Supplementary Fig. 3c) in E14.5
control and Elp3cKO PNs that were cultured in microfluidic devices
for 5DIV. We showed that the level of MT acetylation (Fig. 3i) and
the lysosomes and mitochondria transport defects were rescued
upon expression of ACLY (Fig. 3j–l, Supplementary Fig. 3d–g).
Comparable data were obtained with Elp3 KD flies (that also show
reduction of Acly level in the brain, Supplementary Fig. 3h) that
express Acly (UAS:Elp3 RNAi and UAS:Acly, Elp3 KD+Acly) in
MNs during development (3rd instar larvae), where both acetylation
of α-tubulin and axonal transport of SYT1-GFP vesicles were res-
cued to control levels (Fig. 3m–p, Supplementary Fig. 3i). These data
were also correlated with improvement of locomotion activities of
Elp3 KD 3rd instar larvae and adult flies upon Acly expression
(Supplementary Fig. 3j–k).

Altogether, these results suggest that reduction of Acly
expression leads to MTs acetylation and axonal transport defects
in Elongator deficient neurons.

Fibroblasts from Familial Dysautonomia patients show defects
of α-tubulin acetylation and MT-dependent transport. In order
to place our findings in a human pathological context, we ana-
lyzed primary skin fibroblasts from FD patients carrying the
splice site IVS20+ 6T_C variant in ELP144 that expressed barely
detectable amount of ELP1 proteins and low level of ELP3,

resulting from its instability upon nonassembly of the Elongator
complex (Supplementary Fig. 4a)25. We observed a reduction of
acetylation of α-tubulin and MT-dependent transport defects in
FD fibroblasts (Supplementary Fig. 4b–g), which were compar-
able to those observed in neurons from Elongator loss of function
fly and mouse models. This modification was not resulting from
an increased deacetylation activity of HDAC6 toward MTs in
extracts fibroblasts nor an intracellular protein aggregation that
would affect MT-dependent transport in FD fibroblasts (Sup-
plementary Fig. 4h–i). Both the reduction of α-tubulin acetylation
and the defects of MT-dependent transport in cultured FD
fibroblasts were rescued by blocking tubulin deacetylation with
the HDAC6 specific inhibitor, Tubastatin (TBA; 10uM during
30 min) (Supplementary Fig. 4c–g). Similarly to the animal
models, FD fibroblasts express reduced amount of ACLY proteins
(Fig. 4a) and incubation with HCA for 8 h interfered in a dose-
dependent manner with MT acetylation (Fig. 4b), in both control
and FD fibroblasts, in line with the residual expression of ACLY
observed in FD fibroblasts (Fig. 4a). We next showed that over-
expression of ACLY in FD fibroblasts rescued the level of acet-
ylation of α-tubulin (Fig. 4c), as well as the defects of MT-
dependent transport of lysosomes (Fig. 4d–f, Supplementary
Fig. 4j). Altogether, these results demonstrate that reduction of
ACLY in FD fibroblasts leads to MT acetylation and MT-
dependent transport impairments; these molecular defects likely
contribute to the pathological mechanisms underlying FD.

Loss of elongator activity interferes with Acly stability. Elon-
gator is a tRNA modifier and its loss of activity may directly
impair the translation of Acly mRNAs. To address this question,
we performed a polysomal fractionation of cortical extracts of P0
Elp3 cKO and WT littermates to analyze the association of Acly
mRNAs with ribosomes45 and found no differences between
genotypes (Fig. 5a–b). These data were confirmed by labeling
cultured Elp3 cKO an WT PNs with puromycin for 4 min, a
tRNA analogue that incorporates into nascent peptides, causing
their premature chain termination (reviewed in46). We visualized
the de novo synthesis of Acly by combining anti-puromycin with

Fig. 2 Elongator deletion impairs tubulin acetylation and axonal transport via reduction of Acly-dependent acetyl-coA production. a–cWestern blotting
to detect and quantify Hdac6, Elp1, Elp3, Atat1 (isoform #3 and #4)30, and ß-Actin in cortical extracts from newborn WT and Elp3 cKO mice. Histograms of
proportion of Hdac6 b and Atat1 c expression to ß-Actin. d In vitro deacetylation assay of endogenously acetylated bovine brain tubulin incubated for 4 h
with extracts (S3) of cortices isolated from WT, Elp3 cKO, or without tissue extract (control). e In vitro acetylation assay of nonacetylated MTs from HeLa
cells incubated for 2 h with Acetyl-CoA and extracts (P3) of brain cortices isolated from WT, Elp3 cKO or Atat1 KO mice. f–h Immunoblotting to detect
Acss2, Acly, and α-Tub cortical extracts from E14.5 WT and Elp3 cKO embryos and histograms of proportion of Acss2 (g) and Acly (h) expression to α-
Tub. i Experimental pipeline for subcellular fractionation of P0 mouse cortical extracts: T, total; S1, post-nuclear; P1, nuclear; S2, cytosol and vesicles; P2,
large membranes; S3, cytosol; and P3, vesicles. j–l Subcellular fractionation (T, S1, P1, S2, P2, S3, P3) of mouse brain cortex immunoblotted with specific
antibodies to detect Acss2, Acly, Elp1, Elp3, Atat1 (isoform #3 and #4)30, Hdac6, synaptophysin (Syp), α-tubulin (α-Tub), and Histone H3 (HH3).
k–l Histograms of proportion of Acss2 and Acly across subcellular fractions k or expressed as P3/S3 ratio l. Immunolabelings of E14.5 mice cortical
neurons cultured for 5 DIV to detect Acly (purple) and α-tubulin (α-Tub, grey)m; Acly, Synaptophysin-1 (green) and α-Tub (n, top); Acly, Lamp-1-Emerald
(green) and α-Tub (n, bottom). Scale bars are 20 µm (m), 10 µm (n). o–p Analysis of Acly activity by malate dehydrogenase coupled method performed in
WT and Elp3 cKO brain cortex lysates. Histogram of relative Acly activity over assay (o) and of slopes (p) from the linear phase of the reaction. q qRT-PCR
analysis of Acly mRNA in cortical brain extracts of Elp3 cKO or WT littermate mice.r–t Immunoblots and quantification of cytosolic (S3, s) and vesicular (P3,
t) fractions of Acly protein from newborn WT and Elp3 cKO mice brain cortices. u LC-MS quantification of Acetyl-CoA levels in WT and Elp3 cKO P0 mice
brain cortex lysates. Description of graphical summaries here within are histograms of means ± SEM. Significance was determined by: b, c, g, h, l, s, t two-
sided t test, q, u two-sided Mann–Whitney test, d, e, p two-sided one-way analysis of variance (ANOVA), and o two-sided two-way ANOVA. Specifically,
[(b) p= 0.8411, t= 0.2093, df = 6; (c) p= 0.7505, t= 0.3248, df = 13; (d) p < 0.0001, F= 21.30; (e) p < 0.0001, F= 85.29; (g) p= 0.0157, t= 0.2.776,
df = 13; (h) p= 0.0013, t= 3.861, df = 17; (l) p= 0.0056, t= 4.638, df = 5; (o) p < 0.0001, F (294, 882)= 68.07; (p) p < 0.0001, F= 1352; (q)
p= 0.5714, U= 5; (s) p= 0.0145, t= 2.855, df = 12; (t) p= 0.0428, t= 2.470, df = 7; (u) p= 0.0159, U= 0. In addition, the post hoc multiple
comparisons, to analyze statistical difference` of each condition compared to control for (d, e, p) are Holm-Sidak test, and are *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001. Number of mice: (b) WT n= 9; Elp3 cKO n= 6; (c) WT n= 4; Elp3 cKO n= 4; (d) Control n= 8; WT n= 4; cKO n= 4;
(e) WT n= 5; Elp3 cKO n= 5; Atat1 KO n= 4; (g) WT n= 7; Elp3 cKO n= 8; (h) WT n= 11; Elp3 cKO n= 8; (l) WT n= 3 (Acly); WT n= 4 (ACSS2);
(o–p) WT n= 4 for 99 time points; (q) WT n= 5; Elp3 cKO n= 3; (s) WT n= 9; Elp3 cKO n= 5; (t) WT n= 4; Elp3 cKO n= 5; (u) WT n= 5; Elp3 cKO
n= 4. e p= 0.031, t= 2.407, df = 13. Source data are provided with this paper.
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anti-Acly antibodies and performing proximity ligation assay
(PLA) to reveal Acly puro-PLA puncta in PNs (Fig. 5c–d). We
showed comparable somatic and axonal Acly puro-PLA puncta in
PNs from both genotypes (Fig. 5e–f). Together, these data suggest

that loss of Elongator activity does not interfere with the trans-
lation of Acly mRNAs in cortical PNs.

We next tested whether the stability of ACLY might be impaired
upon loss of Elongator activity. For this purpose, we cultured

Fig. 3 Acly/ACLY expression rescues α-tubulin acetylation and molecular transport defects upon loss of Elongator activity in mouse and fly neurons.
a Immunolabeling and quantification of acetylated α-tubulin (Ac α-Tub) and total tubulin (Tot α-Tub) levels in axons of DIV5 cultured cortical PNs isolated
from E14.5 embryos and incubated with 10 mM hydroxy-citrate (HCA) during 8 h prior to fixation. Scale bar is 10 µm. b–d Time-lapse recording of axonal
transport in corresponding PNs cultured for 5 DIV in microfluidic devices and treated with vehicle- or HCA-supplemented medium for 8 h showing (av.)
velocity b, moving velocity c, and percentage of pausing time d of lysosomes (LysoTracker®). e Immunolabeling and quantification of acetylated α-tubulin
(Ac α-Tub) and total tubulin (Tot α-Tub) levels in MN axons from 3rd instar larvae of Drosophila melanogaster control or expressing Acly RNAi (Acly KD)
under a MN-specific driver (D42:GAL4). Scale bar is 10 µm. f–h Time-lapse recording of Synaptotagmin-GFP (Syt1-GFP) axonal transport in 3rd instar
larvae MNs of control or Acly KD to analyze average (av.) velocity f, moving velocity g, and percentage of pausing time h. i Immunolabeling and
quantification of acetylated α-tubulin (Ac α-Tub) and total tubulin (Tot α-Tub) levels in axons of cultured cortical PNs isolated from E14.5 WT and Elp3cKO
embryos transfected with Acly or control. Scale bar is 10 µm. j–l Cortical neurons isolated from E14.5 WT and Elp3cKO embryos were transfected with
control or ACLY expressing constructs and cultured for 5 DIV in microfluidic devices to perform time-lapse recording of axonal transport and measure
average (av.) velocity j, moving velocity k, and percentage of pausing time l of lysosomes (LysoTracker®). m Immunolabeling and quantification of
acetylated α-tubulin (Ac α-Tub) and total tubulin (Tot α-Tub) levels in MN axons of 3rd instar larvae: control, Elp3 KD, and Elp3 KD+ human ACLY. Scale
bar is 10 µm. n–p In vivo live imaging and behavior measurements in 3rd instar larva: control, Elp3 KD, and Elp3 KD+ human ACLY. n–p Time-lapse
recording of axonal transport of Synaptotagmin-GFP (Syt1-GFP) in MNs to analyze average (av.) velocity n, moving velocity o, and percentage of pausing
time p. Description of graphical summaries here within are histograms of means ± SEM. Significance was determined by: a two-sided t test, b–d two-sided
Mann–Whitney test, i two-sided one-way analysis of variance (ANOVA), and e, f, g, h, j, k, l two-sided Kruskal–Wallis one-way ANOVA. Specifically, [(a)
p= 0.0166, t= 2.445, df = 81; (b) p= 0.0039, U= 6807; (c) p= 0.2524, U= 2152 and p= 0.0032, U= 4559 for anterograde and retrograde,
respectively; (d) p < 0.0001, U= 6201; (e) p < 0.0001, K= 26.17; (f) p < 0.0001, K= 55.55; (g) p= 0.0130, K= 8.69 and p= 0.0004, K= 15.55 for
anterograde and retrograde, respectively; (h) p < 0.0001, K= 93.1; (i) p= 0.0042, F= 4.969; (j) p < 0.0001, K= 28.69; (k) p= 0.001, K= 13.85 and
p < 0.0001, K= 251.5; (l) p < 0.0001, K= 24.74; (m) p= 0.0003, F= 9.158; (n) p < 0.0001, K= 21.66; (o) p < 0.0001, F= 25.90, and p < 0.0001,
F= 20.96 for anterograde and retrograde, respectively; (p) p < 0.0001, K= 22.35. In addition, the post hoc multiple comparisons, to analyze statistical
difference of each condition compared to control for (e) Kruskal–Wallis test, for (i, m) is Dunnet’s test, for (f, g, h, j, k, l, n, o, p) are Sidak’s test and are
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. a Number of axons: Vehicle n= 88; 10 mM HCA n= 151; 2 mice per group. b) Number of axons:
Vehicle n= 133; 10 mM HCA n= 129. 2 mice per group. c Number of vesicles: Vehicle n= 63 (anterograde), n= 113 (retrograde); 10 mM HCA n= 77
(anterograde), n= 105 (retrograde). d Number of vesicles: Vehicle n= 133; 10 mM HCA n= 129. e Number of axons: Control n= 9; Acly KD n= 9;
Acly;Hdac6 KD n= 9. 6 larvae per group. f Number of vesicles: Control n= 234; Acly KD n= 422; Acly;Hdac6 KD n= 182. 3 animals per group. g Number
of vesicles: Control n= 131 (anterograde), n= 134 (retrograde); Acly KD n= 195 (anterograde), n= 337 (retrograde); Acly;Hdac6 KD n= 89
(anterograde), n= 119 (retrograde). h Number of vesicles: Control n= 234; Acly KD n= 422; Acly;Hdac6 KD n= 182. i Number of axons: WT+ Control
n= 28; Elp3 cKO+ Control n= 25; Elp3 cKO+Acly n= 23. Number of mice per group: WT+Control n= 5; Elp3 cKO+Control n= 3; Elp3 cKO+Acly
n= 5. j Number of vesicles: WT+ Control n= 441; Elp3 cKO+Control n= 429; Elp3 cKO+Acly n= 385. Number of mice per group: WT+ Control
n= 5; Elp3 cKO+ Control n= 3; Elp3 cKO+Acly n= 5. k Number of vesicles: WT+Control n= 108 (anterograde), n= 143 (retrograde); Elp3
cKO+ Control n= 111 (anterograde), n= 79 (retrograde); Elp3 cKO+Acly n= 103 (anterograde), n= 107 (retrograde). Number of mice per group:
WT+ Control n= 5; Elp3 cKO+ Control n= 3; Elp3 cKO+Acly n= 5. l Number of vesicles: WT+ Control n= 441; Elp3 cKO+Control n= 429; Elp3
cKO+Acly n= 385. Number of mice per group: WT+ Control n= 5; Elp3 cKO+Control n= 3; Elp3 cKO+Acly n= 5. m Number of axons: Control
n= 25; Elp3 KD n= 10; Elp3 KD+Acly n= 37. 3 mice per group. n Number of vesicles: Control n= 304; Elp3 KD n= 78; Elp3 KD+Acly n= 181. Number
of larvae per group: Control n= 5; Elp3 KD n= 10; Elp3 KD+Acly n= 10. o Number of vesicles: Control n= 87 (anterograde), n= 141; Elp3 KD n= 99
(anterograde), n= 141 (retrograde); Elp3 KD+Acly n= 80 (anterograde); n= 81 (retrograde). Number of larvae per group: Control n= 5; Elp3 KD n= 10;
Elp3 KD+Acly n= 10. p Number of vesicles: Control n= 252; Elp3 KD n= 84; Elp3 KD+Acly n= 234. Source data are provided with this paper.
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patient fibroblasts and performed cycloheximide chase assay to
measure ACLY half-life in several lines of control and FD
fibroblasts. We showed a reduction of ACLY stability in FD
fibroblasts as compared to control lines (Fig. 5g–h), a phenotype
that may result from the disruption of an interaction between the
Elongator and Acly, as suggested by co-immunoprecipitation
experiments performed in HEK293 cells (Supplementary Fig. 5a).
Altogether, these data suggest that loss of Elongator activity reduces
Acly/ACLY stability, thereby affecting the local production of
acetyl-CoA required by ATAT1 to promote MT acetylation. Such
regulation is likely to take place in motile vesicles (Fig. 5i).

Discussion
Here, we show that loss of Elongator activity impairs both the MT
acetylation and bidirectional axonal transport in mouse cortical
neurons in culture, as well as in fly motoneurons in vivo,

ultimately resulting in locomotion deficits in flies. These defects
are similar to those observed upon loss of Atat1 expression, the
enzyme that catalyzes the acetylation of α-tubulin K40 residues in
MTs. This shared phenotype prompted us to investigate a pos-
sible coordination between the Elongator and Atat1 in the control
of MT-dependent axonal transport via α-tubulin acetylation. By
combining conditional loss of function models with genetic
experiments, we observed a molecular cooperation between
Elongator and Atat1 and identified Acly as the common
denominator, which provides acetyl groups from Acetyl-CoA to
vesicular Atat1 and whose expression depends on Elongator
activity. We showed that acute knockdown or pharmacological
blockade of Acly impairs MT acetylation and axonal transport in
fly and mouse, respectively. Here, the lower effect of HCA
treatment on lysosome axonal transport may reflect a sub-
efficient reduction of Acetyl CoA availability in mouse PNs, as

Fig. 4 ACLY expression rescues defects of α-tubulin acetylation and microtubule-dependent transport in human FD fibroblasts. a Immunoblotting of
ACLY and ß-ACTIN in cultured human primary fibroblast extracts from Control and FD patients. b Immunolabeling and quantification of acetylated α-
tubulin and total tubulin levels in primary fibroblasts from healthy controls and FD patients incubated with the ACLY inhibitor hydroxy-citrate acid (HCA).
Scale bar is 50 µm. c Immunolabeling and quantification of acetylated α-tubulin and total α-tubulin levels in extracts from primary fibroblasts from healthy
controls and FD patients transfected with control or ACLY expressing plasmids. Scale bar is 50 µm. d–f Time-lapse recording of MT-dependent transport of
lysosome (LysoTracker®) in fibroblasts from Control or FD patients, transfected with Control or ACLY plasmids, to analyze average (av.) velocity (d),
moving velocity (e) and percentage of pausing time (f). Description of graphical summaries here within are histograms of means ± SEM. Significance was
determined by: (a) two-sided t test, (b) two-sided two-way analysis of variance (ANOVA), (c) two-sided ANOVA, and (d, e, f) two-sided Kruskal–Wallis
one-way ANOVA. Specifically, [(a) p= 0.0467, t= 2.181, df = 14; (b) p= 0.0038, F (2, 109)= 5.876; (c) p < 0.0001, F= 13.17; (d) p < 0.0001,
K= 48.95; (e) p < 0.0001, K= 35.10; (f) p < 0.0001, K= 40.98. In addition, the post hoc multiple comparisons to analyze statistical difference of each
condition compared to control for (b) is Sidak’s test, for (c) is Dunnet’s test, for (d, e, f) are Dunn’s test, and are *p < 0.05, ***p < 0.001, and ****p < 0.0001.
a 5 human primary fibroblast lines per group. b Number of cells: Control n= 26 (Vehicle), n= 18 (3 mM HCA), n= 20 (10 mM HCA); FD n= 18 (Vehicle),
n= 15 (3 mM HCA), n= 18 (10 mM HCA). Number of fibroblast lines per group: Control n= 5; FD n= 4. c Number of cells: Control+ EV n= 15; FD+ EV
n= 15; FD+Acly n= 15. d Number of vesicles: Control+ EV n= 262; FD+ EV n= 217; FD+Acly n= 143. 5 human primary fibroblast lines per group.
e Number of vesicles: Control+ EV n= 133; FD+ EV n= 68; FD+Acly n= 89. 5 human primary fibroblast lines per group. f Number of vesicles:
Control+ EV n= 251; FD+ EV n= 217; FD+Acly n= 143. 5 human primary fibroblast lines per group. Source data are provided with this paper.
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compared to the one obtained in the genetic fly model. On the
other hand, raising Acly level not only rescued axonal transport
defects in both mouse and fly Elongator models but also
improved locomotion activity of Elp3 KD larvae and flies. We
found that loss of Elongator activity does not affect the tran-
scription and translation of Acly but rather impairs Acly/ACLY
stability. Our in vitro data suggest that Elongator may regulate
Acly/ACLY protein stability via molecular interaction, as pre-
viously reported for other cytoplasmic proteins37 (Supplementary
Fig. 5). Another non-mutually exclusive mechanism that may act
downstream Elongator would involve the regulation of the
acetyltransferase47 P300/CBP-associated factor (PCAF),

which is known to increase Acly stability by promoting its
acetylation47.

We previously showed that motile vesicles are the main driver
of MT acetylation in axons30 and Elongator subunits and Atat1
have been detected in protein extracts from purified motile
vesicles16,30. Here, we found that the vesicular fraction isolated
from mouse cerebral cortical extracts does not only express
Elongator subunits and Atat1, but it is also enriched with a
functional pool of Acly (Fig. 2j–l). Therefore, we postulate that an
Elongator/Acly/Atat1 (EAA) signaling pathway may directly act
at vesicles to promote MT acetylation, further supporting their
non-canonical role as a platform for local signaling and for

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25786-y ARTICLE

NATURE COMMUNICATIONS | (2021) 12:5878 | https://doi.org/10.1038/s41467-021-25786-y |www.nature.com/naturecommunications 9



regulating axonal transport in particular (Fig. 5i). Since these
molecules are also detected in the cytosolic fraction together with
Acss2 (S3, Fig. 2j–l), whose expression is reduced upon loss of
Elongator (Fig. 2f, h), we cannot rule out the contribution of some
cytosolic Acetyl-CoA generated by Acss2 in the vicinity of MTs,
which would explain the remaining basal level of MT acetylation
seen upon axonal transport blockade30. We observed comparable
defects of α-tubulin acetylation and MT-dependent transport in
fly, mouse, and human cells lacking Elongator activity, which,
together with similar observations made in C. elegans6, suggest a
strong functional conservation of the EAA pathway across
species.

A tight control of axonal transport is indeed very important to
ensure the homeostatic activity of neurons by delivering cargos to
distant regions, thereby controlling cytoskeleton maintenance as
well as spreading long-range intracellular signaling that ensures
cellular maintenance and function. Impairment of axonal trans-
port is considered as an early pathological feature shared by sev-
eral neurodegenerative disorders2,48,49. Along this line, our results
obtained with FD fibroblasts support those previously described in
neurons28 and suggest that loss of Elongator activity contribute to
neurodegeneration by interfering at least with MT-dependent
transport in FD patients via impairment of ACLY expression. We
did not observe differences in MT deacetylation activity in FD and
WT fibroblasts (Supplementary Fig. 4h), suggesting that reduction
of MT acetylation in FD fibroblasts does not arise from changes of
HDAC6 expression, in contrast to what others have reported28.

More generally, α-tubulin acetylation not only modulates
axonal transport but also provides resistance to mechanical
bending to MTs50. Therefore, by controlling the cytoskeleton
integrity and function, the EAA pathway likely acts as a key
regulator of neuronal fitness whose progressive dysfunction may
contribute to neuronal aging and even underlie neurodegenera-
tion. Thus, targeting this molecular pathway may open ther-
apeutic perspectives to prevent the onset or the progression of
neurodegenerative disorders like FD characterized by poor axonal
transport and degeneration.

Methods
Mice. All experiments performed in this study adhere to all relevant ethical reg-
ulations for animal testing and research. The animal work was approved by the
ethical committee of the University of Liege under the license #18-2056.

Brains were harvested from mice at P0-P2 or E14.5. FoxG1:Cre −/+/Elp3 lox/+

and Elp3 lox/lox mice were time-mated to induce a conditional deletion of Elp3 in
the forebrain progenitors33. Brains were harvested from 10–16 months-old
Elp1cKO and WT mice27. Atat1 +/− mice were crossed together to obtain WT and
KO mice51. Mice were housed under standard conditions (animals were bred in-
house and maintained with ad libitum access to food and constant temperature
(19–22 °C) and humidity (40–50%) under a 7am–7 pm light/dark cycle) and they
were treated according to the guidelines of the Belgian Ministry of Agriculture in
agreement with the European Community Laboratory Animal Care and Use

Regulations (86/609/CEE, Journal Official des Communautés Européennes L358,
18 December 1986). Neuronal cultures were prepared from dissected E14.5 mice
brain cortices, followed by mechanical dissociation in HBBS (Sigma–Aldrich,
H6648) supplemented with 1.5% glucose. Cells were cultured at confluence of
~70% (for 5 days) with Neurobasal Medium (Gibco, Invitrogen, 21103049)
supplemented with 2% B27 (Gibco, Invitrogen, 17504044), 1% Pen/Strep (Gibco,
Invitrogen, 15140122), and 1% Glutamax (Gibco, Invitrogen, 35050061) at 37 °C.

Drosophila melanogaster. Flies were kept at 25 °C in incubator with regular 12-h
light and dark cycle. All crosses were performed at 25 °C, after two days hatched
first instar larvae were transferred in a 29 °C incubator until use.

UAS-RNAi carrying lines were crossed with D42-Gal4-UAS:Syt1-GFP virgin
females for axonal transport recording and immunohistochemistry, with D42-Gal4
for behavioral experiments, or with Elav-Gal4 for qPCR and WB analysis (See
Table 1). All RNAi inserts sequences were validated by DNA sequencing.

Human primary fibroblasts. Fibroblasts were cultured on polystyrene culture
flasks (Corning) at 37 °C with 5% CO in DMEM (Gibco, Invitrogen, 11965092)
medium supplemented with 10% Fetal Calf Serum (Gibco, Invitrogen, 10500056),
1 mM Sodium pyruvate (Gibco, Invitrogen, 11360070), 1 mM non-essential amino
acids (Gibco, Invitrogen, 11140050). Primary fibroblasts from five FD patients and
age-matched controls were purchased from Coriell biobank (www.coriell.org)
(Table 2).

Immunofluorescence. E14.5 cortical neurons were plated on coverslips in 24 well
plate at a density of 30,000 cells and cultured for 5DIV. Neurons were fixed by
incubation in 4% PFA-sucrose in PBS for 20 min at RT and washed with PBS+
0.3% Triton-X. After washing, neurons were incubated in blocking solution
(PBS+ 0.3% Triton-X+ 10% normal donkey serum) for 1 h at RT. Following
overnight incubation with primary antibodies in blocking solution at 4 °C, washing,
and incubation with secondary antibodies (PBS+ 0.3% Triton-X+ 1% normal
donkey serum) at RT for 1 h and washing, coverslips were then mounted on
microscope slide using Mowiol. Images were acquired using a Nikon A1Ti confocal
microscope (60x oil lens) or Airyscan super-resolution module on a Zeiss LSM-880
confocal (63x oil lens).

Larvae were dissected in PBS to expose the brain and MNs. After dissection
larvae were fixed with 4% PFA for 20 min at RT, washed with PBS+ 0.2% (CSP
staining) or 0.3% (α-Tubulin acetylation staining) Triton-X and incubated in
blocking solution PBS, 0.2% (CSP staining), or 0.3% (α-Tubulin acetylation
staining) Triton-X+ 1% BSA for 30 min at RT. Following overnight incubation
with primary antibodies at 4 °C, washing and incubation with secondary antibodies
at RT for 2 h, the larvae were mounted on microscope slide in Mowiol. Images were
acquired using a Nikon A1Ti confocal microscope (60x oil lens).

Primary fibroblasts from FD patients or controls were plated at the
concentration of 5000 cells in a 96-well plate (uClear, Grinere). Cells were fixed
with 4% PFA for 10 min, washed, permeabilized, and blocked for 1 h at RT with 5%
fetal bovine serum in PBS+ 0.1% Triton-X. Following overnight incubation with
acetylated α-tubulin (Sigma-Aldrich) and β-tubulin (cell signaling) antibodies, cells
were washed with PBS+ 0.05% Triton-X times and incubated with secondary
antibodies for 1 h at RT. Finally, the cells were washed, and remained in PBS for
image acquisition. Images were acquired using a IN Cell Analyzer 2200 fluorescent
microscope (General Electric) using a 60x air lens.

Fluorescence intensity levels were measured by Fiji (https://imagej.net/Fiji/
Downloads). To analyze α-tubulin and acetylated α-tubulin levels of mice cortical
neuron axons and fly MNs, ROIs of 30 µm long axonal segments accounting for
their full width were used. For human primary fibroblasts, ROI of the entire cell
were outlined. α-tubulin and acetylated α-tubulin levels were extracted from mean
intensity levels. Background levels were subtracted and the ratio of acetylated α-
tubulin/α-tubulin was calculated.

Fig. 5 Elongator depletion reduces the stability but not translation of Acly. a–b Transcriptional and translational analysis of Acly mRNA in cortex lysate from
newborn WT and Elp3 cKO mice. qPCR quantification of Acly mRNA normalized to GAPDH obtained from lysed cortex (total) (a) or from polysomal fraction
(polysomal) enriched by sucrose gradient ultracentrifugation of cytoplasmic cortical lysate (b) (values are means ± SEM; unpaired t test). c–f Analysis of local
translation events of Acly in cultured cortical PNs from E14.5 WT and Elp3cKO embryos. Schematic of the puro-PLA principle to visualize newly synthesized
peptides (c). Representative images of newly synthesized Acly in cortical PNs cultured five days in vitro and treated 4min with puromycin before fixation and
processing for puro-PLA; puro-Acly PLA puncta (green), α-tubulin (purple) (d). Quantification of somal puro-PLA fluorescence intensity normalized to α-tubulin
(e) and axonal number of puro-PLA puncta over 100μm segments (f) (values are means ± SEM; unpaired t test). Scale bar is 20 μm (top panels) and 10 μm
(bottom panels). g–h Immunoblotting and quantification of ACLY and GAPDH in human primary fibroblast extracts from Control and FD patients incubated with
cycloheximide (CHX, 50 μg/mL) for 0, 4, 6, and 8 h. i Summary scheme showing a central role played by Acly in the control of both α-tubulin acetylation and
microtubule-dependent transport, which are impaired upon loss of Elongator activity. Description of graphical summaries here within are histograms of
means ± SEM. Significance was determined by: (a, b, e, f) two-sided t test, (e) two-sided two-way ANOVA. Specifically, [(a) p= 0.8244, t=0.2318, df = 6; (b)
p=0.9303, t=0.9114, df = 6; (e) p= 0.3160, t= 1.03, df= 19; (f) p=0.5484, t=0.6141, df = 15; (h) p < 0.0034, F (1, 22)= 10.78). (a, b) 4 animals
per group. e Number of axons: WT n= 10; Elp3 cKO n= 11. 2 animals per group. f Number of axons: WT n= 8; Elp3 cKO n= 9. 2 animals per group. h 4 human
primary fibroblast lines per group. Source data are provided with this paper.
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Vesicular and mitochondrial transport recording in vitro and in vivo. Axonal
transport in mice cultured cortical neurons was recorded in microfluidics
devices, prepared as described in52. Briefly, air bubbles were removed from
mixed sylgard 184 elastomer (VossChemie Benelux, 1:15 ratio with curing agent)
by centrifuging at 1000 × g for 5 min. The liquid was poured into the micro-
fluidic device mold and was cured by 3 h incubation at 70 °C incubator. Molds
were cut and washed twice with 70% ethanol, air dried in biological hood and
placed on 35 mm glass-bottom dishes (MatTek, P35G-0-20-C) previously coated
with 0.1 mg/mL poly-D-lysine (overnight incubation at 4 °C prior to washes and
air drying). To increase the adhesiveness, the microfluidic chambers and dishes
were heated to 70 °C before assembling. E14.5 mouse cortical neurons were
isolated and resuspended at 40000 × 103 cells/μL for seeding at a 70% confluency
into the microfluidic somal channel. After plating, the axonal and somal com-
partments of the microfluidic devices were filled with culture medium supple-
mented with 50 ng/ml or 20 ng/ml BDNF (PeproTech, 450-02), respectively.
Labeling were done on after 5DIV by adding 1 µM LysoTracker® Red DND-99
(ThermoFisher Scientifics, L7528), MitoTracker® Green FM (ThermoFisher
Scientifics, M7514) or MitoTracker® Deep Red FM (ThermoFisher Scientifics,
M22426) 30 min prior to time-lapse recordings. Axonal transport recording in
Drosophila Melanogaster MNs were done on 3rd instar larvae expressing
UAS:RNAi and Syt1-GFP. Larvae were anaesthetized with ether vapors (8 min)
and mounted dorsally on microscope slide using 80% glycerol. Recordings of
mice cortical neurons and Drosophila melanogaster MNs were performed on an
inverted confocal microscope Nikon A1Ti (60x oil lens) or Zeiss LSM-880
confocal (63x oil lens) at 600 ms frame interval.

Intracellular transport in human primary fibroblasts was recorded 3 days
after plating, by adding 1 µM LysoTracker® Red DND-99 (ThermoFisher
Scientifics, L7528) 30 min prior to time-lapse recordings. Recordings of
human primary fibroblasts were performed using in-cell 2200 (General Electric)
using 60X air lens, at 2 s frame intervals, using temperature (37 °C) and CO
control.

Video analysis was performed by generation of kymographs for single-blind
analysis using ImageJ plugin-KymoToolBox (fabrice.cordelieres@curie.u-
psud.fr). Average velocity is defined as the cumulative distance traveled by an
organelle divided by the total amount of time, therefore it includes the pausing
time. Moving velocity is defined by the cumulative distance traveled anterograde
or retrograde divided by the time traveled anterograde or retrograde, therefore it
excludes the pausing time. Moving velocity for anterograde is represented by
positive values and retrograde by negative values. Pausing time is defined as the
percentage of time that an organelle spends at a velocity lowered than 0.1 μm/sec
out of the total traveling time. All kymographs show anterograde (left to right
direction) and retrograde (right to left) moving vesicles. For analysis of axonal
transport in Drosophila melanogaster, the StackReg plugin was used to align
frames.

Plasmids and drug treatments. For silencing of Elp3 in mouse cortical neurons
we inserted sh-Elp3 5’GCACAAGGCUGGAGAUCGGUU3’ or a control sequence
sh-Control 5′-TACGCGCATAAGATTAGGG-3′ previously described in25,53. The
viral packaging vector is PSPAX2 and the envelope is VSV-G. The lentiviral vector
is pCDH-cmv-EF1-copGFP (CD511B1), and the promotor was replaced by a U6
promoter. For expression of human ACLY in E14.5 mice cortical neurons, cells in
suspension were transfected with pEF6-Acly (Addgene plasmid # 70765, a gift from
Kathryn Wellen)54 or pEF6 (control) and GFP (from VPG-1001, Lonza) using
Mouse Neuron Nucleofector® Kit (VPG-1001, Lonza) according to the manu-
facturer’s protocol. GFP-positive neurons were used for analysis. To assay the
subcellular localization of Acly in respect to lamp1-positive late endosomes/lyso-
somes in mouse cortical neurons, pCAG mEmerald-LAMP1 provided by F. Polleux
(Columbia University, New York, USA) was transfected using Mouse Neuron
Nucleofector® Kit (VPG-1001, Lonza) according to manufacturer’s protocol. For
expression of human ACLY in cultured human primary fibroblasts, cells were
transfected with pEF6-Acly (Addgene plasmid # 70765, a gift from Kathryn
Wellen)54 or pEF6 (control) and GFP (from VPG-1001, Lonza) using Lipofecta-
mine® 2000 according to manufacturer’s protocol. GFP-positive cells were used for
analysis. Tubastatin A (TBA, 20 μM) or Hydroxy-citrate (HCA, 3 mM or 10 mM)
were dissolved in Ultra-Pure Water (UPW) and added to cell cultures 2 h or 8 h,
respectively, prior to recording.

Real-time quantitative PCR analysis (qRT-PCR). One mouse cortex or ten adult
fly heads were collected in TRIzol Reagent (Ambion, Life Technologies) followed
by RNA extraction performed following the manufacturer’s instructions. After
DNAse treatment (Roche), 1 μg of RNA was reverse transcribed with RevertAid
Reverse Transcriptase (Fermentas). RT-qPCR was performed using Quant Studio
(Thermo) and TaqMan primers for mice, or a Light Cycler 480 (Roche) with Syber
Green mix for Drosophila melanogaster. Analyses were done using the 2-ΔΔCT
method55 with the primers listed in Table 3.

Protein aggregation assay. Cultured mice cortical neurons or human primary
fibroblasts at 60% confluency were incubated with PROTEOSTAT® (Enzo Life-
Sciences) to detect protein aggregates.

Locomotion activity and climbing assays. Larval crawling speed assays were
performed by placing 3rd instar larvae in the center of 15-cm petri dishes coated
with 3% agar, as previously published56. Velocities were extrapolated by measuring
the distance traveled in 1 min. The climbing assay was performed as previously
described in57, by measuring the average ratio of successful climbs over 15 cm for
10 adult flies.

Western blot. Mouse brain cortices, adult fly heads, or human primary fibroblasts
were quickly homogenized on ice in RIPA buffer, or 320 mM sucrose, 4 mM
HEPES buffer for subcellular fractions. Protease inhibitor cocktail (Roche, P8340 or
Sigma-Aldrich, S8820) and 5 μM Trichostatin-A (Sigma-Aldrich, T8552) were
added to inhibit protein degradation and α-tubulin deacetylation.

Immunoblotting was performed with the primary and secondary antibodies
listed in Supplementary Table 1. We used 2 μg of protein lysate for α-tubulin
acetylation analysis and 20–30 μg for all other proteins. Nitrocellulose membranes
were imaged using Amersham Imager 600 (General Electric, 29083461) and band
densitometry was measured using FIJI.

Subcellular fractionation. Subcellular fractionation of frozen mice brain cortex
was performed as previously described30. Tissues or cells were homogenized in
320 mM sucrose, 4 mM HEPES, pH 7.4 (fractionation buffer). The homogenate
was centrifuged for 10 min at 1000 × g to obtain a pellet (P1) (nuclear fraction) and
a post-nuclear fraction (S1). The supernatant (S1) was centrifuged for 40 min at
12,000 × g to obtain large membranes (P2) and vesicle-enriched cytosolic fraction
(S2). Finally, S2 was centrifuged again for 90 min at 120,000 × g using a TLA 120.1
fixed angle rotor in Optima TLX Benchtop Ultracentrifuge to obtain vesicle

Table 2 Human fibroblast lines.

Catalog number Sex Age Sample description

GM02036 Female 11 Apparently Healthy
GM07492 Male 17 Apparently Healthy
GM07522 Female 19 Apparently Healthy
GM038 Female 3 Apparently Healthy
GM05659 Male 14 Apparently Healthy
GM02343 Female 24 Familial Dysautonomia
GM04589 Male 16 Familial Dysautonomia
GM04663 Female 2 Familial Dysautonomia
GM04959 Female 10 Familial Dysautonomia
GM04899 Female 12 Familial Dysautonomia

Table 1 Drosophila melanogaster lines.

Line Catalog number Given name Purchased from

Elav-Gal4 BDSC 458 Bloomington Drosophila Stock Center
huD42-Gal4 BDSC 8816 Bloomington Drosophila Stock Center
UAS:Syt-GFP BDSC 6925 Bloomington Drosophila Stock Center
UAS:RNAi Zpg VDRC CG10125 Control Vienna Drosophila Resource Center
UAS:RNAi Elp1 VDRC CG10535 Elp1 KD Vienna Drosophila Resource Center
UAS:RNAi Elp3 VDRC CG15433 Elp3 KD Vienna Drosophila Resource Center
UAS:RNAi Atat1 VDRC CG3967 Atat1 KD Vienna Drosophila Resource Center
UAS:RNAi Hdac6 BDSC 51181 Hdac6 KD Bloomington Drosophila Stock Center
UAS:Human Elp3 hElp3 Kindly provided by Patrick Verstreken
UAS:Human ACLY VDRC CG8322 hACLY Vienna Drosophila Resource Center
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fraction (P3) and a cytosolic fraction (S3). The vesicle fraction was gently washed
once with fractionation buffer, and resuspended by vigorous pipetting with the
same buffer.

Mass spectrometry analysis. Pellets from three independent samples of pooled
vesicles isolated from the brain cortex of WT or Elp1 KD mice were solubilized
using 5% SDS. The samples were dissolved in 10 mM DTT 100 mM Tris and 5%
SDS, sonicated, and boiled at 95 °C for 5 min. The samples were precipitated in
80% acetone. The protein pellets were dissolved in 9 M Urea and 100 mM
ammonium bicarbonate than reduced with 3 mM DTT (60 °C for 30 min), mod-
ified with 10 mM iodoacetamide in 100 mM ammonium bicarbonate (room tem-
perature for 30 min in the dark), and digested in 2 M Urea, 25 mM ammonium
bicarbonate with modified trypsin (Promega), overnight at 37 °C in a 1:50 (M/M)
enzyme-to-substrate ratio. The resulting tryptic peptides were desalted using C18
tips (Harvard) dried and resuspended in 0.1% Formic acid. Samples were analyzed
by LC-MS/MS using Q Exactive plus mass spectrometer (Thermo) fitted with a
capillary HPLC (easy nLC 1000, Thermo). The peptides were loaded onto a
homemade capillary column (20 cm, 75 micron ID) packed with Reprosil C18-
Aqua (Dr Maisch GmbH, Germany) in solvent A (0.1% formic acid in water). The
peptides mixture was resolved with a (5 to 28%) linear gradient of solvent B (95%
acetonitrile with 0.1% formic acid) for 60 min followed by a gradient of 28–95% for
15 min, and 15 min at 95% acetonitrile with 0.1% formic acid in water at flow rates
of 0.15 μl/min. Mass spectrometry was performed in a positive mode using repe-
titively full MS scan followed by high collision-induced dissociation (HCD, at 35
normalized collision energy) of the 10 most dominant ions (>1 charges) selected
from the first MS scan. The mass spectrometry data were analyzed using the
MaxQuant software 1.5.1.2. (//www.maxquant.org) using the Andromeda search
engine, searching against the mouse uniprot database with a mass tolerance of 20
ppm for the precursor masses and 20 ppm for the fragment ions. Peptide- and
protein-level false discovery rates (FDRs) were filtered to 1% using the target-decoy
strategy. Protein table were filtered to eliminate the identifications from the reverse
database, and common contaminants and single peptide identifications. The data
were quantified by label-free analysis using the same software, based on extracted
ion currents (XICs) of peptides enabling quantitation from each LC/MS run for
each peptide identified in any of the experiments. The mass spectrometry pro-
teomics data have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD021186.

In vitro α-tubulin assay. In vitro α-tubulin acetylation assay was performed as
previously described30. Briefly, 96-well half-area plates (Greiner, 674061) were
coated with 5 µg tubulin from HeLa cells or bovine brain (Cytoskeleton, catalog no.
HTS02-A) in 25 µL of ultrapure water for 2.5 h at 37 °C, blocked (PBS+ 3%
BSA+ 3% skim milk + 3% FBS) for 1 h at 37 °C, and washed with PBS+ 0.05%
Tween 20. Wells were incubated for 2 h at 37 °C with shaking at 140x g with 25 µg
of the total, S2, S3, or P3 fractions isolated from P0 mouse brain cortex previously
diluted in 2× histone acetyltransferase (HAT) buffer (Sigma–Aldrich, EPI001A)
supplemented with protease inhibitor cocktail, 5 µM trichostatin, and 50 µM
acetyl-CoA (Sigma-Aldrich, A2056) or vehicle (H20) for control. After washes and
overnight incubation at 4 °C with acetylated a-tubulin antibody (1:2000) in
blocking buffer (PBS+ 0.05% Tween 20+ 3% BSA), wells were washed and
incubated for 2 h at 37 °C with peroxidase-conjugated goat antimouse antibody
(1:5000) in antibody blocking buffer. Wells were then washed and incubated with
trimethylboron/E (Merck Millipore, ES001) whose reaction was thereafter stopped
with H2SO4. Following the manufacturer’s instructions, the HAT activity colori-
metric assay kit (Sigma–Aldrich, EPI001) was used to measure CoA release.

α-Tubulin deacetylation assay. α-Tubulin deacetylation assay was performed as
previously described in38. Briefly, 96-well half-area plates (Greiner, 674061) were
coated with 1 μg tubulin in 50 μl of ultra-pure water for 2.5 h at 37 °C, followed by
blocking (PBS, 3% BSA, 3% skim milk, 3% fetal bovine serum) for 1 h at 37 °C, and
washing with PBS + 0.05% Tween-20. 10 μg of cytosolic fraction isolated from
newborn mice brain cortex in deacetylation buffer (50 mM Tris-HCl at pH 7.6,
120 mM NaCl, 0.5 mM EDTA) supplemented with protease inhibitor cocktail and
phosphatase inhibitor (to avoid dephosphorylation of HDAC6) were added per
well for incubation of 4 h at 37 °C with shaking at 120x g. The wells were washed
and incubated overnight at 4 °C with acetylated α-tubulin antibody (1:2000) in
blocking buffer (PBS+ 0.05% Tween-20 + 3%BSA). Wells were subsequently

washed and incubated for 2 h at 37 °C with Peroxidase-conjugated Goat antimouse
antibody (1: 5000) in antibody blocking buffer. After the final washes, the perox-
idase activity was probed with TMB/E (ES001, Merck Millipore), and the reaction
stopped with H SO .

Acly activity assay. Acly activity assay was measured as previously described in41.
Briefly, cells or brain extracts were disrupted by passing them 15 times in 25-gauge
needle in 100 mM Tris-HCL buffer, supplemented with protease and phosphatase
inhibitors. 5ug of cells/brain lysate were added to the reaction mix (200 mM Tris-
HCL pH 8.4, 20 mM MgCl , 20 mM sodium citrate, 1 mM DTT, 0.1 mM NADH
(Sigma-Aldrich, N8129), 6 U/mL Malate dehydrogenase (Sigma-Aldrich, M1567),
0.5 mM CoA (Sigma-Aldrich, C3019) with or without ATP (Sigma-Aldrich,
A1852). Acly activity was measured every 100 s for 4 h, in the volume of 50ul in a
384 well plate using 340 nm OD read. Acly specific activity was calculated as the
change in absorbance in the presence or absence of ATP. For statistical comparison
Acly activity was defined as the slope from the linear range of the reaction.

Acetyl-CoA sample preparation and LC-MS/MS analysis. Acetyl-CoA was
extracted as previously described58. Briefly, cold methanol (500 μl; −20 °C) was
added to the cell pellets, and the mixture was shaken for 30 s (10 °C, 2000 r.p.m.,
Thermomixer C, Eppendorf). Cold chloroform (500 μl; −20 °C) was added, the
mixture was shaken for 30 s, and 200 μl of water (4 °C) added afterwards. After 30 s
shaking and 10 min on ice, the mixture was centrifuged (21,000 × g, 4 °C, 10 min).
The upper layer was collected and evaporated. The dry residue was re-dissolved in
eluent buffer (500 μl) and centrifuged (21,000 × g, 4 °C, 10 min) before placing in
LC-MS vials. Acetyl CoA was analyzed as previously described59. Briefly, the LC-
MS/MS instrument consisted of an Acquity I-class UPLC system and Xevo TQ-S
triple quadrupole mass spectrometer (both Waters) equipped with an electrospray
ion source. LC was performed using a 100 × 2.1-mm i.d., 1.7-μm UPLC Kinetex
XB-C18 column (Phenomenex) with mobile phases A (10 mM ammonium acetate
and 5 mM ammonium hydrocarbonate buffer, pH 7.0, adjusted with 10% acetic
acid) and B (acetonitrile) at a flow rate of 0.3 mL min-1 and column temperature of
25 °C. The gradient was set as follows: 0–5.5 min, linear increase 0–25% B, then
5.5–6.0 min, linear increase till 100% B, 6.0–7.0 min, hold at 100% B, 7.0–7.5 min,
back to 0% B, and equilibration at 0% B for 2.5 min. Samples kept at 4 °C were
automatically injected in a volume of 5 μl. Mass spectrometry was performed in
positive ion mode, monitoring the MS/MS transitions m/z 810.02→ 428.04 and
810.02→ 303.13 for acetyl-CoA. Spikes of defined amounts of AcCoA were added
to the samples to confirm the absence of signal inhibition (matrix effect) in the
analyzed extracts. Quantification of AcCoA was done against an external calibra-
tion curve with 1–1000 ng mL–1 range of AcCoA concentrations using TargetLynx
software (Waters).

Polysomal fractionation. Polysome-bound RNA was purified from the cortical
extract of P0 pups according to Laguesse et al.45. Briefly, fresh mouse cortex was
snap-frozen in 1.5 mL Eppendorf tube, pulverized in liquid nitrogen with a pestle,
and kept on dry ice for 5 min. The powder was resuspended in 1 mL lysis buffer
(10 mM Trish pH 8.0, 150 mM NaCl, 5 mM MgCl , 1% NP-40, 0.5% sodium
deoxycholate, 40 mM dithiothreitol, 10 mM Ribonucleoside Vanadyl Complex,
200 µg/mL cycloheximide and 400 U/mL RNAsin). 200 µL of the homogenate was
used to isolate total RNA using TRIzol reagent. The remaining 800 µL were cen-
trifuged for 10 s at 12.000 × g to discard nuclei, and the supernatant was collected.
Ribosomes were further released by adding 800 µL of 2X extraction buffer (200 mM
Tris pH 7.5, 300 mM NaCl, and 200 µg/mL cycloheximide) and samples were
centrifuged at 12,000 × g for 5 min at 4 °C to remove mitochondria and mem-
branous debris. The resulting supernatant was loaded onto a 8 mL 15–45% sucrose
gradient and centrifuged at 100,000 × g (at r ), 4 °C for 2 h without brake, by
using a SW4Ti rotor (Beckman Coulter). The four first 500 µL bottom fractions
were collected and digested with proteinase K buffer (400 µg/mL Proteinase K,
10 mM EDTA, 1% SDS) at 37 °C for 30 min, to be thereafter extracted with phenol-
chloroform. Polysomal fractions were assayed for purity by assessing the presence
of 28 S and 18 S ribosomal RNA bands on an agarose gel, and by measuring
absorbance at 254 nm, as previously described60.

Puro-PLA and immunostaining. Puro-PLA was performed as previously
described61 to label newly synthesized proteins of interest. In brief, neurons cul-
tured 5 days in vitro were incubated with 10 μg/mL puromycin for 4 min, quickly

Table 3 List of PCR primers.

Gene Forward Reverse Organism

Acly Hs00982738_m1 (Thermo) mice
Gapdh Mm99999915_g1 (Thermo) mice
TBP CCACGGTGAATCTGTGCT GGAGTCGTCCTCGCTCTT fly
Elp1 TCGGCGGTTCCTTTCCAAAC GGTCCGATGCAACTTCAGATT fly
Elp3 AAGAAGTTGGGCGTGGGATT ATCCTTTTTGGCTTCGTGCG fly
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washed with warm PBS, and fixed for 10 min in 4% PFA-sucrose. After fixation and
permeabilization, the Duolink assay (DUO92007; DUO92004; DUO92002 Sigma)
was performed as recommended by the manufacturer using the following primary
antibodies: puromycin 1:75 (PMY-2A4 DSHB); Acly 1:100 (OAGA04026 Aviva
Systems Biology). Following puro-PLA, cells were post-fixed for 10 min in PFA-
sucrose, washed with PBS, blocked with 5% donkey serum in PBS, and labelled
with antitubulin antibody 1:1000 (ab6160) in Duolink Antibody Diluent (Sigma)
for 1 h. After incubation with fluorophore-labelled secondary antibody for 1 h and
further washes, cells were mounted with Fluorescence Mounting medium (S3023
Agilent Dako). Images were acquired with a Zeiss LSM-880 microscope using × 40
oil objective. Images were processed with ImageJ (NIH).

Cycloheximide pulse-chase assay. Primary fibroblasts from FD patients or
healthy controls were cultured in 6-well plates at 80% confluency before treatment
with 50 μg/mL cycloheximide (CHX) (C7698 Sigma) for 0 h, 4 h, 6 h, 8 h. All
samples were harvested simultaneously by washing the cells in each well with ice-
cold PBS, adding in each well 150 μL cell lysis buffer (50 mM Tris-HCl, pH 8,
containing 150 mM NaCl, 1% NP-40 supplemented with complete proteinase
inhibitor cocktail (Roche)) and subsequent mechanical scraping. Following incu-
bation on ice for 30 min, samples were centrifuged for 20 min at 13,000 x g to
collect the supernatant. Protein concentration of each sample was measured by
using the Protein Assay Kit (Pierce Biotechnology, Rockford) according to the
manufacturer’s instructions. All samples were resuspended in SDS buffer before
WB analysis.

Co-immunoprecipitation analysis. Co-immunoprecipitation experiments were
performed in HEK293 cells (Merck Chemicals, Brussels). Pierce Crosslink
immunoprecipitation kit (#26147) was used following the manufacturer’s
instructions. For Elp3-FLAG and Myc-Acly analysis 4 μg of Myc (Cell signaling),
Flag (Sigma-Aldrich), or general mouse IgG (Millipore) were crosslinked using DSS
to protein A/G. For detection by WB of Elp3-Flag or Myc-Acly Elp3 (Jesper
Svejstrup) antibody and Acly (cell signaling) were used.

Statistics and Reproducibility. Every experiment was repeated independently at
least two times under single-blinded condition and statistical analyses were gen-
erated with GraphPad Prism Software 7.0. For statistical analysis, data normality
was assessed via D’Agostino-Pearson omnibus normality test or Shapiro–Wilk
normality test. Comparison between two groups with normally distributed samples
was performed with two-sided unpaired t test, while comparisons among more
than two groups with one-way or two-way analysis of variance (ANOVA) followed
by Sidak’s, Dunn’s or Dunnet’s post hoc test. If normality was not reached, Mann-
Whitney or Kruskal–Wallis test were performed, to compare between two groups
or among more than two groups, respectively.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The proteomic data generated in this study have been deposited in the
ProteomeXChange database and can be accessed via the CX accession number:
PXD021186. Proteomic data supporting the findings of this study are available within the
paper and its supplementary information files. Source data are provided with this paper.
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Context of the study 

Neurons are highly polarized cells characterized by a complex branched morphology 

presenting with multiple dendrites and a single axon than can extend for very long distances, 

up to hundreds of centimeters. Their architecture is essential to establish connections with 

thousands of other cells through the formation of contact sites, the synapses, thus forming a 

network of functionally interconnected cells. Through synapses, neurons receive, process and 

pass information to the neighboring cells, and this process enables us to generate and store 

memories, to think and act. The number, size and strength of synapses change with time and 

experience, in a process called synaptic plasticity (Sutton and Schuman 2006). To support 

these dynamic structural changes and allow a prompt response at these peripheral sites, 

mRNAs need to be displaced for very long distances to reach these peripheral sites, where 

are ultimately translated via a process defined as local translation (Hafner et al. 2019; 

Rangaraju, Lauterbach, et al. 2019; Shigeoka et al. 2016). By producing proteins locally when 

and where mostly needed, neurons developed an efficient system to regulate the proteome 

in restricted subcellular compartments, such as along neurites and at synapses.  

Since the identification of this mechanism, a plethora of studies leveraged the recent 

advances in the high throughput screenings techniques coupled to isolation and/or 

fractionation methods to characterize the populations of mRNAs (transcriptome) (Cajigas et 

al. 2012; Perez et al. 2021; Zivraj et al. 2010) and to identify those undergoing active 

translation (translatome) (Glock et al. 2021; Hobson et al. 2022; Oostrum et al. 2023; Shigeoka 

et al. 2016) within restricted subcellular domains, as neurites and synapses. More recently, 

however, the resolution in the study of local translation further restricted to single 

membrane-bound organelles, which started to emerge as multi-functional units able to exert 

other roles than their well described canonical ones. Organelles such as endosomes, 

mitochondria and the ER were found to be associated with the translation machinery 

(ribosomes) and translating peptides. Most interestingly, these translating proteins are key 

to sustain the structural integrity of the associated organelles, as the mitochondria membrane 

protein laminb2 (Cioni et al. 2019), the mitophagy-associated PINK1 kinase (Harbauer et al. 

2022) and endosome membrane protein EEA1 (Popovic D, Nijenhuis W, Kapitein C L 2020).  
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Recent findings describe organelles as self-sustaining machineries, able to support their own 

MT-based transport by producing the required energy and modulating the acetylation of MTs, 

a key modulator of transport dynamics (Even et al. 2019, 2021; Hinckelmann et al. 2016). 

Proteins undergo a constant turnover that requires the replacement of damaged peptides 

with a newly translated pool. We therefore hypothesize that trafficking organelles, together 

with supporting their own motion, might also sustain their structural integrity by translating 

in loco their constitutive proteins. This mechanism would allow organelles to safeguard their 

own architecture while exerting their motion-dependent range of functions.  

To the best of our knowledge, it remains to be determined whether local sites of translation 

could occur on cargos while undergoing bidirectional motion, and whether the newly 

translated proteins, while renewing the organelles architecture, would also ensure their 

optimal activities. Furthermore, a comprehensive characterization of the population of 

transcripts shuttled and translated on motile cargos is still missing. 

This project aims to: 

1) Isolate motile cargos from a transgenic mouse line to characterize its proteome and 

associated transcriptome;  

2) Generate a stable cell line of neuron-like cells expressing the SunTag system to 

determine the translation dynamics of candidate transcripts.  
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RESULTS 

1. Motile cargos purification for proteomics and transcriptomics analysis. 

To characterize the population of transcripts undergoing MT-based bidirectional transport, 

we used the Thy1:p50-GFP mouse line, which express the dynactin subunit dynamitin (also 

called p50) fused to GFP under the control of the Thy1 neuronal promoter at levels that do 

not disrupt its integrity and function (Ross et al. 2006). As p50 promotes the dynein-mediated 

recruitment of vesicles for their MT-directed transport (reviewed in: Cason and Holzbaur 

2022), we reasoned that its isolation would enable the purification of motor-associated 

cargos, including vesicles and their associated transcriptome, as well as RNP granules (Figure 

12 A). Furthermore, the existence of single dynactin variant, its required binding to dynein for 

its processivity, and the association of the dynein/dynactin complex to every motile cargo 

make dynactin an ideal candidate to target for the isolation of all motor-associated cargos. 

From here on, we will define the dynein/p50-associated cargos as motile cargos.  

We first performed immunofluorescent analysis of postnatal day 13 (P13) coronal brain slices 

to characterize the GFP expression pattern, thereby the distribution of p50. GFP expression 

was extended to multiple brain regions, including the hippocampus (Figure 12 B, C1), layer V 

of the cortex (Figure 12 B, C2, D), amygdala (Figure 12 B, C3) and thalamus (Figure 12 B, C4). 
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Figure 12. GFP expression pattern characterization of Thy1:p50-GFP mice. (A) Schematic 
representation of p50-GFP associated motile cargos. (B) GFP and DAPI Immunofluorescent 
analysis in P13 coronal brain sections of Thy1:p50-GFP mice. (C) GFP and DAPI expression 
pattern in closed-up selected brain regions expressing GFP-positive nuclei: hippocampus (1), 
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cortex (2), amygdala (3) and thalamus (4). (D) Immunofluorescent analysis for GFP and MAP2 
(dendritic marker) of DIV12 hippocampal neurons obtained from E15.5 p50-GFP+/- embryos. 

The Thy1:p50-GFP mouse was originally generated to isolate the dynein-p50-GFP complex by 

MT affinity and ATP release (Ross et al. 2006). This strategy enabled the purification of the 

complex while preserving its integrity and motility properties. This molecular preparation, 

however, was devoid of kinesin-1 and kinesin-2, suggesting that this methodology does not 

fully preserve the protein-protein interactions between motors and associated vesicles, 

which would have otherwise allowed co-isolation of the vesicle-associated kinesin motors. 

p50-GFP mice were also employed to purify the full brain vesicular fraction by high-speed 

centrifugation followed by sucrose gradient fractionation (Caviston et al. 2007). Yet, this 

strategy allowed the isolation of both motile (motor-bound) and not motile (not associated 

with motors) vesicles, as in vitro transport analysis reported that only 60% of the isolated 

vesicles were motile.  

We set out to overcome these limitations and purify motile cargos to analyze both their 

proteome and associated transcriptome. While the former analysis would enable the 

molecular characterization of the sorted population, the latter would define the population 

of mRNAs that are trafficked by motors either through their direct association or via the 

hitchhiking mechanism (Figure 13 A). To this aim, we used mechanical lysis to process the full 

brain deprived of the cerebellum of 2-month old Thy1:p50-GFP mice, compared to their WT 

littermates. We thereafter performed a centrifugal step to discard nuclei and unlized cells 

(pellet 1, P1), and applied fluorescent particle sorting (Hubstenberger et al. 2017) to the 

obtained pre-sorted fraction (supernatant 1, S1) to isolate GFP+ events (p50-GFP associated 

cargos) from GFP- events (cytosolic components not bound to p50-GFP) (Figure 13 A). Unlized 

cells were identified by size and granularity in the P1 fraction and excluded from the analysis 

(Figure 13 B), as well as auto-fluorescent events identified from the remaining fraction 

labelled as lysate (Figure 13 C, D). Lastly, size and fluorescence allowed us to discriminate 

GFP+ and GFP- events which display only a partial overlap in their size and granularity profile 

(Figure 13 C, D). Re-analysis of the sorted fractions by flow cytometry (FACS) lead to a purity 

of ~40% for the GFP+ fraction and ~80% for the GFP- fraction (Figure 13 E). For both 

proteomics and RNA-seq analysis, every S1 fraction was sorted for 3 hours, which lead to the 

collection of 250,000-500,000 events per fraction, depending on the abundance of GFP+ 

events.  
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Figure 13. Fluorescent particle sorting of p50-GFP and its associated cargos. (A) 
Experimental procedure to isolate motile cargos from 2 month-old Thy1:p50-GFP mouse 
brains by fluorescent particle sorting. S1, supernatant; P1, pellet. (B-D) Gating strategy to 
isolate p50-GFP associated cargos. (B) P1 fraction analysis by forward scatter channel (FSC) 
and back-scatter channel (BSC) performed to discriminate the population of unlysed cells 
(“cells”) from the particles representing the lysed sample (“lysate”). (C-D) Gating strategy 
used to identify p50-GFP+ particles from the S1 fraction isolated from full brain lysate of 
Thy1:p50-GFP mice and correspondent WT littermates. Populations of unlyzed and lysed cells 
were differentiated as done for the P1 fraction. The “lysate” population was then displayed 
in a new intensity plot analyzing the fluorescence of phycoerythrin (PE)-texas red and 
phycoerythrin-alexa fluor (PE-A) to exclude the autofluorescent events (“auto-fluo”) for the 
downstream analysis. The remaining events defined as “true” were then plotted to assess 
their FSC and FITC fluorescence. The distribution of events observed from the S1 WT sample 
was used to identify the FITC signal threshold and define the GFP+ and GFP- gates. GFP+ and 
GFP- gates were then analyzed separately for their FSC and BSC parameters. (E) re-analysis of 
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sorted fractions plotted by FSC and FITC fluorescence intensity. On average, the GFP+ sorted 
fractions present a 40% purity compared to the GFP- sorted fraction.  

 

To verify the specificity of the sorting, we performed an ultracentrifugation of the sorted 

fractions and analyzed the concentrated pellets by western-blotting. When analyzing the GFP 

content of the sorted fractions, we detected a strong GFP enrichment in the GFP+ fraction, 

compared to its GFP- counterpart (Figure 14 A). Electron microscopy analysis identified 

vesicles within both sorted fractions (Figure 14 B), showing that the sorting strategy did not 

affect the morphological integrity of vesicles. Combined immunogold staining confirmed the 

presence of GFP particles only in the GFP+ fraction, either surrounding globular objects in the 

nanometer scale which could correspond to motile cargos, or as isolated subunits which could 

underline RNP granules bound to dynein-dynactin complex (Figure 14 C). To assess whether 

the sorting strategy wouldn’t compromise the quality of the fraction-associated transcripts, 

we extracted RNA from the sorted fractions and analyzed its quality, which revealed an ideal 

integrity index for RNA-seq analysis (Figure 14 D).  

We are currently performing mass spectrometry and RNA-seq analysis, each one on three 

biological replicates. The first dataset that will be generated will provide a comprehensive 

overview of the motile cargos subtypes that can be sorted through our experimental 

workflow. The second one, unique in its kind, will instead unravel the population of mRNA 

transcripts constituting or associated with the dynein-dynactin complex and therefore 

undergoing active transport. These transcripts could be transported either in the form of RNP 

granules or associated to membrane-bound organelles, either as translationally silent or 

undergoing active translation (Anadolu et al. 2022; Cioni et al. 2019; Schuhmacher et al. 

2023). We will perform an enrichment analysis by comparing the sorted fractions to the pre-

sorted sample, to identify candidate mRNAs that are preferentially transported or that are 

not associated with the transport machinery. We will thereafter perform Gene Ontology (GO) 

enrichment analysis and select transcripts on interest whose transport could underlie specific 

functions in distal subcellular locations and would require their localized translation.  
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Figure 14. Biochemical and morphological characterization of the GFP+ and GFP- sorted 
fractions. (A) Western blotting analysis of GFP+ and GFP- sorted fractions upon 
ultracentrifugation showing GFP enrichment in the GFP+ fraction. (B) Examples of intact 
vesicles with lipid bilayer membranes identified in both GFP+ (a, b) and GFP- (c, d) sorted 
fractions by electron microscopy analysis. (C) immunogold labelling of sorted fractions 
showing GFP gold signal only in the GFP+ fraction, either in surrounding of globular objects 
(a, b) or as single units (c), suggesting the association of p50-GFP to either organelles or to 
RNP granules, respectively. No immunogold signal was detected in the GFP- fraction (d-f). (D) 
Bioanalyzer results of RNA samples extracted from GFP+ and GFP- sorted fractions. In every 
fraction, the two peaks below 2000 and 4000 correspond to the ribosomal RNAs and the 
underling areas are used to infer the RNA integrity index (RIN) of the relative sample.  
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To refine the transcriptomic dataset and uniquely identify the ribosome-associated 

transcripts (therefore engaged in translation) among the population of trafficking mRNAs, we 

crossed Thy1:p50-GFP mice with RiboTag mice (Shigeoka et al. 2016) that express the HA-

tagged ribosomal protein 22 (rpl22-HA) only in VGlut1+ neurons (Figure 15 A). The RiboTag 

mouse enables the isolation of ribosomes from a selected cellular subtype and the elution of 

their associated mRNAs to probe the cellular translational landscape. As ribosomes are known 

to be transported on motile cargos (Carter et al. 2020; El Fatimy et al. 2016; Kipper et al. 2022; 

Liao et al. 2019), the co-expression of p50-GFP and rpl22-HA within a given cell type would 

enable the immunoprecipitation of HA-tagged ribosomes from previously sorted motile 

cargos (p50-GFP-associated motile cargos; GFP+ events) (Figure 13 A). The downstream 

sequencing of the ribosome-associated transcripts would enable the characterization of the 

translating mRNAs associated to motile cargos – the motile cargos’ translatome. Given the 

GFP expression pattern of Thy1:p50-GFP mice being preferentially localized in the deep layer 

cortical neurons and pyramidal layer neurons of the hippocampus(Figure 12 A), and the 

exclusive distribution of VGlut1-expressing neurons in the cortex and hippocampus (Figure 

15 B), we generated p50-GFP+/-;Rpl22-HAL/+;Vglut1-cre/+ mice displaying cortical and 

hippocampal neurons coexpressing GFP and HA (Figure 15 B-D). Interestingly, however, while 

only a small fraction of the fluorescently-labelled cortical neurons were GFP+/HA+ positive 

(5.89%), a broader double positive neuronal population was present in the pyramidal layer of 

the hippocampus (23.08%) (Figure 15 C-E).  
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Figure 15. GFP and HA expression pattern characterization in P13 p50-GFP+/-;Rpl22-
HAL/+;Vglut1-cre/+ brain slices. (A) Schematic representation of the breeding strategy to 
generate p50-GFP+/-;Rpl22-HAL/+;Vglut1-cre/+ mice. (B) Representative coronal brain slices of 
P13 p50-GFP+/-;Rpl22-HAL/+;Vglut1-cre/+ mice immunostained for GFP (green), HA (purple) 
and DAPI (white). Panels on the left represent a medial level, panels on the right a caudal 
level. (C, D) Magnifications of the inserts traced in (B) representing the pyramidal layer of the 
hippocampus (C) and the cortex (D). (E) Pie chart showing the proportion of cells expressing 
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GFP, HA, or both in the pyramidal layer of the hippocampus (top panel) or cortex (bottom 
panel).  

 

To evaluate the subcellular distribution of p50-GFP and rpl22-HA, and to maximize the 

analysis of neurons coexpressing GFP and HA, we prepared hippocampal cultures from E15.5 

p50-GFP+/-;Rpl22-HAL/+;Vglut1-cre/+ mouse embryos (Figure 16 A, B). Previously, ribosomes 

have been identified on membrane-bound organelles as lysosome, early and late endosomes 

along RGC axons (Cioni et al. 2019) and on ER-derived vesicles along dendrites of mouse 

hippocampal neurons (Carter et al. 2020). To study the spatial relationship between 

ribosomes and motile cargos we employed super-resolution airyscan microscopy and 

observed isolated although rare GFP foci codistributed with HA-tagged ribosomes (Figure 16 

C-F). Given the heterogeneity in subunit composition of ribosomes (Genuth et al. 2022), we 

additionally assessed the distribution pattern of the ribosomal protein 24 (rpl24) and found 

examples of p50-GFP motors positive for the assessed ribosomal subunit. These results 

suggest that p50-GFP motors can also associate with the translation machinery.  

We are currently setting up the experimental strategy to immunoprecipitate rpl22-HA 

ribosomes by using dynabeads associated with anti-HA antibodies (Shigeoka et al. 2016) from 

sorted p50-GFP-associated motile cargos (GFP+ events). This strategy would allow the 

isolation of ribosome-associated mRNAs to ultimately define the translatome of motile 

cargos. We would therefore identify among the transcriptome dataset, obtained from 

fluorescent particle sorting of p50-GFP molecules and downstream RNA-seq analysis, those 

mRNA candidates that are engaged in translation while being transported as motile cargos.  
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Figure 16. subcellular characterization of p50-GFP+/-;Rpl22-HAL/+;VGlut1-cre/+ hippocampal 
neurons. (A-F) Hippocampal neurons harvested from E15.5 p50-GFP+/-;Rpl22-HAL/+;VGlut1-
cre/+ embryos were probed for GFP, HA and 𝛼-tubulin. Example of a neuron expressing GFP 
and HA (A), a closed-up of a selected neurite segment (B), and a closed-up of representative 
instances of codistributed GFP and HA foci (C, E), with the correspondent intensity profile 
lines from GFP/HA merged images (D, F). (G-L) Hippocampal neurons probed for GFP, Rpl24 
and the dendritic marker MAP2. Example of a neuron expressing GFP and rpl24 (G), a closed-
up of a selected neurite segment (H), and a closed-up of representative examples of 
codistributed GFP and rpl24 foci (I, K), with the correspondent intensity profile lines (J, L). 

 

2. In vitro system to study axonal transport and local translation dynamics 

To assess whether the candidate mRNAs are actively translating while being associated to the 

transport machinery, we set to exploit the SunTag fluorescent tagging system. This live 

imaging technology interrogates the translation dynamics of a given transcript while following 

its own displacement over time (Yan et al. 2016). It consists of three different expressing 

plasmids that need to be co-expressed in a given target cell (Figure 23 A).  

To overcome the limitations of primary neuronal cultures, we decided to express the SunTag 

system in a stable cell line as easier to transfect and to preserve over a very long time through 

freezing/thawing cycles. As cell line of choice, we employed the neuro-2a (N2a) cells, neural-

crest deriving neuroblastoma cells that undergo neuronal differentiation upon serum 

deprivation and exposure to environmental stimuli such as retinoic acid (RA) (Kumar and 

Katyal 2018; Namsi et al. 2018). Differentiated N2a cells have been widely used to investigate 

the molecular mechanism driving neuronal differentiation (Evangelopoulos, Weis, and 

Krüttgen 2005; Kumar and Katyal 2018), as well as the subcellular distribution of mRNAs 

within their peripheral neurites (Taliaferro et al. 2016). While multiple concentrations of RA 

have been tested, we chose the dose that confers the lowest toxicity while inducing the 

highest percentage of differentiated cells (6𝜇M), as compared to other concentrations and 

biomolecules tested (Namsi et al. 2018). As previously reported, upon serum deprivation and 

treatment with RA, cells display outgrowing neurites indicative of their differentiation into 

neuron-like cells (Figure 17 A, B). To determine whether differentiated N2a cells represent a 

good in vitro model to investigate the translation dynamics of candidate mRNAs in relation to 

their microtubule (MT)-associated transport machinery, we decided to assess the dynamics 

of lysosome trafficking along their neurites. We labelled endogenous lysosomes by using the 

fluorescent dye Lysotracker and found that, although localized along the neurites of 
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differentiated N2a cells, lysosomes were not undergoing bidirectional motion but were rather 

immobile (Figure 17 C).  

 

Figure 17. Analysis of lysosome transport kinetics in N2a cells differentiated following 
Namsi et colleague’s experimental procedure. (A) Scheme representing the experimental 
paradigm described by Namsi et colleagues to differentiate N2a cells into neuron-like cells. 
(B) Morphological characterization of N2a upon differentiation protocol. (C) Representative 
kymograph tracking lysosomes position over time along a neurite of differentiated N2a cells. 
The kymograph shows the presence of multiple lysosomes along the neurite length which 
remained immobile for the entire recording time (2 minutes).   

 

We hypothesized that the absence of MT-associated transport could be ascribed to the 

metabolic changes associated to the differentiation process cells are undergoing. Accordingly, 

serum withdrawal alone can induce N2a differentiation through activation of the MAPK/ERK 

pathway which engage EGFR (Epidermal Growth Factor Receptor), Akt (protein kinase B) and 

ERK1/2 (extracellular signal-regulated kinase 1/2) (Evangelopoulos et al. 2005). To reestablish 

the transport dynamics of organelles, we ought to expose the differentiated N2a cells to the 

growing medium conditions commonly used for neuronal primary cultures (Figure 18 A). We 

reasoned that this media (therefore called as recovery media) would stabilize the metabolic 

state of the cells and recover the physiological intracellular processes described in primary 

neurons such as axonal transport (Even et al. 2019). 48 hours after media change, the 

differentiated N2a cells (hereafter referred to as d-N2a) display unaltered neurite length but 

increased branching, when compared to their morphology previously acquired upon serum 
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deprivation and RA treatment (Figure 18 B-D). These newly differentiated cells comprise an 

heterogenous population of neuron-like cells with different degree of maturation, as 

indicated by the increased levels of 𝛽-III tubulin and neurofilament protein, markers for 

immature and mature neurons, respectively (Figure 18 E-J).  
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Figure 18. Morphological and biochemical analysis of N2a cells upon differentiation with 
the newly adopted protocol. (A) Scheme describing the adopted protocol established to 
differentiate N2a into neuron-like cells. (B) Morphological characterization of the N2a cells 
undergoing the three day-step differentiation protocol, consisting in 24h exposure to the 
differentiation media (serum deprivation and treatment with 6𝜇M retinoic acid) followed by 
48h treatment with the recovery media (neurobasal media supplemented with glutamine and 
B27). (C, D) Analysis of neurite length and number of N2a cells at every step of the 
differentiating protocol. (E-J) Western blotting analysis of the d-N2a generated following the 
adopted differentiation protocol, compared to untreated N2a cells. Protein lysates were 
probed for markers of intermediate progenitors (Tbr2, P<0.2629), immature neurons (𝛽-III 
tubulin, P<0.0256), and mature neurons (neurofilament proteins, P<0.0312). 

 

After replacing the differentiation media with the recovery media for 48 hours, we attempted 

to record the lysosomes transport dynamics along neurites of the d-N2a. Lysosomes displayed 

a bidirectional motion with an average velocity of 0.308 𝜇m/sec, which is comparable to that 

of mouse cortical neurons (Figure 19 A-E) (Even et al. 2019, 2021). To assess whether the 

transport dynamics were restricted to lysosomes or extended to other organelle subtypes, 

we expressed a synaptophysin-expressing plasmid fused to the mCherry protein 

(synaptophysin-mCherry) in the differentiating cells 24 hours after the exposure to the 

recovery media. We recorded highly motile synaptophysin+ vesicles undergoing anterograde 

and retrograde transport displaying an average velocity of 0.764 𝜇m/sec (Figure 19 F-J). This 

analysis confirms the suitability of the d-N2a generated through our adopted differentiation 

protocol for studying the transport kinetics of membrane-bound organelles.  
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Figure 19. Transport dynamics analysis of membrane-bound organelles along neurites of d-
N2a cells. (A) Experimental paradigm describing the adopted differentiation protocol. To label 
lysosomes, the lysotracker dye is added to the cultures at the moment of the recordings. (B) 
Representative kymographs showing lysosomes trafficking along a d-N2a cell’s neurite. (C) 
Analysis of lysosome average velocity (which comprises motile and immotile lysosomes), 
anterograde and retrograde velocities of motile lysosomes. Number of vesicles analyzed: 155 
for mean speed; 139 for retrograde velocity; 105 for anterograde velocity. (F) Experimental 
paradigm describing the adopted differentiation protocol. To label synaptophysin-expressing 
vesicles, cells were transfected with a synaptophysin-mCherry at day 3 of the differentiation 
protocol, 24 h before imaging. (G) Representative kymographs showing the transport 
dynamics of synaptophysin+ vesicles along a neurite of a d-N2a cell. (H-J) Quantification of 
average, anterograde and retrograde velocity of synaptophysin+ vesicles. Number of vesicles 
analyzed: 186 for mean speed; 165 for retrograde velocity; 157 for anterograde velocity. 
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To verify if, likewise in neurons, local translation occurs along the processes of these newly d-

N2a cells, we first analyzed the expression pattern of the ribosomal protein 24 (rpl24). 

Immunofluorescent staining showed an heterogenous distribution of ribosomes along the 

neurites of d-N2a (Figure 20 A, B) indicating a peripheral distribution of the translation 

machinery. To assess whether peripheral ribosomes are engaged in active translation, we 

performed the puromycylation assay which uses the tRNA analogue puromycin that 

incorporates into translating peptides inducing their release from ribosomes, and an anti-

puromycin antibody to visualize all tagged peptides therefore providing a readout of the 

global protein synthesis in the cell (Figure 20 E)  (David et al. 2012). We treated N2a and d-

N2a cultures with a short 3-minute burst of puromycin, to avoid overestimation of the local 

translation events along neurites that would have occurred with a long puromycin exposure 

due to long-range diffusion of the ribosome-released peptides. We detected puromycin signal 

throughout the length of neurites, which was depleted when cells were pretreated with the 

translation inhibitor anisomycin (Figure 20 C-F). These data reveal that d-N2a cells share the 

ability of primary neurons to localize protein translation in peripheral compartments. The d-

N2a obtained through our adopted protocol represent a valid in vitro model to study 

transport and local translation dynamics.  
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Figure 20. Ribosomes and translating peptides are distributed along neurites of d-N2a cells. 
(A, B) Expression pattern analysis of rpl24 in N2a and d-N2a cells. Cells were co-stained for 𝛼-
tubulin. (B) Rpl24 foci were abundantly identified throughout the neurites of d-N2a cells. (C-
F) Puromycylation assay performed in N2a and d-N2a cells. (C, D) Immunofluorescence 
analysis of puromycin labelling in N2a and d-N2a treated with puromycin, with/without 40 
minutes pretreatment with the translation inhibitor anisomycin. (D) Puromycin labelling 
along neurites of d-N2a cells, with/without pretreatment with anisomycin. (E) Schematic of 
the puromycylation assay: cultures are treated for 3 minutes with the tRNA analogue 
puromycin, fixed and immunolabelled with an anti-puromycin antibody. (F) Bar graph 
analyzing puromycin fluorescent intensity in cell soma (N2a and d-N2a) and neurites (d-N2a). 
Data shown as mean  SD. Number of cells analyzed: n=8 (N2a, puro), n=6 (N2a, aniso+puro), 
n=7 (d-N2a, puro), n=6 (d-N2a, aniso+puro). ***P=0.0002, ****P<0.0001; 2-way ANOVA with 
Sidak’s multiple comparison test.  
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Given the role of local translation for synapses proteome (Hafner et al. 2019; Oostrum et al. 

2023), we wondered if the differentiation protocol induced the establishment of other 

neuron-like features as synapses formation. We performed immunofluorescent staining for 

the presynaptic marker VGlut1 and the postsynaptic marker PSD95 and assessed the 

formation of excitatory synapses by probing their signal colocalization. We detected 

VGlut1/PSD95 synapses along the neurites of d-N2a (Figure 21 A-C), suggesting that d-N2a 

are functionally integrated into neuronal network.  

Figure 21. Identification of excitatory synapses along neurites of d-N2a cells. (A, B) N2a and 
d-N2a cells were probed for the pre-synapses (VGlut1) and post-synapses (PSD-95) markers 
to identify excitatory synapses by assessing their colocalization. VGlut1 and PSD-95 signal was 
assessed along the cell soma perimeter of both N2a and d-N2a cells, and along the neurites 
of d-N2a cells. (C) Correspondent bar graph analysis. Data shown as mean  SD. Number of 
cells analyzed: n=8 (N2a), n=5 (d-N2a, soma), n=20 (d-N2a, neurites). T-test, parametric.  

 

To test the electrophysiological properties of the d-N2a cells, we performed patch-clamp in 

whole cell configuration recordings on both N2a and d-N2a cells (Figure 22 A). We found that 

neither N2a nor d-N2a cells were able to elicit an evoked action potential when studied in 
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current-clamp mode (Figure 22 B). In accordance, voltage-clamp recordings showed that both 

d-N2a and N2a cells exhibited inward Na+ current upon depolarizing voltage steps of 10 mV 

increment, which however was not followed by repolarizing outward K+ current (Figure 22 C, 

D). However, d-N2a were more hyperpolarized than their undifferentiated counterparts 

(Figure 22 E). We next measured the excitatory postsynaptic current (EPSC) in voltage clamp 

mode by holding the membrane potential of N2a and d-N2a cells at -70 mV. We recorded an 

increased frequency of EPSC in d-N2a compared to N2a cells, which was abolished by 

treatment with the glutamatergic receptor antagonists APV (D(-)-2-amino-5-

phosphonovaleric acid) and CNQX (6-cyano-7- nitroquinoxaline-2,3-dione). This reduction, 

however, was not altered by a sequential blocking of the GABAA receptor with the antagonist 

Picrotoxin (PiTX) (Figure 22 F-I). On the other hand, we did not detect any difference in the 

EPSC amplitude between N2a and d-N2a cells (Figure 22 F, J-L). These data suggest that d-

N2a cells, although not retaining the excitability proprieties of mature neurons, present 

synaptic activity modulated by glutamatergic current.  
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Figure 22. Electrophysiological characterization of d-N2a cells. (A) Image of a patch-clamped 
N2a and d-N2a cell. (B) Representative trace of a current clumped d-N2a cell upon injection 
of high current. No action potential was evoked. Number of cells analyzed: n=12 (N2a), n=12 
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(d-N2a). (C) Bar graph analyzing membrane resting potential of N2a and d-N2a cells. (D) 
Representative trace of a voltage clumped d-N2a cell showing evoked N2+ current in response 
to depolarizing step current injections. (E) Representative current traces of excitatory 
postsynaptic currents (EPSC) of individual N2a and d-N2a cells recorded in voltage clump at -
70mV. Upon recording of the cell’s synaptic response, glutamatergic synaptic currents were 
blocked with 50 𝜇M APV and 10 𝜇M CNQX. Sequentially, GABA currents were additionally 
blocked with 50 𝜇M picrotoxin. Number of cells analyzed: n=6 (N2a), n=8 (d-N2a).  
(F-H) Column graph analysis of EPSC frequency of single N2a cells (F), d-N2a cells (G) and 
combined N2a and d-N2a cells (H), before and after sequential treatment with APV+CNQX 
and picrotoxin. (I-K) Column graph analysis of EPSC amplitude of single N2a cells (F), d-N2a 
cells (G) and combined N2a and d-N2a cells (H), before and after sequential treatment with 
APV+CNQX and picrotoxin. Data shown are mean  SE. (F) Nonparametric Friedman test with 
Dunn’s multiple comparison test. (G, I, J) One-way ANOVA with Tukey’s multiple comparison 
test; *P=0.0332. (H, K) Two-way ANOVA with Tukey’s multiple comparison test; *P=0.0332.  

 

3. Establishing the SunTag system in N2a cells 

To study the translation dynamics of the candidate mRNAs, we expressed the SunTag system 

in N2a cells, which will be then differentiated at the moment of the experiment. This system 

enables the live tracking of a given transcript and the concomitant visualization of its 

correspondent protein being translated over time (Yan et al. 2016). Among the three plasmids 

constituting this system, the reporter plasmid encodes for the protein of interest fused at its 

N-terminus to a repeating peptide array called SunTag. As the gene of interest is translated, 

the SunTag peptides will be recognized by GFP-tagged single-chain antibody fragments (scFv-

GFP), that are encoded by the second plasmid. Newly synthesized proteins will thus appear 

as bright green fluorescent foci at the site of translation. To track the mRNA of interest, the 

reporter plasmid presents 24 copies of a hairpin sequence within its 3’UTR (PP7 binding sites), 

which are recognized by the mCherry-fused PP7 bacteriophage coat proteins that are 

encoded by the third plasmid. Individual mRNA molecules will therefore appear as bright red 

dots (Figure 23 A). The expression of the reporter plasmid is regulated by a Tet-ON system 

which is based on the co-expression of the Tet repressor protein (TetR). TetR silences the 

transcription of the reporter gene, and its activity is released upon doxycycline 

administration. Thus, the Tet-ON system allows the control of the timing of expression of a 

given gene. To generate a SunTag-expressing N2a cell line, we transduced N2a cells with scFv-

GFP, PP7-mCherry and TetR. Antibiotic-selected cells expressing TetR were then FACS-sorted 

to select the cells co-expressing both scFv-GFP and low levels of PP7-mCherry (mCherry low) 

(Figure 23 B). To test the functionality of the SunTag system in the newly selected cells, we 
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transfected the previously characterized reporter plasmid SunTag24x-kif18b (Yan et al. 2016) 

and upon doxycycline addition assessed its translation dynamics. Immunofluorescence 

analysis revealed the appearance of scFv-GFP foci (Figure 23 C), and live imaging recordings 

confirmed that the observed signal corresponded to newly translated proteins as it 

disappeared upon puromycin treatment (Figure 23 D, E). We therefore established the 

SunTag system in N2a cells that upon differentiation acquire neuron-like features as axonal 

transport and local translation, making this cell line ideal to investigate the dynamics of 

candidate mRNAs, and assess whether they can be translated while trafficking along neurites.  
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Figure 23. Generation of a N2a SunTag cell line. (A) Schematic of the SunTag imaging system. 
A reporter mRNA encoding the protein of interest is fused at its N-terminus to a repeating 
peptide array called SunTag, which is recognized by GFP-fused antibodies as the reporter is 
translated. Translating peptides are visualized as bright green fluorescent spots at the site of 
translation. In addition, the mRNA molecule is fluorescently labeled through the binding of 
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mCherry-PP7 coat proteins to the hairpin loops downstream the stop codon UAA. (B) Gating 
strategy to FACS-sort N2a cells expressing mCherry-PP7 and scFv-GFP. All cells were visualized 
by FSC and BSC (gate A). Gate B was defined to exclude doublets by using FSC-area (A) versus 
FSC-height (H). The selected population of single cells was analyzed by FITC and PE-texas red, 
to identify the cells population co-expressing either GFP and low mCherry fluorescence (mCh 
low), or GFP and high mCherry fluorescence (mCh high). The former population was used for 
downstream analysis. (C) Immunofluorescent analysis of N2a or N2a cells expressing the 
SunTag system probed for GFP, mCherry and 𝛼-tubulin. Differently from the N2a cells, a 
heterogeneous cytoplasmic GFP and mCherry signal was detected in the SunTag N2a cells. 
Upon transduction of the SunTag reporter SunTag24x-Kif18b-PP724x (addgene #74928) and its 
doxycycline-induced activation, GFP foci appeared corresponding to newly translated Kif18b 
proteins. (D, E) Two representative SunTag N2a cells analyzed via live imaging for their GFP 
fluorescence. (D) Three pictures were taken at 5 minutes interval, with/without puromycin 
treatment between the second and third. (E) Cell 1 shows a stable scFv-GFP expression over 
time. Cell 2 displays no more scFv-GFP signal upon puromycin treatment, suggesting that the 
GFP foci previously visualized corresponded to newly translated proteins.  
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Material and methods  

Animals  

All experiments performed were approved by the ethical committee of the University of Liege 

under the license #19-2173.  

Thy1:p50-GFP mice were a kind gift from Dr. Frederic Saudou and Dr. Erika Holzbaur. 

Thy1:p50-GFP mice were maintained at their hemizygous state in the B6SJL hybrid 

background. To generate Rpl22L/L;VGlut1cre/+;p50-GFP+/- mice: 1) Rpl22L/L and VGlut1cre/cre 

were crossed to generate Rpl22L/+;VGlut1cre/+ mice; 2) Rpl22L/+;VGlut1cre/+ mice were 

intercrossed to generate Rpl22L/L;VGlut1cre/cre mice; 3) Rpl22L/L;VGlut1cre/cre mice were crossed 

with Thy1:p50-GFP+/- to generate Rpl22L/L;VGlut1cre/+;p50-GFP+/- mice.  

Mice were housed under standard conditions at constant temperature (19–22 °C) and 

humidity (40–50%) under a 7am–7 pm light/dark cycle. Mice were maintained with access to 

food ad libitum and treated according to the guidelines of the Belgian Ministry of Agriculture 

in agreement with the European Community Laboratory Animal Care and Use Regulations 

(86/609/CEE, Journal Official des Communautés Européennes L358, 18 December 1986).  

 

List of PCR primers 

Gene Forward Reverse 

p50-GFP 
RiboTag 
VGlut1-cre 

GGATCTCAAGCCCTCAAG 
GGG AGG CTT GCT GGA TAT G 
ATGAGCGAGGAGAAGTGTGG 

CTTGGACCTCATGCAGTAGG 
TTT CCA GAC ACA GGC TAA GTA CAC 
(VGlut1 WT) GTGGAAGTCCTGGAAACTGC 
(VGlut1 cre) CCCTAGGAATGCTCGTCAAG 

 Table 2. List of PCR primers used. 
 
Sample preparation 

Forebrains of 2-month old Thy1:p50-GFP mice or their WT littermates were homogenized on 

ice in 1mL lysis buffer (4mM HEPES, 320mM sucrose, Milli-Q water, pH 7.4) supplemented 

with 100U/mL SUPERase In (ThermoFisher, #AM2696), 100𝜇g/mL cycloheximide (Sigma, 

#C7698-1G), and Complete EDTA-free Protease Inhibitor Cocktail (Sigma, #11836170001) by 

using a Dounce homogenizer (15 strokes for both the loose and tight plunger), followed by 10 

passages through a syringe with a 26G gauge needle (BD, #305501). The homogenate was 

clarified by centrifugation at 800 x g, 4°C, for 10 min. After collecting the supernatant (S1), 

the pellet was resuspended in 500 𝜇𝐿 lysis buffer by using a syringe with 26G gauge needle 
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(10 passages), and centrifuged at 800 x g, 4°C, for 10 min. The supernatant was collected and 

pulled with the previous S1 fraction (organelle-rich fraction). As an imput for MS and RNA-

seq analysis, 100 uL of S1 were stored at -80°C with/without 300 uL trizol (ThermoFisher, 

#15596018), respectively. The pellet (P1) contains nuclei and unlised cells and was kept for 

fluorescent particle sorting analysis.  

 

Fluorescent particle sorting 

p50-GFP motile cargos were sorted on a SONY MA900 Multi-Application Cell Sorted equipped 

with a 100 𝜇m nozzle. The forward-scatter (FSC) threshold was decreased from 6% to 1.5% to 

visualize subcellular particles. Particles were detected by using the Forward-scattered light 

(FSC) and the Back-scatter channel (BSC). After excluding the population of unlised cells 

identified through the analysis of the P1 fraction (labelled as “cells”), the remaining 

population which accounts for more than 99% of all the events (“lysate”) is cleared from the 

autofluorescent events (“autofluo”). The remaining events (“true”) are detected according to 

their FSC and green fluorescence. By comparing the events distribution of a Ty1:p50-GFP or 

WT sample, the GFP+ events were identified. Sorting gates were drawn for GFP+ and GFP- 

particles. Due to biological variations and lysis efficiency, GFP+ events represented between 

1-9% of all detected events. Note that sample pressure was adjusted to detect between 

1,000-2,000 events per second; if sample pressure adjustments were not sufficient to meet 

this requirement, the S1 fraction was further diluted with lysis buffer. This requirement is 

important for the purity of the sorting. Sorting was performed in normal mode which allowed 

a 98-99% and 86-91% sorting efficiency for, respectively, the GFP- and GFP+ fractions. S1 

samples were sorted for 3 hours, to collect between 250,000-500,000 events per fraction. For 

RNA-seq analysis, samples were sorted in 15 mL tubes containing 3mL trizol (ThermoFisher, 

#15596018) and stored at -80°C. For MS analysis, fractions were sorted in 4mL polyclear 

centrifuge tubes (Seton Scientific, #7010). At the end of the 3 hours sorting, tubes were top 

off with PBS and 3 uL GlycoBlue coprecipitant (ThermoFisher, #AM9515). Ultracentrifugation 

was performed at 100,000 x g, 4°C, for 2 hours by using an Optima XPN-80 (Beckman Counter) 

with compatible rotor SW60-Ti (Beckman Counter). Supernatant was removed and the tube 

containing the glycoblue-labelled pellet snap frozen and stored at -80°C. For WB analysis, 

upon ultracentrifugation, pellets were resuspended in 40 𝜇L 5X SDS sample loading buffer 

and stored at -20°C.  
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N2a maintenance and differentiation 

Neuro2A cells (ATCC, #CCL-131) were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) (Biowest, #L0103) supplemented with 10% FBS (Sigma, #F7524) and 1% 

penicillin/streptomycin, at 37 °C, 5% CO2 conditions. Seeding density was adjusted according 

to the seeding area: for IF and electrophysiological studies, cells were plated on plastic 

coverslips (Kisker, #330164) at the density of 40,000 cells/well; for transport analysis, 15,0000 

cells were plated per MatTek glass bottom dishes (MatTek Corporation, #P35G-0-20-C); for 

WB studies, 100,000 cells/well were seeded onto plastic 6-well plates (uncoated). To induce 

differentiation into neuron-like cells, 24 hours after plating, the culturing media was replaced 

by the differentiation media (serum-free DMEM, 1% penicillin/streptomycin (Biowest, 

#L0022), 6 𝜇M retinoic acid (Sigma, #R2625) according to (Namsi et al. 2018). 24 hours after, 

differentiated cells were switched to the recovery media [neurobasal media (Gibco, 

#21103049) supplemented with Glutamax (ThermoFisher, #35050038), 1X B27 

(ThermoFisher, #17504044), 1% penicillin/streptomycin (Biowest, #L0022)] for 48 hours, 

reaching the analysis time point. N2a cells kept untreated for the entire duration of the 

differentiation protocol and maintained in the culturing media were used as experimental 

control. For IF, cells were either left untreated or treated for 3 minutes with 10 𝜇g/mL 

puromycin (Sigma, #A1113803), with or without pretreatment with 40 𝜇M anisomycin 

(Sigma, #A5862) for 40 min. Cells were then washed three times with PBS, and fixed with 4% 

PFA (Electron Microscopy Sciences, #15710) for 10 min at room temperature before three 

washes of 10 min PBS. For WB studies, cells were transferred on ice, washed three times with 

ice-cold PBS, and detached by scraping in 100 𝜇𝐿 NP40 lysis buffer (150 mM NaCl, 50 mM 

Tris-Cl pH 8, 1% NP40) supplemented with Complete EDTA-free Protease Inhibitor Cocktail 

(Sigma, #11836170001). To promote lysis, cells were placed under constant agitation for 30 

min at 4°C and centrifuged at 13,000 x g for 10 min at 4°C to collect the supernatant.  

 

Primary cortical culture preparation 

Primary cultures of cortical neurons were generated at the embryonic day 14 (E14) from 

embryos of Thy1:p50-GFP+/- mice. From each dissected embryo, tails biopsies were collected 

for genotyping. Cortices were dissected in PBS supplemented with 1.5% glucose. Tissue was 

digested in trypsin-EDTA (0.05%) (Gibco, #25300096) for 15 min at 37 °C followed by trypsin 

inactivation in fetal bovine serum (FBS) (Sigma, #F7524) for 10 min at room temperature. 
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After 2 washes with culture media [neurobasal media (Gibco, #21103049) supplemented with 

Glutamax (ThermoFisher, #35050038), 1X B27 (ThermoFisher, #17504044), 1% 

penicillin/streptomycin (Biowest, #L0022)], cortices were mechanically dissociated in 500 𝝁L 

culture media by pipetting very gently up and down with a 1 mL pipette. Cells suspension was 

filtered through a 40 𝝁m mesh (Roth, #CLY9.1) and cells counted before plating at a density 

of 35,000 cells/well on 12 mm glass coverslips which were coated overnight with 0,1 mg/mL 

Poly-D-Lysine (Sigma, #P0899) at 4°C followed by three washes with PBS. Cultures were 

maintained in culture media, and every three days half of the media was replaced with fresh 

pre-warmed culture media. Cells were fixed at DIV12 with 4% PFA (Electron Microscopy 

Sciences, #15710) for 10 min at room temperature before three washes of 10 min PBS.  

 

Primary hippocampal culture preparation 

Primary mouse hippocampal cultures were prepared with E15.5 embryos from 

Rpl22L/+;VGlut1cre/+;p50-GFP+/- mice. Hippocampi were dissected in HBSS (Biowest, #L0612) 

and digested with 9:10 papain (Worthington, #LK003150) and 1:10 DNase I (Sigma, D5025) 

for 30 minutes at 37 °C. Tissues were washes with plating media [DMEM, 10% FBS (Sigma, 

#F7524), 1% penicillin/streptomycin (Biowest, #L0022)] and mechanically dissociated in 500 

𝝁L plating media by pipetting up and down (max 20 times) with a 1 mL pipette. Cells 

suspension was filtered through a 40 𝝁m mesh (Roth, #CLY9.1) and cells counted. 12 mm 

coverslips were coated with 0.1 mg/mL poly-L-ornithine (Merck, #P4638) at 37°C for 40 min, 

followed by ON incubation at 4 °C with 5 𝜇g/mL laminin (Merck, # L2020-1MG). Cells were 

plated at the density of 35,000 cells per coverslips in plating media. Upon cells attachment (1 

hour), plating media was replaced by culture media [neurobasal media (Gibco, #21103049) 

supplemented with Glutamax (ThermoFisher, #35050038), 1X B27 (ThermoFisher, 

#17504044), 1% penicillin/streptomycin (Biowest, #L0022)]. Every three days half of the 

media was replaced with fresh pre-warmed culture media. Cells were fixed at DIV12 with 4% 

PFA (Electron Microscopy Sciences, #15710) for 10 min at room temperature before three 

washes of 10 min PBS.  

 

Western blot 

Protein lysate from N2a/d-N2a cells or S1 fractions from mouse brain lysate were quantified 

via Pierce™ BCA Protein Assay Kit (ThermoFisher, # 23225) and normalized to 1 𝜇g/𝜇L in 5X 
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SDS sample loading buffer with 5 min boiling at 95°C. 15 𝜇g proteins or 35 𝜇L of sorted sample 

(previously pelleted and resuspended in 40 𝜇L of 5X SDS sample loading buffer) were then 

fractionated on 5%-10% PAGE gels and transferred to nitrocellulose membranes (Fisher 

Scientific, #15269794). Upon assessing the quality of the transfer by staining with Ponceau S 

staining solution (ThermoFisher, #A40000279), membranes were blocked in 5% nonfat dry 

milk in Tris-buffered saline supplemented with 0.1% Tween 20 (TBST) for 1 hour at room 

temperature. Incubation with primary antibodies in 5% TBST were performed ON. After 3 

washings of 10 min each with TBST, membranes were probed with the following horseradish 

peroxidase (HRP)-conjugated secondary antibodies for 1h at room temperature: goat anti-

mouse (1:5,000) (ThermoFisher, #G-21040); goat anti-rabbit (1:5,000) (ThermoFisher, #G-

21234); goat anti-chicken (1:5,000). Membranes were then washed 3 times in TBST, 

developed with Pierce™ ECL Western Blotting Substrate (ThermoFisher, # 32106).  

 

Electron microscopy imaging 

Ultrastructural characterization 

Pellets of isolated vesicles were fixed in 2.5% glutaraldehyde (diluted in Sorensen’s buffer: 0.1 

M Na2HPO4/NaH2PO4 buffer, pH 7.4) for 1 hour at 4°C and post-fixed for 30 min in 2% 

OsO4 (diluted in 0.1 M Sorensen’s Buffer). After dehydration in graded ethanol, samples were 

embedded in Epon resin (Sigma-Aldrich, #45359). Ultrathin sections obtained with a Reichert 

Ultracut S ultramicrotome (Reichert Technologies) were contrasted with 2% uranyl acetate 

(Fluka, cat. no. 94260) and 4% lead citrate (Merck, cat. no. 7398). Samples were examined 

under a Jeol TEM JEM-1400 Transmission Electron Microscope (Jeol, Peabody, MA, USA) at 80 

kV, and photographed using an 11-megapixel camera system (Quemesa, Olympus). 

GFP Immunogold labelling 

For immunolabeling, isolated vesicles adsorbed on formvar-carbon coated grids were fixed in 

2% paraformaldehyde (diluted in 0.1 M Sorensen’s buffer) for 10 min, rinsed in buffer and 

blocked for 30 min in PBS (0.14 M NaCl, 6 mM Na2HPO4, 4 mM KH2PO4, pH 7.2) containing 1% 

BSA (1%,) supplemented with normal goat serum (1/30 dilution). Sections were washed in 

PBS containing 0.2% BSA and incubated with anti-GFP antibody, 1/500 dilution in PBS 

containing 0.2% BSA and normal goat serum 1/50 for 3 h. After three washes in PBS (pH 7.2) 

containg 1% BSA and an additional wash in PBS (pH 8.2) containing 0.2% BSA, sections were 
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incubated with secondary antibody (goat anti rabbit IgG coupled with 10 nm gold particles  

(electron microscopy sicences, cat 25109) diluted 1/40 in PBS, pH 8.2, containing 0.2% BSA) 

for 1 h. Finally, sections were washed four times in PBS (pH 8.2)  containing 0.2% BSA, fixed in 

2.5% glutaraldehyde (diluted in 0.1 M Sorensen’s buffer, pH 7.4) for 10 min, washed four times 

in deionized water, stained with uranyl acetate and lead citrate and allowed to dry. For 

negative controls, the sample was incubated with secondary antibody only (omitting the 

primary antibody step). Pictures were made with a Jeol JEM-1400 transmission electron 

microscope.  

 

RNA extraction from sorted fractions 

Sorted fractions collected in trizol (ThermoFisher, #15596018) within 15 mL tubes were flash 

frozen with dry ice and stored at -80°C. RNA isolation was performed following the 

manufacturer’s recommendation, with minor variations. Briefly, after thawing the sample at 

room temperature, the sample was split into 1,5 mL Eppendorf tubes so that every tube 

would contain  1 mL. Upon adding 200 𝜇L chloroform (Roth, #6340.4) per every 1 mL trizol 

present in every Eppendorf tube, tubes were vortexed for 15 seconds and incubated at room 

temperature for 2-3 min. Tubes were centrifuged at 12,000 x g for 15 min at 4°C, to allow the 

solution to separate into a lower protein-rich phase, a DNA-rich interphase, and an upper 

aqueous phase containing RNAs. Aqueous phases were carefully transferred into new 

Eppendorf tubes. For every 500 𝜇L of acqueous phase collected 10 𝜇L GlycoBlue Coprecipitant 

(ThermoFisher, #AM9515) were added. An equal volume of ice-cold isopropanol was then 

added, maintaining a 1:1 ratio with the aqueous phase, regardless of the initial volume of 

trizol used. To promote and maximize RNA precipitation, tubes were incubated overnight at 

-20 °C. The following day, to collect the precipitated RNA, one tube at a time was centrifuged 

at 12,000 x g for 30 min at 4 °C. Upon discarding the supernatant, the content of the second 

Eppendorf tube was transferred into the first tube, to pull together the RNA from the first 

two tubes. Upon centrifugation (12,000 x g for 30 min at 4 °C) and removal of the supernatant, 

the content of the third Eppendorf tubes was transferred into the first one, to pull the RNA 

from the third tube to that of the first and second tubes. This procedure was performed until 

the RNA content of all Eppendorf tubes were pulled together. The pulled RNA pellet was then 

dislodged from the tube walls by adding 1 mL of 75% ethanol, and centrifuged at 12,000 x g 

for 5 min at 4 °C. Upon removal of the supernatant, the RNA pellet was left to air dry for 10 



129
 

minutes, resuspended in 12 uL of RNAase-free water and kept on ice for 30 minutes before 

reading RNA quality and concentration on a nanodrop.  

 

Immunofluorescence 

Fixed hippocampal cultures were washed 3 times in PBS, simultaneously permeabilized and 

blocked for 1 hour in 0.1% TritonX-100 (Sigma, #T8787) + 0.5% normal donkey serum 

(Bioconnect, #017-000-121) in PBS, and incubated overnight at 4 °C with primary antibodies 

prepared in blocking solution. After 3 washes of 10 min in 0.1% TritonX-100 in PBS, cultures 

were incubated in the dark with Alexa Fluor-conjugated secondary antibodies for 1 hour at 

room temperature. Cultures were then washed three times for 10 min in 0.1% TritonX-100 in 

PBS followed by one quick wash in MilliQ water before mounting the coverslips in 

Fluorescence Mounting Medium (Agilent, #S3023) and let them air dry overnight in the dark. 

 

Immunofluorescence of the SunTag system 

Staining was performed as described in (Boersma et al. 2020), with slight modifications. 

Briefly, N2a cells expressing the SunTag system that were treated for 1 hour with 1 𝜇g/mL 

doxycycline (Sigma, #D3072-1ML) were fixed with 4% PFA for 10 min at room temperature. 

Cells were then permeabilized with 0.1% TritonX-100 in PBS for 5 minutes, blocked with 5% 

normal donkey serum (Bioconnect, #017-000-121) + 50 mM NH4Cl in PBS for 45 minutes. 

Primary antibodies in blocking solution were incubated overnight at 4 °C. After three washes 

of 10 min with 50 mM NH4Cl in PBS, cells were incubated with Alexa Fluor-conjugated 

secondary antibodies in blocking solution for 1 hour at room temperature. After 2 washes of 

10 min with PBS, coverslips were mounted in Fluorescence Mounting Medium (Agilent, 

#S3023) and let them air dry overnight in the dark.  

 
Protein Company Cat no. Species WB IF 

tubulin YL1/2 Abcam ab6160 rat - 1:1,000 

𝛼-tubulin Sigma T9026 mouse - 1:1,000 

Tuj1 Covance MMS-435P mouse - 1:1,000 

MAP2 Abcam ab5392 chicken 1:4,000 1:5,000 

GFP Gentaur 04404-26 rat 1:1,000 1:1,000 

HA  Abcam Ab9110 rabbit - 1:500 

Rpl24 Proteintech 17082-1-AP rabbit - 1:500 

puromycin DSHB PMY-2A4 mouse  - 1:60 

VGlut1 Synaptic systems 135307 goat - 1:500 

PSD-95 Synaptic systems 124 011 mouse - 1:500 
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RFP Rockland 
antibodies & assays 

600-401-379 
 

rabbit - 1:1,000 
 

Tbr2 Abcam ab23345 rabbit 1:1,000 - 

𝛽-III tubulin Synaptic systems 302304 Guinea pig 1:1,000 - 

SMI-312 Biolegend 837904 mouse 1:500 - 

Actin-HRP  Sigma A3854  1:15,000 - 

Donkey anti mouse ThermoFisher A-21202  - 1:500 

Donkey anti rabbit ThermoFisher A-21206  - 1:500 

Goat anti guinea pig Jackson 
Immunoresearch 

706-545-148  - 1:500 

Goat anti rat Jackson 
Immunoresearch 

712-545-150 
 

 - 1:500 

Donkey anti-chicken Jackson 
Immunoresearch 

703-605-155 
 

 - 1:500 

Goat anti-Mouse IgG 
(H+L) HRP 

ThermoFisher G-21040 
 

 1:5,000 - 

Goat anti-Rabbit IgG 
HRP 

ThermoFisher G-21234 
 

 1:5,000 - 

Goat anti-guinea pig 
IgG (H+L) HRP 

ThermoFisher A18769 
 

 1:5,000 - 

Table 3: primary and secondary antibodies used. 

 

Electrophysiological recordings 

Whole-cell recordings 

Experiments were realized on cultured N2a and d-N2a. Cells were placed in a recording 

chamber and were perfused with oxygenated artificial cerebrospinal fluid (aCSF) with the 

following composition (in mM): 125 NaCl, 25 NaHCO3, 2.5 KCl, 2 CaCl2, 1.25 NaH2PO4, 1 MgCl2 

et 25 D-glucose (pH: 7.3-7.4; osmolarity: ~320 mOsml/l). Cells were visualized using infrared-

Doth gradient contrast optics on a Zeiss Axio Examiner A1 microscope equipped with a CCD 

camera (C7500-51; Hammamatsu, Japan). Whole-cell patch-clamp recordings were realized 

at room temperature (21-24°C°). Patch pipettes were pulled from thick-walled borosilicate 

glass tubing (outer diameter: 2 mm, inner diameter: 1 mm, Hilgenberg, Masfeld, Germany) 

with a horizontal puller (P-97; Sutter Instruments, Novato, CA, USA). Pipettes were filled with 

an intracellular potassium gluconate solution composed of (mM): 120 K-gluconate, 20 KCl, 2 

MgCl2, 4 Na2ATP, 0.5 NaGTP, 7 Na2-phosphocreatine, 0.1 EGTA, 10 HEPES (pH= 7,3; 

osmolarity: ~302 mOsm/l). When filled with the intracellular solution, tip resistances were 

between 2 and 5 MΩ. Recordings in which the series resistance was ≥ 10 MΩ were discarded. 

This micropipette was, then, placed into a pipette holder in order to go down carefully into 
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the recording chamber filled with aCSF. A positive pressure (~30 mbar) was applied inside 

the micropipette to prevent the obstruction of the tip by debris. Thanks to a monitoring by a 

camera, the micropipette was positioned on the cell of interest creating an electrical seal in 

the order of 50 MΩ of resistance. A negative pressure was applied in order to create an 

invagination of the cell membrane inside the micropipette. This will lead to the sealing of the 

micropipette and the increase of the resistance up to 1-20 GΩ (Giga Ohm Seal). This 

configuration is called “cell attached” and is used in order to study the current from ion 

channels inside the part of the membrane sealed to the micropipette. However, the “whole-

cell” configuration is required in order to study the total current of a cell. To achieve it, a brief 

suction was applied in order to disrupt the cell membrane under the pipette tip. A continuity 

will be formed between the glass of the micropipette and the lipid bilayer. An inconvenient 

of whole-cell configuration is that the inside of the cell is dialyzed with the solution inside the 

micropipette. On the opposite, an advantage of such configuration is the control over 

extracellular and intracellular solution compositions.  

Once the “whole-cell configuration is obtained, the cell will be under the Ohm law: 

Vm Rm  I 

Where Vm represents the membrane potential (mV), Rm is the membrane resistance (MΩ) 

and I is the injected current (pA). The patch-clamp technique allows to control either the 

potential (voltage-clamp mode) in order to record currents, or the current (current-clamp 

mode) to monitor fluctuation in potential such as action potentials. The Rm is an intrinsic 

parameter of the cell, which depends on the number of leak channels expressed at the 

membrane surface. It cannot be controlled.  

Data acquisition and analysis 

Recordings were performed using a mutliclamp 700B amplifier (Molecular Devices, San Jose, 

CA, USA) connected to a computer via a Digidata 1550 interface (Molecular Devices). Data 

were acquired with pClamp 10.5 (Molecular Devices). The voltage-clamp signal was Bessel 

filtered at 4 KHz and sampled at 10 KHz. The Current-clamp signal was Bessel filtered at 10 

KHz and sampled at 10 KHz. Bridge balance was adjusted for current recordings. Data analysis 

were realized using pClamp 10.5 (clampfit), MiniAnalysis (v6.0.7; Synaptosof Inc.) and Prism 

9 (GraphPad software, La Jolla, CA, USA).  

Synaptic transmission 
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Synaptic transmission was investigated by doing voltage-clamp recordings at -70 mV. First, 

synaptic transmission was recorded in aCSF as a control condition. Then, excitatory synaptic 

transmission was blocked by the application of NMDA (D-2-amino-5-phosphonopentanoic 

acid (D-APV), 50 µM) and AMPA/Kainate (6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 10 

µM) receptors specific blockers.  Finally, picrotoxin (50 µM), a blocker of inhibitory synaptic 

transmission was added. To detect synaptic transmission, MiniAnalysis was used and every 

single event was inspected and selected visually over a 2 minutes recording. To obtain an 

averaged synaptic transmission, events were superimposed to the initial phase of the current 

rise. The averaged event was filtered at 2 KHz. 

Sodium and potassium currents 

Cells were held at -80 mV for the characterization of sodium and potassium currents with 

rectangular pulses. A 50 ms potential pulse to +120 mV was systematically applied before 

each test pulse to obtain complete recovery from fast inactivation. Then, steps of 10 mV from 

-120 mV to -10 mV were realized to record sodium currents. A last pulse at 0 mV for 30 ms 

was induce to record potassium currents.  

Action potential generation 

The ability of N2a and dN2a cells to generate action potentials was investigated by realizing 

current-clamp recordings. Short (100 ms) pulses of current (2 nA) were injected to elicit 

actions potentials.  

Pharmacological agents 

Chemicals were purchased as follows: D-APV (Tocris, Bioscience). The remaining chemicals 

and all salts were purchased from Sigma-Aldrich. 

Statistical analysis 

Sta s cal analysis was performed using Prism 9, using the adequate sta s cal test. The 

distribu on of the data points following the normality or not has been tested using Shapiro-

Wilk test. Membrane poten al data were tested by paired T-test. The frequency and 

amplitudes of the synap c transmission were tested by one-way ANOVA with a post hoc 

Tukey’s test. Experimental values are expressed in terms of mean ± standard error of the mean 

(SEM). Error bars in the figures also represent SEM. 
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Transport imaging and analysis  

For lysosome imaging, d-N2a grown in MatTek glass bo om dishes (MatTek Corpora on, 

#P35G-0-20-C) were incubated at the moment of the imaging session with 100 nM 

LysotrackerTM Red (ThermoFisher, #L7528) in imaging medium [NeuroBasal medium minus 

phenol-red (ThermoFisher, #12348017), supplemented with Glutamax (ThermoFisher, 

#35050038), 1X B27 (ThermoFisher, #17504044), 1% penicillin/streptomycin (Biowest, 

#L0022)]. Lysosome transport was recorded along neurites. To imagine synaptophysin+ 

vesicles, cells were transfected 24 hours a er the addi on of the recovery media with 

lipofectamine 2000 (ThermoFisher, #11668019), according to the manufacturer’s 

recommenda ons. Cells were imaged in a temperature (37 °C) and CO2-controlled chamber, 

on a Zeiss 880 by using the Fast Airyscan mode with an Apochromat 63 × oil-immersion 

objec ve. Movies were acquired with a frame rate of 600-ms for 2 minutes. Transport was 

analyzed using the KymoToolBox plugin, as described in (Turche o et al. 2022). 

 

Histological analysis 

P13 mice were rapidly anaesthetized with pentobarbital (Euthasol, 150 mg/kg) administered 

intraperitoneally and transcardially perfused with 4 % (weight/vol.) paraformaldehyde in PBS. 

Brains were post-fixed overnight at 4 °C. After three washes of 15 min with PBS, brains were 

cryoprotected in 20% sucrose in PBS overnight at 4°C. Brains were embedded in OCT (Richard-

Allan Scientific Neg50), and stored at -80 °C. 40 𝜇m thick free-floating sections were cut with 

a LEICA cryostat (LEICA, #CM30505) and stored at +4 °C in PBS until they were processed for 

IHC. Sections were washed twice with PBS for 10 min, blocked in 0.3% TritonX-100 + 10% 

donkey serum in PBS for 1 hour at room temperature, and incubated overnight at +4°C with 

primary antibodies in 0.3% TritonX-100 + 1% donkey serum in PBS. After three washes with 

0.3% TritonX-100 in PBS, sections were incubated with DAPI (2 𝜇g/mL, Sigma, #D9542) and 

Alexa Fluor-conjugated secondary antibodies in 0.3% TritonX-100 + 5% donkey serum in PBS 

for 2 hours at room temperature. Following three washes of 10 min with 0.3% TritonX-100 in 

PBS, sections were stored in PBS until mounting on superfrost slides (Fisher Scientific Epredia, 

#J1800AMNZ) and cover-slipped. Images were taken with an epifluorescent slide scanner 
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Chapter I 

With the two studies presented in chapter I we provide new evidence supporting a causal link 

between tubulin acetylation and transport dynamics. Moreover, we provide new insights into 

the molecular cascade regulating the vesicles-driven ATAT1-mediated MTs acetylation. 

Through in vivo, ex vivo and in vitro assays, we show that ATAT1 promotes the acetylation of 

axonal MTs, essential regulator of axonal transport dynamics. We identify a vesicular pool of 

ATAT1 and unravel its displacement over MTs as an essential prerequisite to modulate its 

acetylation activity. Lastly, we provide new insight into the molecular cascade upstream 

ATAT1 activity, which sees the Elongator complex regulating the stability of Acly, enzyme that 

catalyze the conversion of citrate into Acetyl-CoA providing ATAT1 with the substrate 

required for its acetylating activity. 

1. 𝜶-tubulin acetylation is required for axonal transport dynamics  

The role of tubulin acetylation in relation to transport dynamics emerged with two pioneering 

studies that provided a role of this PTM for MT binding and processivity of molecular motors 

(Dompierre et al. 2007; Reed et al. 2006). In vitro MT binding assays performed with isolated 

axonemes loaded on MTs with modified PTM sites, or in vitro gliding assays performed with 

axonemes with not acetylated MTs loaded on kinesins, show that loss of 𝛼-tubulin acetylating 

sites decreased for over 90% the kinesins binding capacity to MTs (Reed et al. 2006). 

Accordingly, an increased tubulin acetylation induced upon pharmacological inhibition of 

HDAC6 can promote MT recruitment of motors and transport dynamics (Dompierre et al. 

2007).  

Additionally, other studies dissected the acetylation-dependent association of motors to MTs 

showing that acetylation as well as other PTMs regulate the directionality and spatial 

selectivity of a subgroup of cargos. Acetylated MTs can be run only by specific kinesins 

subtypes (Guardia et al. 2016), and used as selective tracks for a preferential reorientation 

from dendrites towards axons (Tas et al. 2017).  

In light of these studies, it started to become clear that a PTM that occurs within the MT 

lumen can nevertheless modulate the affinity for and binding to MTs of molecular motors. A 

plethora of studies investigated the correlation between low tubulin acetylation levels and 

the transport defects reported in multiple disease models, including HD (Dompierre et al. 
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2007), CMTD (d’Ydewalle et al. 2011; Kim et al. 2016), PD (Godena et al. 2014) and ALS (Guo 

et al. 2017). All these studies show how the pharmacological inhibition of HDAC6 via 

Tubastatin or Tubacin (d’Ydewalle et al. 2011; Godena et al. 2014; Guo et al. 2017; Kim et al. 

2016), or via HDAC6 inhibitors which also retain broader aspecific effects as Trichostatin 

(d’Ydewalle et al. 2011; Dompierre et al. 2007; Godena et al. 2014), recover tubulin 

acetylation levels and transport kinetics of a broad range of membrane-bound organelles, as 

BDNF vesicles, mitochondria and ER-derived vesicles.  

The interpretation of these findings can, however, be challenged not only by some of the 

inhibitors used which target multiple subtypes of HDACs, but also by the specific HDAC6 

inhibitors. As HDCA6 can recognize other substrates that 𝛼-tubulin, the restoration of axonal 

transport parameters upon pharmacological increase of tubulin acetylation could be 

associated to secondary effects ascribed to the activity of these alternative targets. 

Immunoprecipitation studies show that HDAC6 can interact with the plus-end tracking 

protein EB1 and the dynactin protein Arp1, suggesting that these interacting proteins could 

be responsible for the HDAC6-associated effects on MT dynamics that were found to be 

independent from its deacetylating activity (Zilberman et al. 2009). OE of a catalytically-dead 

HDAC6 variant (that has no effect on tubulin acetylation) can instead modulate MT dynamics 

by affecting their growth rate (Zilberman et al. 2009). It is therefore challenging to judge 

whether the effects on transport dynamics triggered by the pharmacological inhibition of 

HDAC6 are unambiguously ascribed to an increased tubulin acetylation or whether variations 

in MT dynamics might also contribute to the phenotype.  

To explicitly decipher the role of tubulin acetylation on transport dynamics, it becomes crucial 

to use alternative strategies for modulating tubulin acetylation than the pharmacological 

inhibition of HDAC6. As ATAT1 was found to be the predominant enzyme catalyzing tubulin 

acetylation across species (Akella et al. 2010), and that its OE increases tubulin acetylation 

(Godena et al. 2014; Kalebic, Martinez, et al. 2013), multiple studies started to assess the 

importance of tubulin acetylation for transport dynamics by modulating ATAT1 expression 

levels. Of note, while its preferred target is 𝛼-tubulin, ATAT1 can also self-acetylate, as shown 

by mass-spectrometry analysis that identified acetylated lysin residues on ATAT1. A series of 

in vitro studies revealed that ATAT1 autoacetylation promotes tubulin acetylation, but it is 

not essential to modulate its interaction with MT (Kalebic, Martinez, et al. 2013). Nonetheless, 
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we cannot rule out that ATAT1 autoacetylation might have not-yet characterized downstream 

effects that could modulate transport dynamics via secondary interacting partners.  

In the contest of axonal transport, the role of ATAT1 emerged as largely debated. In C. 

elegans, loss of MEC-17 (ATAT1 homolog) impairs the transport dynamics of mitochondria 

and kinesin-3-associated synaptic vesicles along the axons of mechanosensory neurons 

(Neumann and Hilliard 2014). On the contrary, in mouse DRG neurons and hippocampal 

neurons, loss of ATAT1 didn’t correlate to defects in the transport of NGF+ vesicles and 

mitochondria, respectively (Morley et al. 2016). It is therefore possible that the contribution 

of ATAT1 in maintaining and regulating transport dynamics might be either species- or 

neuronal type-specific.  

In our study, we demonstrate a predominant role for ATAT1 in regulating organelles transport 

along axons of mouse callosal projection neurons, primary cortical neurons, and D. 

melanogaster motoneurons. We show that the transport defects associated to the absence 

or KD of ATAT1 can be restored by, respectively, the OE of ATAT1 or the K40Q 𝛼-tubulin 

variant in mouse cortical neurons. Similarly, in drosophila motoneurons the HDAC6 KD can 

rescue tubulin acetylation levels and transport defects caused by KD of atat1 or atat2. These 

results were confirmed by in vitro data showing that unacetylated MTs prevent the trafficking 

of loaded motile vesicles, compared to acetylated MTs. Thus, in accordance with previous 

reports, acetylation might regulate transport dynamics in mouse cortical neurons as well as 

in Drosophila motoneurons, but not in other systems where this correlation was not 

identified.  

2. Vesicles as self-sustaining organelles modulating their own transport 

We show that the displacement of vesicles along MTs is required to promote tubulin 

acetylation, suggesting that the vesicular pool of ATAT1 plays a crucial role in modulating this 

MTs PTM. The pharmacological inhibition of both anterograde and retrograde motors via 

ciliobrevin, or the KD of the dynein-associated adaptor protein Lis 1 (adaptor protein required 

for dynein processivity) which selectively impairs retrograde transport, significantly decrease 

vesicular transport and tubulin acetylation levels.  

These findings were complemented by in vitro assays that evaluated the ability of vesicles 

isolated from either WT or ATAT1 KO mice to acetylate MTs. While ATAT1-positive WT 

vesicles promoted MT acetylation in the presence of Ac-CoA, Ac-CoA was not sufficient when 
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associated to ATAT1 KO vesicles. These data suggest that the vesicular pool of atat1 promotes 

the acetylation of MTs by catalyzing the addition of acetyl groups to MTs.  

With this study we firstly show that ATAT1, apart from having a cytoplasmic distribution and 

being associated to MTs (Kalebic, Martinez, et al. 2013), is also partially distributed on 

vesicles. Secondly, we provide evidence for a functional role of the ATAT1 vesicular pool in 

the regulation of the vesicular transport itself. We propose a model where vesicles appear as 

self-sustaining organelles capable of contributing to the mechanisms that fuel their own 

trafficking along MTs. The vesicular pool of ATAT1 serves as enzymatic pool that can locally 

covert acetyl-CoA into acetyl groups, available for their addition to lysin 40 residues within 

the MT lumen.  

In agreement with our findings, a previous study described motile vesicles as energetically-

autonomous, able to modulate their own transport by generating a local source of ATP, 

essential to sustain the bidirectional activity of molecular motors, through the glycolytic 

enzymes expressed at their membranes (Hinckelmann et al. 2016). In this way, vesicles do not 

rely on the cytosolic source of ATP but on the local pool produced thanks to their own 

associated glycolytic machinery. As an example, the motor protein and ATPase MCAK 

associates to and catalytically depolymerizes MTs upon ATP hydrolysis (Hunter et al. 2003). A 

local source of ATP could therefore support not only the activity of motors but also MT 

dynamics which in turn sustain neuronal structure and functions. Taken ours and this study 

together, vesicles are emerging as organelles with multiple functions, that do not only serve 

their canonical intracellular function but that can also present as motile platforms carrying 

the molecular machinery required to modulate their own motility. Given their functional 

autonomy, we speculate that they could additionally retain the ability of sustaining their own 

structural integrity, but this question has not been addressed yet.  

3. Insights into the molecular cascade modulating MT acetylation 

Here, we show that the loss of elongator in mouse cortical neurons as well as in motoneurons 

of Drosophila third insta larvae correspond to decreased tubulin acetylation and axonal 

transport defects.  

We first investigated the role of the Elongator complex in the regulation of this PTM and 

axonal transport dynamics as our laboratory showed its importance for the migration and 

maturation of projection neurons in the cerebral cortex. Its loss of expression leads to 
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reduced MT acetylation in cortical projection neurons (Creppe et al. 2009; Tielens et al. 2016). 

Moreover, some subunits of the elongator complex were identified along with ATAT1 on 

motile vesicles isolated from adult mouse brain (Hinckelmann et al. 2016). 

In cultured cortical neurons, depletion of its subunits Elp1 or elp3 led to a decrease of tubulin 

acetylation levels (Creppe et al. 2009). In agreement, forebrain extracts from elp1-depleted 

mice, as well as from fibroblasts derived from FD patients lacking the elp1 subunit, displayed 

decreased tubulin acetylation levels (Naftelberg et al. 2016). Although insights into the 

molecular mechanisms regulating the elongator-mediated tubulin acetylation came from 

non-neuronal cell lines, it was shown that OE of elp3 but not of an HAT-defective elp3 variant 

increases tubulin acetylation levels, suggesting that elongator may modulate tubulin 

acetylation through its HAT domain (Creppe et al. 2009).  

The link between the elongator complex and PTMs on MT subunits is however not only 

restricted to tubulin acetylation. Two recent studies have recently shed new lights into a new 

non-canonical function of Elongator, which was found to regulate MT stability through tubulin 

poly-glutamylation. Accordingly, during the process of asymmetric cell division, Elongator 

associates with MTs and stabilizes their dynamics by increasing their polymerization speed 

and decreasing their catastrophe dynamics (Planelles-Herrero et al. 2022). Elongator 

regulates MT dynamics by binding to MTs growing ends through its subunits 1-2-3, and to 

tubulin heterodimers via the subunits 4-5-6. As a complex, it can therefore concentrate 

tubulin heterodimers at MT ends, promoting MT polymerization. Interestingly, elongator 

shows a selectivity for poly-glutamylated tubulin, driving the survival and enrichment of MTs 

with this specific PTM (Planelles-Herrero et al. 2023).   

Our results strongly support the well-known correlation between tubulin acetylation and 

axonal transport and given the functional analogy between Elongator and ATAT1 in 

modulating tubulin acetylation, we unravel the correlation between these two players in the 

molecular cascade that catalyze the acetylation of lysin40 residues along MTs. Their 

correlation was not direct, as loss of Elongator affects neither the expression nor the activity 

of ATAT1. However, we identified Acly and ACSS2, the enzymes that catalyze the cleavage of 

citrate and acetate, respectively, into acetyl-CoA, to be down-regulated in the absence of 

Elongator. Differently from the cytosolic enrichment of ACSS2, we observed a vesicular 

enrichment for Acly where he was co-detected with ATAT1 and the Elongator subunits elp1 

and elp3. These same players have been identified on sorted endosomes isolated from 
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embryonic stem (ES)-cell derived motoneurons via magnetic purification upon SILAC protein 

labelling (Debaisieux et al. 2016).  

We further showed that the vesicular fraction is able to generate acetyl-CoA, suggesting that 

the vesicular pool of Acly is functionally active. Secondly, we identified a functional 

correlation between ATAT1 and Acly as: 1) the pharmacological inhibition of Acly in mouse 

cortical neurons, its KD in flies, or its downregulation in FD fibroblasts phenocopied the effects 

on tubulin acetylation and axonal transport observed upon loss of Elongator; 2) these defects 

could be rescued upon Acly OE; 3) elp1 loss in FD fibroblasts displayed decreased Acly 

stability, possibly via direct interaction as shown by immunoprecipitation assays. We 

therefore propose a model which is likely occurring on vesicles and that involves the 

functional cooperation between Elongator, Acly and ATAT1, where Elongator regulates the 

stability of Acly, which in turn regulates the acetyl-CoA availability providing to ATAT1 the 

substrate required for acetylating MTs.  

Our study strengthens the view of motile vesicles as self-sustaining organelles that, in addition 

to their intracellular canonical functions, are capable of sustaining their energetic needs and 

transport kinetics by regulating enzymatic signaling cascades. By expressing the players of the 

preparatory and pay-off phase of the glycolysis, along with those of the 𝛼-tubulin acetylation 

molecular cascade, vesicles propel their own activity and motion, respectively. Given the 

recent evidence that describes Elongator as a regulator of MTs stability and long-life, we can 

therefore speculate that its presence on vesicles might serve multiple purposes. While on the 

one hand, he interacts with Acly to initiate the signaling cascade that leads to tubulin 

acetylation, on the other hand it might modulate MT stability, therefore preventing MT 

breakage and degeneration. These two functions together might represent another self-

sustaining mechanism adopted by vesicles to favor their own motility.  

4. Role of tubulin acetylation in neurological diseases.  

We show that loss of Elongator corresponds to decreased tubulin acetylation and axonal 

transport defects in mouse cortical neurons and motoneurons of Drosophila. At a cellular 

level, loss of ATAT1, and therefore decreased tubulin acetylation, has been correlated to 

increased axon growth and branching by increasing MT debundling at nascent axonal points, 

MT invasion at growth cones and plus-end dynamics of MTs (Wei et al. 2018). Tubulin 



143
 

acetylation emerges as a critical PTM that controls axonal growth and branching by 

dampening MT dynamics.  

To better understand the impact of this PTM during development and aging, the ATAT1 KO 

mouse was largely interrogated at a systemic level. While, similarly to the brain, ATAT1 

expression was lost in multiple other tissues, mice appeared viable (Kalebic, Sorrentino, et al. 

2013; Kim et al. 2013) and with minor morphological abnormalities, including a slightly 

deformed dentate gyrus (Kim et al. 2013), enlarged lateral ventricles accompanied by 

impaired neuronal migration to the septum and striatum (Li et al. 2019), as well as axon 

overbranching in the somatosensory cortex (Wei et al. 2018).  

Given the importance of MT dynamics in regulating neuronal morphology, and the 

importance of axonal branching and neuronal connectivity, it was highly unexpected when  

ATAT1 depleted mice were found to display only an anxiety-like behavior (Kalebic, Sorrentino, 

et al. 2013; Wei et al. 2018). All together, these findings suggest that alterations in tubulin 

acetylation may be attenuated or overcome at postnatal stages by compensatory 

mechanisms that would prevent an impact on neuronal connectivity and behavior 

establishment. Together with FD, this phenotype has been also described in a wide range of 

neurological diseases, such as HD (Dompierre et al. 2007), PD (Godena et al. 2014), CMT2F 

and dHMN2B (d’Ydewalle et al. 2011; Kim et al. 2016), CMT2A (Kumar et al. 2023) and ALS 

(Guo et al. 2017).  

However, an extended set of evidence describe decreased levels of tubulin acetylation and 

impaired axonal transport kinetics in in vitro models for neurodegenerative diseases. We 

show decreased tubulin acetylation and axonal transport defects in skin-derived fibroblasts 

from FD patients bearing a loss-of-function mutation in the Elp1 subunit of the Elongator 

complex which leads to its disassembly. In these models, it is likely that disruption of cellular 

homeostasis results from a combination of cellular alterations that synergize leading to 

neurodegeneration. In these models, rescuing tubulin acetylation levels ameliorates only 

partially the disease phenotype, which might only be fully reversed when considering all the 

other secondary factors. Accordingly, flies expressing PD-associated mutations that correlate 

with deacetylated MTs and impaired transport display climbing and flight defects. While these 

defects could be rescued only partially upon HDAC6 KD, suggesting that the targeted 

molecular pathway is not the only contributor to the behavioral phenotype, the rescue was 
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complete upon pharmacological treatment with TSA, aspecific HDAC6 inhibitor whose effects 

might be ascribed also to secondary targets (Godena et al. 2014).  

Given the potential of HDAC6 inhibitors to recover the tubulin acetylation levels and transport 

abnormalities found in multiple neurodegenerative diseases, the possibility of using such a 

compound in the clinic has been an option widely evaluated. The development of a compound 

that could restore even only partially one of the molecular phenotypes associated with these 

diseases might lead to the identification of an effective therapeutic strategy.   

5. Perspectives 

We show that the enzymatic machinery contributing to the acetylation of lysin40 residues of 

𝛼-tubulin localize on vesicles and propose a model where vesicles exist as self-sustaining 

organelles capable of modulating MT acetylation to support their own trafficking. Through 

vesicles, ATAT1 can be distributed throughout the length of neurites and approach MTs at 

every potential site of luminal entry.  

While we describe a mechanism through which the acetylation machinery composed of 

Elongator/Acly/ATAT1 is heterogeneously distributed along axons, it remains an open 

question how ATAT1 can enter the MT lumen to exert its acetylating activity.  One hypothesis 

suggests that ATAT1 can access the MT lumen either by its extremities or through breaking 

points along its lattice, depending on the integrity and stability of the MTs assessed (Coombes 

et al. 2016). On the other hand, in vivo studies identified a stochastic distribution of 

acetylation segments along MTs, both at MT ends and along their length (Ly et al. 2016; Szyk 

et al. 2014). The answer to this debate might not to be restrictively identified in only one of 

these two hypotheses, but rather in a scenario where both possibilities are contemplated. As 

the entry of ATAT1 into the MT lumen represents the final step of the acetylating cascade, 

unravelling how MTs can be internalized into the MT lumen, would not only be informative 

on the catalyzing activity of ATAT1, but would also provide new information of the other not-

yet well-characterized intraluminal PTM that also occurs on lyin40 residues (tubulin 

methylation) (Park et al. 2016). 

One of the latest identified PTMs is the methylation of lysin40 residues of 𝛼-tubulin facing the 

inner side of the MT lumen, the same sites that are targeted by ATAT1 to promote tubulin 

acetylation. As two distinct PTMs can occur on the same residues, and as tubulin acetylation 
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is known to contribute significantly to MT properties, the idea that this second PTM could 

also contribute to MTs regulation started to be investigated.  

In accordance with the fact that SEDT2 can methylate both soluble and polymerized tubulins 

(Park et al. 2016), in vitro studies showed that tubulin methylation promotes MT nucleation 

and polymerization (Xie et al. 2021). Compared to the contribution of acetylation which 

ensures MT stability (Portran et al. 2017; Xu et al. 2017), methylation regulates MT 

polymerization. These two PTM might therefore have a complementary role in regulating MT 

homeostasis, where one promotes MT formation and the other ensures their long-lasting 

stability. By promoting MT formation, tubulin methylation regulates the MT number and the 

polarized morphology of neurons, ensuring their morphological transition and cortical 

migration during brain development (Koenning et al. 2021; Xie et al. 2021).  

However, whether tubulin methylation might also play a role in regulating transport dynamics 

has not yet been addressed. At the tip of neurites or growth cones, the expression pattern of 

tubulin methylation is discordant with that of tubulin acetylation but overlapping with that of 

tubulin tyrosination (Koenning et al. 2021). It has been reported that the expression patterns 

of acetylated and tyrosinated tubulin segregate along neurites forming differentially modified 

MT bundles with different polarity and affinity for motor proteins (Balabanian et al. 2017; Tas 

et al. 2017). It would be therefore interesting to assess the functional correlation between 

tubulin methylation and tyrosination, whether they have similar impact on transport 

dynamics.  

Interestingly, cell migratory defects observed upon loss of ATAT1 (Li et al. 2012; Xie et al. 

2021) could be rescued by OE of an enzymatically-active SETD2 variant or tubulinK40F, tubulin 

variant that mimics tri-methylation. Contrarily, however, similar migration defects induced by 

loss of SETD2 could not be rescued by overexpressing the tubulin K40Q variant that mimics 

K40 tubulin  acetylation (Xie et al. 2021). While these results suggest that tubulin methylation 

and acetylation are two functionally correlated PTMs, more investigations are needed to 

understand why this cooperation might be unidirectional. Together with the analogous role 

for these two PTMs in regulating neuronal development and migration, their decreased 

expression has additionally been correlated to comparable behavioral outcomes. Accordingly, 

both the ATAT1 KO mice (Wei et al. 2018) and heterozygous SEDT2 KI mice display an anxiety-

like behavior (Koenning et al. 2021). Therefore, on the one hand these two PTMs occurring at 

the same K40 residues might play different roles at a sub cellular level, as in the regulation of 
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MTs homeostasis. On the other hand, as shown by the cell migratory defects and behavior-

like phenotypes observed upon the loss of either one of the two catalyzing enzymes, these 

two PTMs might be functionally correlated in their downstream effects at a cellular and 

behavioral level. Overall, more studies are needed to dissect the contribution of tubulin 

methylation at both molecular and cellular level, and to clarify the correlation between this 

PTM and the tubulin acetylation. 
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Chapter II 

The study presented in chapter II aims at providing a comprehensive characterization of the 

transcripts associated to motile cargos, and uncovering whether some of these transcripts 

could undergo direct translation while being transported. In this chapter, we provide a 

detailed overview of the toolbox set-up to address these objectives. First, we developed a 

methodology to isolate the global population of motile cargos by leveraging the Thy1:p50-

GFP mouse model and purifying via fluorescent activated particle sorting the p50-GFP-

associated events – the motile cargos. We are currently analyzing: 1) the proteomic 

composition of the motile cargos, to delineate the cargo subtypes isolated through this 

methodology; 2) the transcriptome of the motile cargos, to identify their associated 

transcripts. Secondly, to track in live imaging the spatial trajectories of a given mRNA as well 

as its translation dynamics, we expressed the SunTag system in N2a cells and developed a 

protocol to induce their differentiation in neuron-like cells recapitulating axonal transport and 

local translation. 

1. How to investigate the transcriptome of motile cargos  

Here, we describe a newly set-up methodology to characterize the transcriptome and 

proteome of motile cargos. To this aim, we used the Thy1:p50-GFP mouse (Caviston et al. 

2007; Ross et al. 2006) which expresses the dynamitin subunit p50 fused to GFP under the 

neuronal promoter Thy1. As p50 modulates the recruitment of cargos to the dynein/dynactin 

subcomplex, this mouse model enables us to track and/or isolate motor-associated cargos, 

thereafter defined as motile cargos. Using fluorescent activated particle sorting (FAPS), we 

isolated motile cargos from adult mouse brain lysate and validated their morphological 

integrity as well as retention and quality of their associated RNAs. We are currently generating 

proteomic and transcriptomic datasets of brain-isolated motile cargos. While the first one will 

characterize the cargo subtypes associated to the dynein/dynactin complex and verify the 

presence of their associated translation and transport machinery, the second will identify the 

associated mRNA populations. Taken together, these two datasets will provide a 

comprehensive picture of: 1) all the mRNAs, silent or ribosome-associated, in RNP granules 

or organelle-associated, that can undergo retrograde or bidirectional transport; 2) the 
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organelle subtypes isolated through our method that could, all or in part, cotransport the 

identified transcripts.  

Since the identification of the translation machinery along neurites and synapses, which 

corresponded to active translation sites (Hafner et al. 2019; Shigeoka et al. 2016), multiple 

studies broadly provided spatially and temporally resolved snapshots of the transcriptome of 

subcellular compartments (as neurites or synapses, as opposed to cell soma). Their physical 

isolation was achieved via a broad range of strategies, both in vivo (microdissection of mouse 

hippocampal neuropils of the C1 region, fluorescent-activated synaptosomes sorting from 

mouse brain sub regions) (Cajigas et al. 2012; Fusco et al. 2021; Oostrum et al. 2023) and in 

vitro (laser dissection of dendrites or growth cones of cultures cultures) (Perez et al. 2021; 

Zivraj et al. 2010). However, this information has never been refined to reach a nanometer 

resolution and define the transcriptome associated to motors.  

The proteomic composition of organelles has long been investigated upon their isolation 

either via sedimentation or via sucrose gradient centrifugation. However, with new 

technological advancements, only recently researchers started to shine lights onto 

organelles-associated transcriptome. By combining RNA-seq of affinity purified-early 

endosomes with spatial transcriptomics on cells that were treated or not with the translation 

inhibitor puromycin, Popovic and colleagues not only succeeded in characterizing the 

organelle-associated transcriptome, but also identified those transcripts whose association 

to endosome is translation-dependent (Popovic D, Nijenhuis W, Kapitein C L 2020). More 

recently, a transcriptomic approach was developed to enable the identification and 

differentiation between surface and luminal resident mitochondria transcriptome (Jeandard 

et al. 2023). This method consists in exposing mitochondria to an RNase gradient and 

inferring, based on the transcript’s resistance to this gradient, the transcript’s localization 

(surface-localized or luminal resident) in relation to mitochondria membranes. The specificity 

and sensitivity of this method was validated by identifying as resident transcripts almost all 

mitochondria (mt)-tRNAs, as well as (mt)-long coding and non-coding RNAs, and as surface-

associated transcripts multiple mRNAs and cytosolic tRNAs (Jeandard et al. 2023). While these 

datasets have been generated from non-neuronal cells as human Hela (Popovic D, Nijenhuis 

W, Kapitein C L 2020) and HEK293 cells (Jeandard et al. 2023), organelles- and motors-

associated transcriptome have not yet been investigated in mouse neurons. Our datasets will 
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therefore provide a new understanding of how transcripts are translocated via long-distance 

transport to peripheral localizations.  

Peripheral localization of mRNAs relies on their association to RBPs to form RNP granules and 

on the direct or indirect association to motor proteins.   

Upon their binding, RBPs instruct the associated mRNA regarding its final localization as well 

as its translation state, whether it has to stay silent or upon ribosome binding undergo 

translation. As an example, TDP43 is a polyvalent RBP modulating the transport of different 

RNP granules. It was identified in granules enclosing Neurofilament-L (Nefl) transcripts, for 

which it regulates their bidirectional transport by selectively promoting their anterograde 

motion (Alami et al. 2014). Further insights into the functions of TDP43 came from 

investigating the dynamics of granules enclosing Rac1 mRNAs. While the RBP Staufen recruits 

to the granules the dynein/dynactin complex for their retrograde transport, TDP43 in 

association with FMRP recruits kinesin1 to modulate their anterograde transport and 

dendritic distribution within spines, where it triggers their translation  (Chu et al. 2019).  

Thus, through the synergistic activity of RBPs and motors, RNP granules are highly motile. 

Along RGC axons, 20% of Cy3-labelled granules undergo bidirectional transport displaying 

both slow (<0.1 𝜇m/sec) and fast (>1 𝜇m /sec) dynamics (Cioni et al. 2019). When looking at 

single transcripts, the extensively characterized actin mRNA also displays a high degree of 

motility. Along dendrites of hippocampal neurons, actin mRNAs traffic with bidirectional 

motion and fast dynamics (1-1.3 𝜇m/sec). Surprisingly, the number of detectable moving 

transcripts increased by extending the duration of the acquisition, and almost all actin mRNAs 

displaced over recordings of 1h30min (only ~6% stationary particles) (Yoon et al. 2016). These 

data revealed that actin is a highly dynamic transcript, and that it undergoes alternating cycles 

of immobility and motion. Transcripts that displayed equally high dynamics are cyclinD2 and 

Kif26a, whose transport was recorded in vivo along radial glia processes (2.4 𝜇m/s) (Pilaz et 

al. 2016). While many RNP granules might be transported directly by motors, many can hitch 

a ride on membrane-bound organelles (Cioni et al. 2019; Liao et al. 2019). This was true when 

looking at both the whole RNP granules population or at target transcripts known to undergo 

bidirectional trafficking along neurites. Accordingly, along RGC axons more than half of all 

Cy3-labelled RNP granules were cotransported with endosomes (24% with EE; 40% with LE) 

(Cioni et al. 2019), and the axons of cortical neurons 20% of actin mRNA were found to 
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colocalize with Lamp1+ lysosomes (Liao et al. 2019). These studies suggest that hitchhiking 

might be a predominant mechanism through which transcripts are transported along 

neurites. Whether this mechanism applies only to endosomes and lysosomes or extends to 

other motile organelles as mitochondria, SVPs and DCVs has still to be seen. Our experimental 

set-up aims at providing an unbiased characterization of all trafficking mRNAs, independently 

of their interaction to motors (direct or indirect) and on the type or cargo they might be 

associated to (RNP granules or membrane bound organelles).  

2. Can vesicles self-sustain their own proteome? 

Although membrane-bound organelles have long been characterized for their canonical 

functions, emerging evidence suggests they can also retain secondary properties that allow 

them to self-sustain their own transport via two mechanisms.  

This model firstly emerged from a study that reports motile vesicles as energetically 

autonomous, able to produce a local source of ATP needed to modulate the processivity of 

their associated molecular motors and therefore for their MT-based bidirectional transport 

(Hinckelmann et al. 2016). Proteomic analysis of vesicles isolated from mouse brain showed 

that they retain all enzymes involved in the two phases of the glycolytic cascade that convert 

glucose into pyruvate by generating ATP. In addition, complementary functional assays 

identify ATP as the fuel used by the vesicles to modulate their own transport. Accordingly: 1) 

vesicular transport could be initiated with the only addition of glucose and low amount of 

ATP; 2) when the first enzyme of the preparatory phase or any of the pay-off phase were 

pharmaceutically inhibited or KD, respectively, the vesicular transport was abruptly 

decreased (Hinckelmann et al. 2016). All together, these evidences describe vesicles as 

capable of producing the energy required for their motility via their associated glycolytic 

machinery. A local source of ATP available when most needed would thus retain a spatial and 

temporal advantage over the cytosolic source of ATP to sustain efficiently the vesicles’ needs.   

This model was complemented by our studies which show how vesicles retain the 

components of the enzymatic cascade modulating MTs acetylation, which in turn regulates 

vesicular trafficking (Even et al. 2019, 2021). In agreement, we show that: 1) contrarily from 

vesicles isolated from ATAT1 KO mice, ATAT1-positive vesicles can acetylate unmodified MTs 

suggesting that the vesicular pool of ATAT1 can modulate this PTM; 2) the motor-dependent 



151
 

vesicular displacement along MTs is necessary to ensure MT acetylation, as inhibition of 

motor activity leads to decreased levels of this PTM (Even et al. 2019, 2021).  

However, whether vesicles can either sustain their own MT-based transport via other not-yet 

identified mechanism, or their own functions, or their own structural integrity has not been 

yet addressed.  

Although not yet known for vesicles, it has been reported that also ribosomes can control 

their structural integrity by remodeling their proteomic composition (Fusco et al. 2021; 

Shigeoka et al. 2019). By labelling newly translated proteins via SILAC and subsequently 

isolating compartment-specific ribosomes for their proteomic studies, newly synthesized 

ribosomal proteins were identified in pre-existing ribosomes. The newly incorporating 

ribosomal proteins are all surface proteins within the ribosomal architecture and have very 

short half-lives compared to other ribosomal proteins (Fusco et al. 2021). Thus, ribosome can 

replace existing subunits with newly translated ones to ensure their structural integrity. This 

strategy may represent an advantageous way to regulate the pool of ribosomes within 

peripheral compartments, as opposed to the degradation of pre-existing and the synthesis of 

new ribosomes that might be more time and energy demanding. Furthermore, the 

incorporation of newly translated subunits into mature ribosomes appears as a highly 

dynamic process, as different subunits are incorporated in different environmental conditions 

as under oxidative stress (Fusco et al. 2021). Ribosomes could therefore specialize their 

proteomic composition to respond efficiently to external stimuli.  

It is now clear that ribosomes are localized on the surface of membrane bound organelles, as 

lysosomes and endosomes (Cioni et al. 2019), ER tubules (Koppers et al. 2022) and ER-derived 

vesicles (Carter et al. 2020). While organelle-associated ribosomes might undergo dynamic 

subunits replenishment to ensure their integrity (Fusco et al. 2021; Shigeoka et al. 2019), we 

hypothesize that organelles themselves might leverage the activity of their associated 

translation machinery to sustain their morphology and therefore functionality. Organelle-

associated vesicles could translate structural proteins important for their morphological 

integrity, for their MT-based transport (i.e. molecular motors and adaptor proteins), or for 

their canonical and non-canonical functions (i.e. membrane proteins modulating their 

anchoring/fusion properties or surfaces-expressed enzymes that contribute to their 

activities). We hypothesize that some of the transcripts that will be identified through our 
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motile cargos’ transcriptome dataset are associated to ribosomes and undergoing active 

translation. If the transport of these transcripts occurs via hitchhiking, the correspondent 

newly-translated proteins could have a localized function in sustaining either the integrity of 

activity of the associated vesicles. If the transport of these transcripts occurs via direct 

interaction with the motors, the newly translated proteins might sustain the integrity and 

activity of the motor proteins.   

Given the importance of the vesicular pool of Acly and ATAT1 in regulating MT acetylation 

and transport dynamics, we speculate that Acly and ATAT1 transcripts could be associated to 

vesicles and undergo active translation to supply their vesicular pool. As proteins, we 

identified Acly and ATAT1 in the vesicular fraction isolated from mouse cortex (Even et al. 

2019, 2021). Through IF and IP studies performed on non-neuronal cells, ATAT1 was 

additionally found on clathrin-coated pits via interaction with the clathrin adaptor AP2 

(Montagnac et al. 2013), and on mitochondria by interacting with MFN2 (Kumar et al. 2023). 

Proteomic studies revealed the presence of ATAT1 also on signaling endosomes from ES-

derived motoneurons (Debaisieux et al. 2016). Similarly, mass spectrometry analysis 

identified Acly on p50-associated motile vesicles purified from mouse brain (Hinckelmann et 

al. 2016), lysosomes isolated from mouse fibroblasts (Mosen et al. 2021) and neuronal 

signaling endosomes (Debaisieux et al. 2016). While much starts be characterized on the 

vesicular localization of Acly and ATAT1 proteins, little is known on their correspondent 

transcripts. Although, to our knowledge, transcriptomic profiles are available only for 

endosomes (Popovic D, Nijenhuis W, Kapitein C L 2020 - dataset not included in the preprint) 

and mitochondria (Jeandard et al. 2023) isolated from non-neuronal cells, Acly mRNA might 

be a transcript worth studying. Acly mRNA has not only been identified as a surface-attached 

mitochondrial transcripts (Jeandard et al. 2023), but also as an interactor of SYNJ2A, adaptor 

protein that binds to mRNAs for their recruitment onto mitochondria modulated by its 

binding partner SYNJ2BP (Harbauer et al. 2022). Whether Acly mRNA is localized on 

mitochondria only for its long-distance transport, for its import into mitochondria or to be 

locally translated has yet to be investigated. Our transcriptome dataset on motile cargos will 

thus report if Acly and ATAT1 mRNAs are located on these motile units for long distance 

transport.  
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We also speculate that among the transcripts that could be identified on motile cargos are 

those encoding for motor proteins. Their local translation might serve the structural integrity 

and functionality of the associated motor proteins. Interestingly, KIF1A mRNA is the only 

motor-encoding transcript identified on the mitochondria outer membrane (Jeandard et al. 

2023). Interestingly, this transcript falls within the top 45 proteins with the shortest half-life 

measured in vivo from mouse brain cortex homogenate (Fornasiero et al. 2018). KIF1A is 

essential to modulate the DENN/MADD-dependent transport of DCVs (Lo et al. 2011; Niwa et 

al. 2008) and the BORC/Arl8-dependedant one of lysosomes (Guardia et al. 2016). Given its 

essential role for these organelles’ subtypes and its rapid turnover, we hypothesize that the 

number of KIF1A motors associated to a given cargo (i.e., membrane-bound organelle or RNP 

granule) is maintained constant by a steady supply of newly synthesized proteins, achieved 

by a local translation of trafficked KIF1A mRNAs. Whether our transcriptome dataset will 

highlight other motor-encoding transcripts than KIF1A will have to be seen.  

The motor-based trafficking of mRNAs encoding for motor proteins might also be supported 

by the concomitant transport of the Elongator complex. Subunits of the Elongator complex 

were identified on vesicles isolated from mouse brain (Even et al. 2021), and on signaling 

endosomes from ES-derived motoneurons (Debaisieux et al. 2016). We showed that 

Elongator regulates the stability and expression levels of Acly, the enzyme that catalyze the 

production of Acetyl-CoA required for the ATAT1-mediated acetylation of MTs (Even et al. 

2021). While we propose this mechanism to occur on vesicles, one might also speculate that 

the vesicular pool of Elongator could not only contribute to MT acetylation but also exert its 

canonical role as a tRNA modifier. By modifying tRNAs at the wobble position (U34), 

modification known to correlate with the decoding of preferential codons (AAA, GAA, and 

CAA) during translation elongation, Elongator regulates the codon-biased translation of a 

subgroup of genes (Goffena et al. 2018; Rapino et al. 2021). Among the genes with a high 

content of U34-codons and whose translation was decreased upon loss of Elongator are 

several motor proteins, including KIF4A, KIF14, KIF15, KIF13B, KIF5A, KIF5C, and KIF1B. 

Whether the correspondent transcripts undergo bidirectional transport and whether their 

Elongator-dependent translation occurs on vesicles is an open question that hasn’t been 

addressed yet.   
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Lastly, we hypothesize that transcripts encoding for constitutive proteins could additionally 

be found as associated to motile cargos. Pulling down assays from non-neuronal cells 

revealed that among the transcripts associated to the EE-bound FERRY complex are mRNAs 

encoding for endosomal proteins, including RAB5C, RAB7A and RAB1B (Schuhmacher et al. 

2023). It seems plausible to think that endosomes could sustain the turnover of their 

constitutive proteins by translating locally the required subunits. Most interestingly, the 

FERRY complex also modulates the EE-mediated transport of a broad range of nuclear-derived 

mitochondria mRNAs encoding for mitochondrial matrix proteins (TIMM17B, TOMM40), 

mitochondrial ribosomes (MRPL37, MRPL40) and components of the mitochondrial cellular 

respirations (ATP5B) (Schuhmacher et al. 2023). In agreement, along RGC axons both Rab5- 

and Rab7-expressing endosomes were found to shuttle RNP granules. However, as only a 

perturbation of Rab7 activity and LE maturation reduced translation events along axons, only 

LE play a role in regulating local translation (Cioni et al. 2019). Live imaging studies identified 

on LE foci of translating Lamin B2 (LB2) peptides, important to sustain the morphology and 

membrane proprieties of mitochondria found in close proximity (Cioni et al. 2019). This study 

advocates for a functional cooperation between organelles, where the associated translation 

of one could benefit the integrity of the other. It still remains to be determined which are all 

the transcripts encoding for organelles proteins undergoing active transport and whether 

some of these might undergo active translation while associated to the transport machinery.  

 

Figure 24. Membrane-bound organelles as self-sustaining machineries. (A) Motile vesicles 
retain all the enzymes of the glycolytic cascade that convert glucose into pyruvate by 
generating ATP from ADP. Enzymes of the preparatory phase are: HK (1), PGI (2), PFK (2), 
ALDO (4); enzymes of the pay-off phase are: GAPDH (5), PGK (6), PGM (7), ENO (8), PK (9). The 
ATP produced via glycolysis sustains the processivity of the molecular proteins associated to 
the vesicles. (B) Vesicles shuttle the enzymatic machinery regulating MTs acetylation and 
therefore transport dynamics. (C) Hypothesized model of motile cargo-associated translation. 
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Possible transcripts undergoing active translation on motile cargos encodes for: Acly and 
ATAT1, key enzymes in the molecular cascade regulating MT acetylation; constitutive proteins 
essential for the motile cargo’s integrity; kinesin motor proteins, essential for the trafficking 
of the motile cargos. 

3. Setting-up the toolbox to unravel the correlation between the 

transport and translation machinery 

From defining the transcriptome of peripheral compartments, a step-forward towards the 

understanding of the translation regulation of peripheral transcripts while maintaining a 

spatial resolution was achieved with the advent of the RiboTag technology (Shigeoka et al. 

2016). The cre-driven expression of the HA-tagged ribosomal protein 22 (rpl22) in a spatially-

restricted brain area enabled the characterization by HA immunoprecipitation of the 

ribosome-associated mRNAs, therefore generating for the first time translatome datasets. 

This technology has been extended to multiple neuronal subtypes as RGC axons (Shigeoka et 

al. 2016), glutamatergic neurons (Glock et al. 2021), and midbrain dopaminergic neurons 

(Hobson et al. 2022).  

In order to provide a deeper level of understanding into the long-distance trafficking of 

mRNAs, we decided to complement the motile cargo’s transcriptome with two other 

analyses: 1) motile cargo’s translatome, to pinpoint the ribosome-associated transcripts out 

of the global mRNAs population; 2) live imaging of the translation dynamics of candidate 

mRNAs, to assess whether a given mRNA trafficking at axonal transport velocities can undergo 

active translation. By combining these two methods, we aim at bridging the gap between the 

available transcriptome and translatome datasets and the limited knowledge on vesicle-

associated translation based on candidate-based approach studies.  

To meet the first aim, we crossed the Thy1:p50-GFP mouse (Caviston et al. 2007; Ross et al. 

2006) with the RiboTag mouse (Shigeoka et al. 2016) to generate a triple transgenic mouse 

expressing tagged ribosomes (rpl22-HA) and tagged motile cargos (p50-GFP) in VGlut1-

expressing glutamatergic neurons. With this mouse, we aim to set up the IP of HA-tagged 

ribosomes from p50-GFP+ and p50-GFP- sorted fraction and elute the associated transcripts. 

This method would undoubtedly identify mRNAs engaged in translation.  

For the second goal, we decided to employ the SunTag technology, which enables the live 

imaging tracking of a candidate mRNA as well as that of its correspondent translating peptide 
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(Yan et al. 2016). This strategy requires expression of three plasmids which, briefly, code for: 

1) a candidate mRNAs, with a sequence of epitopes (“SunTag epitopes”) upstream its CDS and 

hairpin loop-like secondary structures downstream the stop codon; 2) a mCherry-tagged cap 

proteins, that recognize the mRNA hairpin loops therefore labelling mRNAs; 2) a GFP-tagged 

nanobody, that recognize the SunTag epitopes thus labelling the peptide as it translates. A 

few reports successfully managed to express the SunTag system in mouse hippocampal 

neurons (Wang et al. 2016; Wu et al. 2016), as well as in vivo in Drosophila embryo (Dufourt 

et al. 2021). However, this strategy presents multiple technical challenges: 1) the expression 

level of each plasmid needs to be finely regulated, to ensure that the fluorescent background 

due to the unbound GFP-antibodies and mCherry-cap proteins is not too strong to mask the 

mRNA and protein signal, but not too weak to prevent a sharp visualization of the mRNA and 

peptide foci (Ruijtenberg et al. 2018); 2) the imaging set-up required for single molecule 

imaging as the SunTag technology requires a sensitive camera as EMCCD or sCMOS applied 

to a wide-field, confocal, spinning disk confocal or total Internal Reflection Fluorescence 

(TIRF) microscope (Ruijtenberg et al. 2018; Wu et al. 2016; Yan et al. 2016). To overcome 

some of the challenges associated with primary neuronal cultures (neurons are not mitotic 

cells, they cannot survive cycles of freezing and thawing, and are more challenging to 

transfect compared to other cell lines), we opted to use a stable neuronal cell line that would 

closely resemble and recapitulate the features of primary neurons.  

We chose N2a cells, as the practice of using a serum-free media supplemented with retinoic 

acid has been widely used to induce their differentiation in neuron-like cells. Some studies 

modulated the N2a differentiation into neuron-like cells without addition of retinoic acid to 

the serum-free medium, showing that their neurites transcriptome was widely overlapping 

with that of mouse cortical neurons (Taliaferro et al. 2016). However, by complementing the 

differentiation media with retinoic acid, the differentiated cells displayed longer neurites and 

higher branching complexity (Kumar and Katyal 2018; Namsi et al. 2018). We therefore 

decided to reproduce this differentiation paradigm to generate neuron-like cells and assess 

whether they could recapitulate the dynamics of axonal transport and the local translation 

events that characterize primary neurons. We showed that the differentiated N2a cells  

generated through this protocol (Namsi et al. 2018) displayed immotile lysosomes along the 

neurites of d-N2a cells. On the contrary, our adopted protocol that implements a 2-day 
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recovery step in the culture medium commonly used for neuronal culture enabled the 

reestablishment of the bidirectional transport dynamics of lysosomes and synaptophysin+ 

vesicles. Additionally, their neurites are decorated with actively-translating ribosomes 

throughout their length, suggesting that proteins can be locally translated. The newly-

generated d-N2a cells represent a heterogenous population of immature (𝛽-III tubulin+) and 

mature (neurofilament+) neurons that express excitatory synapses which count for an 

increased frequency of EPSC, compared to control N2a cells. Here, we provide an in vitro 

system that recapitulates a broad set of intracellular processes found in primary neurons and 

that is well-suited to study the translation and transport dynamics’ functional correlation via 

the SunTag technology. We believe that the d-N2a cells generated with our implemented 

differentiation protocol could be broadly used as a first line system to investigate the 

subcellular mechanisms of non-mitotic cells. This model could bridge the gap between 

immortalized non-neuronal cell lines and primary neuronal cultures, as it exhibits multiple 

neuronal proprieties that underline the ability to form a functional network of interconnected 

cells. As d-N2a cells display different degrees of maturation, we cannot however exclude that 

by further extending the exposure to the recovery media, supplementing it with growth 

factors knows to trigger morphological complexity and structural plasticity (Kellner et al. 

2014), or with pharmaceutical compounds known for their synergistic effects in suppressing 

cell proliferation and promoting neuronal differentiation as Palbociclib (Ferguson et al. 2023), 

they could reach a higher level of maturation.  

We stably expressed two of the three SunTag system’s constructs in N2a cells (GFP-antibody 

and mCherry-cap protein), which will be implemented with the reporter plasmid expressing 

the transcript of interest at the moment of the experiment before inducing their 

differentiation. The motile cargo’s transcriptome will be filtered to identify candidates for the 

downstream imaging analysis, chosen according to their biological functions. Based on the 

proposed model that describes vesicles as self-sustaining organelles (Even et al. 2021; 

Hinckelmann et al. 2016), we will select transcripts whose localized translation could support 

the integrity, activity or proprieties of their associated cargos. Via the SunTag technology we 

will ultimately assess whether the selected transcript can be translated while trafficking at 

the dynamics of axonal transport. Our study will therefore provide a new level of 

understanding of how the transport and translation machinery cooperate, and whether one 
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(translating ribosomes) can support the integrity and functionality of the other 

(motor/organelle system).  

4. Local translation defects correlate with neurological diseases 

Understanding the mechanisms regulating the peripheral localization of mRNAs and their 

localized translation are crucial not only for deepening our understanding of the molecular 

processes sustaining neuronal homeostasis, but also to shed new lights into the 

pathomechanisms behind several neurological diseases. Multiple diseases have been widely 

associated with mutations in proteins that regulate mRNAs subcellular dynamics, e.g. 

constituents of RNP granules, adaptor proteins tethering mRNAs to membrane-bound 

organelles. However, pathological alterations in mRNAs homeostasis can be achieved also by 

axonal transport defects correlated to mutations in genes encoding for molecular motors, 

adaptor proteins and components of the cytoskeleton.  

Fragile X syndrome (FXS) is the most common form of inherited intellectual disability and the 

predominant cause of autism. It is associated with the inherited loss of the fragile X mental 

retardation protein (FMRP), a major constituent of RBP granules where it regulated the fate 

of associated mRNAs. It is known to target multiple mRNAs and therefore its loss can lead to 

multiple subcellular defects associated with altered localization or translation of the 

associated transcripts. As FMRP is a translator repressor, its loss has been associated with 

increased protein synthesis, phenotype described in FXS. 

Among the neurodegenerative diseases which present with defects associated to the 

formation, transport, and translational regulation of RNP granules are SMA and ALS.  

The survival motor neuron (SMN) protein is key for the RBPs association to mRNAs and for 

the MT-based transport of the assembled granules. Its mutations impairs the RNP assembly 

and have been linked to SMA (Donlin-Asp et al. 2017). ALS, the most common 

neurodegenerative disease affecting motoneurons, is linked to different alterations including 

in genes encoding for the RBPs FUS and TDP-43. These two RBPs are interacting partners (Ling 

et al. 2010) and serve as regulators of both trafficking and translation of RNP granules 

(Colombrita et al. 2012; Yasuda et al. 2013). FUS can also interact with SMN (Groen et al. 

2013), suggesting that SMA and ALS might share common pathomechanisms.  The evidences 

supporting a role for mRNA homeostasis, its distribution and translation regulation in the 

etiology of several neurological diseases raise the question of studying the molecular 
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mechanisms regulating these processes. It is therefore clear that more work needs to be done 

to better identify which altered process could be linked to diseases. In this scenario, our study 

might help deepening the knowledge of the field on which mRNAs are transported, if and how 

they are translated. This information might further pave the way for functional studies to 

elucidate the effects of their dysregulations in disease.  

5. Perspectives 

The candidates chosen from the motile cargos’ transcriptome dataset will be investigated by 

using the SunTag system. We will express their coding sequence (CDS) and respective 3’ and 

5’-UTR regions, known to be key regulators for the trafficking of mRNAs, within SunTag 

reporter plasmids and investigate their translation dynamics along the neurites of d-N2a cells. 

This live imaging analysis could unfold one of the following scenarios: 1) the transcript is not 

translated along the neurites; 2) the transcript undergos active translation along neurites but 

without trafficking at the velocities of axonal transport dynamics; 3) the transcript displays 

axonal transport dynamics ( 1 𝜇m/s) while being translated. However, we cannot exclude 

that under different experimental conditions translationally-silenced or actively-translating 

but immotile transcripts could display different trafficking behaviors and/or become actively 

translating. Multiple studies reported the key roles that extracellular cues or fluctuating 

intracellular events have in the peripheral distribution of mRNAs and in modulating their 

localized translation. Above all, eliciting glutamatergic signaling (Yoon et al. 2016) or inducing 

membrane potential depolarization upon KCl exposure (Chu et al. 2019; Das et al. 2023; 

Tiruchinapalli et al. 2003) or a tetradotoxin (TTX)-withdrawal paradigm (Das et al. 2023) lead 

to a temporal and special control of the transcript localization and translation. Inducing 

neuronal activity through one of the above suggested options could therefore allow the 

identification of transcripts’ phenotypes that couldn’t have been otherwise revealed. The first 

and second scenario illustrated above could be therefore explained by limitations associated 

to the in vitro set-up and the lack of represented physiological events. We established a new 

protocol to differentiate N2a cells into neuron-like cells that recapitulate the axonal transport 

dynamics and local translation events that characterize neuronal cells. Translation dynamics 

have been widely studied using the SunTag system in a broad range of non-neuronal mitotic 

cells (Mateju et al. 2020; Wang et al. 2016; Wilbertz et al. 2019; Yan et al. 2016) and only a 

few reports succeeded in expressing such technology in neurons (Harbauer et al. 2022; Wang 
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et al. 2016; Wu et al. 2016). Whether the d-Na cells generated through our protocol retain 

the molecular signature (e.g. RBPs, adaptor proteins regulating hitchhiking mechanisms and 

motile cargo-associated translation) that would ensure the successful functioning of the 

SunTag system and its application to visualize trafficking mRNAs undergoing translation still 

remains an open question. To address this debate, the SunTag technology could be 

engineered to express actin (Chu et al. 2019; Tiruchinapalli et al. 2003; Yoon et al. 2016), the 

most characterized transcript undergoing active translation along neurites, and verify if its 

translation phenotypes could be reproduced along the neurites of d-N2a cells. If our 

hypothesis proves to be correct and our study will identify transcripts engaged in translation 

while being trafficked by the transport machinery, studies aimed at confirming the SunTag 

readout could be performed. We, however, acknowledge that this system consists in the 

overexpression of constructs which could alter the physiological stoichiometry of a given 

transcript and its correspondent protein, as well as physiological processes including 

transport dynamics and the hitchhiking mechanisms (e.g. of RNP granules). To validate these 

findings in more physiological conditions, neuronal and d-N2a cultures could be probed for 

the puromycilation assay combined with the puro-PLA assay (Even et al. 2021; Tom Dieck et 

al. 2015). By labelling all translating peptides with a quick burst of puromycin followed by the 

selected visualization of the translating candidate via puro-PLA, it will be possible to visualize 

in fixed cells foci of the translating candidate along neurites. The combined 

immunofluorescent staining of these cultures using antibodies against organelles markers (in 

case the translating mRNA would be associated to cargos) or motor proteins (in case the 

translating mRNA would be directly transported by the motors) would further inform on its 

association to the transport machinery. This set-up would therefore highlight the proportion 

of transcripts that are associated or not to the transport machinery, and the proportion that 

is preferentially transported via hitchhiking mechanisms. 

To assess if the association of a transcript to the transport machinery is a prerequisite for its 

translation, puromycilation assay combined with the puro-PLA for the candidate target could 

be performed after disrupting in culture the dynamics of axonal transport. This aim could be 

achieved either via pharmacological inhibition (by using MTs destabilizing compounds as 

colchicine or nocodazole) or via gene knockdown for motor proteins. A decreased local 

translation of the candidate transcripts upon transport impairment would strengthen the link 

between the transport and translation machinery suggesting the existence of a functional 
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cooperation between their associated dynamics. These evidences would therefore 

strengthen the proposed model of membrane-bound organelles as self-sustaining 

machineries, not only by being energetically autonomous (Hinckelmann et al. 2016) and able 

to modulate their own transport dynamics (Even et al. 2019, 2021), but also by regulating 

their structural integrity via a local translation of their own constituent proteins. 
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Fig. S1. Analysis of axonal transport parameters in WT and Atat1 KO mice. (A) WB 

analyses to detect ATAT1 (Isoform 3 and 4 corresponding to 37kd and 30kd), acetylated α-

tubulin (Ac α-tub), total α-tubulin (Tot α-tub) and GAPDH levels in N2A cells extract 

transfected with inducible sh-RNA (sh-scr, sh-scrambled, or sh-Atat1) with or without 

CreERT2 Tamoxifen-driven expression plasmid. (B) Representative kymographs of 

transported LAMP1-Emerald (lysosomes) in axons running into the corpus callosum of brain 

section from P2 mouse in utero electroporated (IUE) with either sh-scrambled or sh-ATAT1. 

Scale bars are x: 10 μm, y: 20 seconds. (C-J) Histograms showing axonal transport of 

lysosomes and mitochondria to analyze average velocity (C, G), instantaneous velocity (D, 

H), run length (E, I) and pausing time (F, J) in E14.5 WT or Atat1 KO cortical neurons 

cultured 5DIV. (K-L) Histograms representing the percentage of moving anterograde, 

retrograde, mixed and stationary lysosomes (K) and mitochondria (L) in E14.5 WT or Atat1 

KO cortical neurons cultured 5DIV. (M-N) Representative kymographs of transported 

lysosomes (M) and mitochondria (N) detected with fluorescent probes (LysoTracker and 

MitoTracker) in E14.5 WT or Atat1 KO cortical neurons cultured 5DIV. Scale bars are x: 10 

μm, y: 20 seconds. (O-Q) Histogram and WB analyses to detect total α-tubulin (Tot α-tub), 

acetylated α-tubulin (Ac α-tub) and β-Actin, Histone deacetylase 6 (HDAC6) and ATAT1 

(Isoform 3 and 4 corresponding to 37kd and 30kd) levels in cortical brain extracts of newborn 

WT or Atat1 KO mice. (R) Representative kymographs of transported lysosomes detected 

with fluorescent probes (LysoTracker) in cortical neurons cultured 5DIV from E14.5 WT or 

Atat1 KO mouse embryos transfected with ATAT1-GFP or GFP. Scale bars are x: 10 μm, y: 

20 seconds. (S) WB analyses to detect ATAT1 (Isoform 3 and 4 corresponding to 37kd and 

30kd), acetylated α-tubulin (Ac α-tub), total α-tubulin (Tot α-tub) and GAPDH levels in N2A 

cells extract transfected with inducible sh-RNA with or without constitutive pCX-Cre 

expressing plasmid. (T-W) Histograms showing axonal transport of mitochondria (Mito-

DsRed) to analyze average velocity (T), instantaneous velocity (U), run length (V) and 

pausing time (W) in mouse cortical neurons cultured 5DIV from E15.5 embryos IUE at E14.5 

with Mito-DsRed, WT α-tubulin GFP (Tub-GFP) or acetylation mimic K40Q α-tubulin GFP 

(K40Q-Tub-GFP) together with either sh-Scrambled (sh-Scr) or sh-Atat1. (X-Y) 

Representative kymographs of transported lysosomes (X) and mitochondria (Y) detected with 

fluorescent probes (LysoTracker) and Mito-DsRed expressing plasmid in 5DIV mouse 

cortical neurons isolated from E15.5 embryos IUE electroporated at E14.5 with either WT α-

tubulin GFP (Tub-GFP) or acetylation mimic K40Q α-tubulin GFP (K40Q-Tub-GFP), in 



 

combination with either sh-Scrambled (sh-Scr) or sh-Atat1. Scale bars are x: 10 μm, y: 20 

seconds.   

Description of graphical summaries here within are histograms of means ± S.E.M, while 

statistical analyses of (C-J, O) are two-tailed Mann-Whitney; (K-L) are Two-Way ANOVA 

and (T-W) are Kruskal-Wallis test. Specifically (C, P<0.0001 & U=10,103; D, P=0.0005 & 

U=5447 while P=0.0205 & U=6372 for anterograde and retrograde respectively; E, P=0.0014 

& U=23668; F, P<0.0001 U=19,160; G, P<0.0001 & U=5,815; H, P=0.0035 & U=1,909 

while P=0.0241 & U=1,552 for anterograde and retrograde respectively; I, P=0.0017 & 

U=7652; J, P<0.0001 U=5,882; K, P< 0.0001 & F (3,78)= 23.86; L, P<0.0001 & F (3, 81) = 

61.90; O, P=0.0286 & U=0 for acetylated α-tubulin, P=0.0286 & U=0 for ATAT1, and 

P=0.8286 & U=7 for HDAC6; T, P<0.0001 & K= 53.97; U, P=0.0033 & K= 13.73 while 

P=0.0011 & K=16.05 for anterograde and retrograde respectively; V, P<0.0001 & K= 31.3; 

W, P<0.0001 & K= 48.59). In addition, post-hoc multiple comparisons for (K-L) is Sidak’s 

test, for (T-W) is Dunn's test and p values are *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001. The total number of samples analyzed were: (C-J) 116-279 lysosomes tracks 

and 117-169 mitochondria tracks from 5 embryos of WT or Atat1 KO; (K-L) 15 axons from 5 

embryos of WT or Atat1 KO; (O) 4 brain cortical extracts from newborn WT or Atat1 KO 

mice, (T-W) 148-205 mitochondria& U=1,909 tracks from 3 E15.5 embryos transfected with 

sh-Scramble or Sh-Atat1. 
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Fig. S2. Validation of RNAi efficiency, mRNA expression of MTs modifying enzymes, 

representative kymographs of axonal transport, and protein aggregation in D. 

melanogaster. (A-B) mRNA levels of Atat1, Atat2 and Hdac6 in extracts from fly heads, 

expressing RNAi under pan-neuronal (elav:GAL4) specific driver from Control, Atat1 KD 

and Atat2 KD. (C) Representative kymographs of Synaptotagmin-GFP in motoneuron axons 

of Drosophila melanogaster 3rd instar larvae expressing RNAi under a motoneuron specific 

driver (D42:GAL4). Scale bars are x: 5 μm, y: 10 seconds. (D) Nerves exiting the ventral 

ganglion of 3rd instar larvae expressing RNAi under motor neurons specific driver 

(D42:GAL4), immunolabeled to detect the neuronal marker horseradish peroxidase (HRP) 

and cysteine string protein (CSP) as marker for protein aggregation. Scale bar is 10 μm. (E) 

mRNA levels of Atat1, Atat2 and Hdac6 in fly heads, expressing RNAi under pan-neuronal 

(elav:GAL4) specific driver from Control and Hdac6 KD. (F) Representative kymographs of 

Synaptotagmin-GFP in axons of Drosophila melanogaster 3rd instar larvae motoneurons 

expressing RNAi under a motoneuron specific driver (D42:GAL4). Scale bars are x: 5 μm, y: 

10 seconds. (G-H) Histogram and representative images of M3/5 immunolabeled 

neuromuscular junction in 3rd instar larvae using anti-CSP (white) and anti-HRP (red) (n=5, 

p<0.0001, one-way ANOVA Tukey's multiple comparisons test). Scale bar is 30 μm. 

Description of graphical summaries here within are histograms of means ± S.E.M, statistical 

analyses of (A, B, E) are two-tailed Mann-Whitney and (G) is One-Way ANOVA. In 

addition, post-hoc multiple comparisons for (G) is Dunnett's test. Specifically (A, P=0.0286 & 

U=0 for Atat1, P=0.6786 & U=6 for Atat2 and P=0.7492 & U=5 for Hdac6; B, P=0.999 & 

U=8 for Atat1, P=0.0286 & U=0 for Atat2 and P=0.999 & U=8 for Hdac6; E, P=0.7429 & 

U=5 for Atat1, P=0.6571 & U=6 for Atat2 and P=0.0286 & U=0 for Hdac6; G, P=0.4073 & 

F(4,32)=1.029). The total number of samples analyzed was (A, B, E) 3-5 samples (of 10 fly’s 

heads each) per group; (G) 7-9 larvae per group. 

 

  



 

Fig. S3. Kymographs of in vitro transport assay. (A) Representative kymographs of in 

vitro transport assay of vesicles purified from WT mice with non-acetylated tubulin from 

Atat1 KO mice brain pre-incubated with either acetyl-CoA or endogenously acetylated 

tubulin from WT mice served as Control. Scale bars are x: 5 µm, y: 5 seconds. 
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Fig. S4. Identified peptides of ATAT1 by LC-MS/MS. (A) Amino-acid sequence of 

ATAT1 isoforms 1-5. The identified ATAT1 peptides (blue) in the vesicle fractions of WT 

newborn mouse brain cortices (n=3). Annotation of AP2 binding domain (red). 

 

  

ATAT1|Isoform 1             MEFPFDVDALFPERITVLDQHLRPPARRPGTTTPARVDLQQQIMTIVDELGKASAKAQHL 60 
ATAT1|Isoform 2             MEFPFDVDALFPERITVLDQHLRPPARRPGTTTPARVDLQQQIMTIVDELGKASAKAQHL 60 
ATAT1|Isoform 3             MEFPFDVDALFPERITVLDQHLRPPARRPGTTTPARVDLQQQIMTIVDELGKASAKAQHL 60 
ATAT1|Isoform 4             MEFPFDVDALFPERITVLDQHLRPPARRPGTTTPARVDLQQQIMTIVDELGKASAKAQHL 60 
ATAT1|Isoform 5             MEFPFDVDALFPERITVLDQHLRPPARRPGTTTPARVDLQQQIMTIVDELGKASAKAQHL 60 
                            ************************************************************ 
 
ATAT1|Isoform 1             PAPITSALRMQSNRHVIYILKDTSARPAGKGAIIGFLKVGYKKLFVLDDREAHNEVEPLC 120 
ATAT1|Isoform 2             PAPITSALRMQSNRHVIYILKDTSARPAGKGAIIGFLKVGYKKLFVLDDREAHNEVEPLC 120 
ATAT1|Isoform 3             PAPITSALRMQSNRHVIYILKDTSARPAGKGAIIGFLKVGYKKLFVLDDREAHNEVEPLC 120 
ATAT1|Isoform 4             PAPITSALRMQSNRHVIYILKDTSARPAGKGAIIGFLKVGYKKLFVLDDREAHNEVEPLC 120 
ATAT1|Isoform 5             PAPITSALRMQSNRHVIYILKDTSARPAGKGAIIGFLKVGYKKLFVLDDREAHNEVEPLC 120 
                            ************************************************************ 
 
ATAT1|Isoform 1             ILDFYIHESVQRHGHGRELFQHMLQKERVEPHQLAIDRPSPKLLKFLNKHYNLETTVPQV 180 
ATAT1|Isoform 2             ILDFYIHESVQRHGHGRELFQHMLQKERVEPHQLAIDRPSPKLLKFLNKHYNLETTVPQV 180 
ATAT1|Isoform 3             ILDFYIHESVQRHGHGRELFQHMLQKERVEPHQLAIDRPSPKLLKFLNKHYNLETTVPQV 180 
ATAT1|Isoform 4             ILDFYIHESVQRHGHGRELFQHMLQKERVEPHQLAIDRPSPKLLKFLNKHYNLETTVPQV 180 
ATAT1|Isoform 5             ILDFYIHESVQRHGHGRELFQHMLQKERVEPHQLAIDRPSPKLLKFLNKHYNLETTVPQV 180 
                            ************************************************************ 
 
ATAT1|Isoform 1             NNFVIFEGFFAHQHRPPTSSLRATRHSRAAVADPIPAAPARKLPPKRAEGDIKPYSSSDR 240 
ATAT1|Isoform 2             NNFVIFEGFFAHQHP-----------------------PARKLPPKRAEGDIKPYSSSDR 217 
ATAT1|Isoform 3             NNFVIFEGFFAHQHRPPTSSLRATRHSRAAVADPIPAAPARKLPPKRAEGDIKPYSSSDR 240 
ATAT1|Isoform 4             NNFVIFEGFFAHQHRPPTSSLRATRHSRAAVADPIPAAPARKLPPKRAEGDIKPYSSSDR 240 
ATAT1|Isoform 5             NNFVIFEGFFAHQHP-----------------------PARKLPPKRAEGDIKPYSSSDR 217 
                            **************                        ********************** 
 
ATAT1|Isoform 1             EFLKVAVEPPWPLNRAPRRATPPAHPPPRSSSLGNSPDRGPLRPFVPEQELLRSLRLCPP 300 
ATAT1|Isoform 2             EFLKVAVEPPWPLNRAPRRATPPAHPPPRSSSLGNSPDRGPLRPFVPEQELLRSLRLCPP 277 
ATAT1|Isoform 3             EFLKVAVEPPWPLNRAPRRATPPAHPPPRSSSLGNSPDRGPLRPFVPEQELLRSLRLCPP 300 
ATAT1|Isoform 4             EFLKVAVEPPWPLNRAPRRATPPAHPPPRSSSLGNSPDRGPLRPFVPEQELLRSLRLCPP 300 
ATAT1|Isoform 5             EFLKVAVEPPWPLNRAPRRATPPAHPPPRSSSLGNSPDRGPLRPFVPEQELLRSLRLCPP 277 
                            ************************************************************ 
 
ATAT1|Isoform 1             HPTARLLLATDPGGSPAQRRRTRGTPWGLVAQSCHYSRHGGFNTSFLGTGNQERKQGEQE 360 
ATAT1|Isoform 2             HPTARLLLATDPGGSPAQRRRTRGTPWGLVAQSCHYSRHGGFNTSFLGTGNQERKQGEQE 337 
ATAT1|Isoform 3             HPTARLLLATDPGGSPAQRRRTRSHTHTTTVSLDAWYFHRQPRTEAGGTGSGG------- 353 
ATAT1|Isoform 4             HPTARLLLATDPGGSPAQRRRTSSLPRSDESRY--------------------------- 333 
ATAT1|Isoform 5             HPTARLLLATDPGGSPAQRRRTSSLPRSDESRY--------------------------- 310 
                            ********************** .                                     
 
ATAT1|Isoform 1             AEDRSASEDRVLLLDGSGEEPTQTGAPRAQAPPPQSWTVGGDIMNARVIRNLQERRSTRP 420 
ATAT1|Isoform 2             AEDRSASEDRVLLLDGSGEEPTQTGAPRAQAPPPQSWTVGGDIMNARVIRNLQERRSTRP 397 
ATAT1|Isoform 3             ------------------------------------------------------------ 353 
ATAT1|Isoform 4             ------------------------------------------------------------ 333 
ATAT1|Isoform 5             ------------------------------------------------------------ 310 
                                                                                          
ATAT1|Isoform 1             W 421 
ATAT1|Isoform 2             W 398 
ATAT1|Isoform 3             - 353 
ATAT1|Isoform 4             - 333 
ATAT1|Isoform 5             - 310 

Identified peptides in LC-MS/MS
AP2 minimal binding domain

A
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Fig. S5. LC-MS/MS proteomics on vesicular extracts from WT and ATAT1 KO mice. 

(A-C) Histograms of differentially detected proteins (A), molecular motors (B) and glycolytic 

enzymes (C) detected by LC–MS/MS in vesicles extracts isolated from newborn WT or Atat1 

KO cortices. Description of graphical summaries here within are histograms of means ± 

S.E.M, specific values are indicated in Table 2 for A, Table 3 for B and Table C for C. 

Description of graphical summaries here within are histograms of means ± S.E.M, statistical 

analyses of (A, B, C) are T-Test with Holm-Sidak correction for multiple comparison and are 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. The total number of samples analyzed was 

(A-C) 3 brain cortical vesicles extracts from newborn WT or Atat1 KO mice; lack of * means 

non-significant differences. 
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Fig. S6. Acute KD of Lis1 leads to defect in retrograde transport and dampens the 

acetylation of MTs. (A) WB analyses to detect Lis1 and GAPDH levels in N2A cells extract 

transfected with sh-Scramble (sh-Scr) or sh-Lis1 expression plasmid. (B-C) Immunolabeling 

and fluorescence quantification to analyze the expression of Lis1 relative to α-Tub in E14.5 

mouse cortical neurons transfected with either sh-Scrambled (sh-Scr) or sh-Lis1plasmids. 

Scale bars are 25 μm. (D-G) Histograms showing axonal transport of lysosomes to analyze 

average velocity (D), instantaneous velocity (E), run length (F) and pausing time (G) of 

lysosomes in E14.5 cortical neurons transfected with either sh-Scrambled (sh-Scr) or sh-Lis1 

plasmid sand cultured 5DIV. (H) Representative kymographs of transported lysosomes 

detected with fluorescent probes (LysoTracker) in E14.5 cortical neurons transfected with sh-

Scramble (she-Scr) or sh-Lis1 plasmids and cultured 5DIV. Scale bars are x: 10 μm, y: 20 

seconds. (I-K) Immunolabeling and fluorescence quantification to analyze the expression of 

acetylated α-Tub and total α-Tub in neuron soma (J) or axon (K) of E14.5 mouse cortical 

neurons transfected with either sh-Scrambled (sh-Scr) or sh-Lis1 plasmids. Scale bars are 25 

μm. (L) Representative kymographs of axonal transport in motoneurons from Synaptotagmin-

GFP Drosophila melanogaster 3rd instar larvae fed during 2 hours with 800 µM of DMSO 

(Control) or Ciliobrevin D prior the analysis of average SYT1-GFP vesicle velocity. 

Description of graphical summaries here within are histograms of means ± S.E.M, while (C) 

is two-tailed student’s t-test, (D-G and I-J) are two-tailed Mann-Whitney. Specifically (C, 

P<0.0001 & (t=8.71, df=22); D, P=0.0023 & U=66,770; E, P=0.8137 & U=2,567 and 

P=0.0008 & U=9,044 for anterograde and retrograde respectively; F, P=0.0377 & U=69,850 

; G, P=0.0018 U=67,117; J, P=0.3723 U=631; K, P=0.0045 U=183).  

The total number of samples analyzed were: (C) 12 neurons from either sh-Scrambled or sh-

Lis1 transfected cultures, (D-G) 320-478 lysosomes tracks from 3 embryos transfected either 

sh-Scrambled or sh-Lis1; (J-K) 35-41 somas and 24-28 axons from transfected with sh-

Scramble or sh-Lis1. 

 

  



 

Fig. S7. Expression of Atat1 in the cerebral cortex of human in the course of 

development and life. (A) Histogram of relative expression of Atat1 mRNAs in the cerebral 

cortex from human donors at different ages (post-conceptual weeks (pcw), mos (months), yrs 

(years)). The data was obtained from ©2018 Allen Institute for Cell Science. BrainSpan Atlas 

of the Developing Human Brain. Available 

from:www.brainspan.org/rnaseq/search/index.html). 
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Table S1. Intensity-ranked proteins in vesicle fractions from WT or Atat1 KO mice 

detected by LC-MS/MS. 

 

Table S2. Differentially detected proteins in vesicle fractions from WT or Atat1 KO 

mice detected by LC-MS/MS. 

 

Table S3. Identified molecular motors in vesicle fractions from WT or Atat1 KO mice 

detected by LC-MS/MS. 

 

Table S4. Identified glycolytic enzymes in vesicle fractions from WT or Atat1 KO mice 

detected by LC-MS/MS. 

Movie S1. Representative movie of Lamp1-Emerald trafficking in axons of cortical 

brain slice. 

Movie S2. Representative movie of lysosome trafficking in axons located in the distal 

part of PDMS chambers. 

Movie S3. Representative movie of mitochondria trafficking in axons located in the 

distal part of PDMS chambers. 

Movie S4. Representative movie of synaptotagmin-GFP trafficking in motoneurons of 

third-instar larvae. 

Movie S5. Representative movies of vesicles trafficking in vitro over polymerized 

rhodamine-labeled MTs. 

Movie S6. Representative movie of ATAT1-GFP trafficking in axons located in the distal 

part of PDMS chambers. 
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SUPPLEMENTARY DATA: ATP-citrate lyase promotes axonal 

transport across species 
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Supplementary Figure 1 

 
 
Supplementary Fig. 1: Kymographs of motile lysosomes, mitochondria and Synaptotagmin-

GFP. RNAi targeting efficiency and neuromuscular junction assessment in fly model. (a) 

Immunoblotting and histogram of acetylated α-tubulin (Ac α-Tub), total α tubulin (Tot α-Tub) 
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in newborn WT or Elp3cKO mice cortical brain extracts. (b-h) Axonal transport recordings of 

PNs isolated from E14.5 WT or Elp3 cKO embryos and cultured for 5 DIV in microfluidic 

devices to analyze average (av.) velocity (b, e), moving velocity (c, f) and percentage of 

pausing time (d, g) of lysosomes (LysoTracker®) and mitochondria (MitoTracker®). (h) 

Representative kymographs of moving lysosomes (top) and mitochondria (bottom) in E14.5 

in WT or Elp3cKO mice PNs axons cultured for 5 DIV in microfluidic devices. Scale bars are 

10 seconds and 5 µm.  (i-j) Immunoblotting and quantification of Elp3 and ß-Actin in cortical 

neurons transfected with sh-Elp3 or sh-Control. (k) Immunoblotting of acetylated α-tubulin 

(Ac α-Tub), total α-tubulin (Tot α-Tub) and ß-Actin in extracts from P0 WT or Atat1 KO 

brains. (l-n) Axonal transport analysis of mitochondria (MitoTracker®) in WT or Atat1 KO 

neurons infected either with sh-Control or sh-Elp3 to analyze average (av.) velocity (l), moving 

velocity (m) and percentage of pausing time (n). (o) Representative kymographs of lysosomes 

(top) and mitochondria (bottom) in E14 in WT or Atat1 KO neurons infected either with sh-

Control or sh-Elp3 mice cortical neurons axons cultured for 5 DIV in microfluidic devices. 

Scale bars are 10 seconds and 5 µm. (p-q) mRNA levels of Elp1 and Elp3 from fly head 

extracts, expressing RNAi under the pan-neuronal driver (Elav:GAL4) in control, Elp1 KD (p) 

and Elp3 KD (q). (r) Immunoblotting and histogram of acetylated α-tubulin (Ac α-Tub), total 

α-tubulin (Tot α-Tub) from fly head extracts, expressing RNAi under the pan-neuronal driver 

(Elav:GAL4) in control and Elp3 KD. (s) Representative kymographs of Synaptotagmin-GFP 

(Syt1-GFP) in motoneurons from 3rd instar larvae of Drosophila melanogaster expressing 

RNAi under a motoneuron-specific driver (D42:GAL4); control, Elp1 KD, Elp3 KD, Atat1; 

Elp3 KD, Elp3 KD + human ELP3 (ELP3), Elp1;Hdac6 KD and Elp3;Hdac6 KD. Scale bars 

are 10 seconds and 5 µm. (t) Protein aggregation was estimated in axons (Tau+; in green) of 

cultured mice cortical neurons of WT, Elp3cKO and MG132 treated neurons (positive control) 

by the chemical dye Proteostat© as marker for protein aggregation (in red). Scale bar is 10 µm. 



(u) Protein aggregation was estimated in motor neurons exiting the ventral ganglion of 3rd instar 

larvae expressing RNAi under motoneurons specific driver (D42:GAL4); control, Elp1 KD, 

Elp3 KD and MG132 treatment (positive control) by immunolabeling of cysteine string protein 

(CSP+; red) as marker for aggregation, and the neuronal marker horseradish peroxidase 

(HRP+; blue). Scale bar is 10 µm. (v) Representative images (right) of neuromuscular 

junctions in 3rd instar larvae immunolabeled for cysteine string protein (CSP) and horseradish 

peroxidase (HRP) and a histogram of its quantification (left). (w) Table comparing the amino 

acid homology of the mouse and fly Elongator complex subunits (ELP1-6) to the human 

sequence, by sequence identity and similarity. Description of graphical summaries here within 

are histograms of means ± SEM. Significance was determined by: (a, r) two-sided t-test, (b, c, 

d, e, f, g, i, p, q, v) two-sided Mann-Whitney test, and (l, m, n) two-sided Kruskal Wallis one-

way ANOVA. Specifically, [(a) p = 0.0270, t = 2.396, df = 19; (b) p < 0.0001, U = 111906; 

(c) p < 0.0001, U = 71910 and p = 0.0029, U = 45529 for anterograde and retrograde, 

respectively; (d) p < 0.0001, U = 68287; (e) p < 0.0001, U = 21672; (f) p = 0.0349, U = 20092 

and p = 0.0002, U = 27975 for anterograde and retrograde, respectively; (g) p < 0.0001, U = 

21907; (i) p = 0.0286, U = 0 ; (l) p < 0.0001, K = 67.88; (m) p < 0.0001, K = 25.42 and p < 

0.0001, K = 25.89 for anterograde and retrograde, respectively; (n) p < 0.0001, K = 73.34; (p) 

p = 0.0159, U = 0; (q) p = 0.0159, U = 0; (r)  p = 0.0487, t = 2.467, df = 6; (v) p = 0.6905, U 

= 10]. In addition, the post hoc multiple comparisons, to analyze statistical difference of each 

condition compared to control for (l, m, n) are Dunn’s test, and are *p < 0.05, **p < 0.01, ***p 

< 0.001, and ****p < 0.0001. (a) Number of mice: WT n = 11; Elp3 cKO n = 10. (b) Number 

of vesicles: WT n = 656; Elp3 cKO n = 423. 5 mice per group. (c) Number of vesicles: WT n 

= 417 (anterograde), n = 566 (retrograde); Elp3 cKO n = 254 (anterograde), n = 327 

(retrograde). 5 mice per group. (d) Number of vesicles: WT n = 506; Elp3 cKO n = 366. 5 mice 

per group. (e) Number of vesicles: WT n = 239; Elp3 cKO n = 232. 5 mice per group. (f) 



Number of vesicles: WT n = 209 (anterograde), n = 240 (retrograde); Elp3 cKO n = 218 

(anterograde), n = 287 (retrograde). 5 mice per group. (g) Number of vesicles: WT n = 239; 

Elp3 cKO n = 232. 5 mice per group. (i) 4 animals per group. (l) Number of vesicles: WT+sh-

Control n = 201; WT+sh-Elp3 n = 43; Atat1 KO+sh-Control n = 149; Atat1 KO+sh-Elp3 n = 

42. 3 mice per group. (m) Number of vesicles: WT+sh-Control n = 112 (anterograde), n = 90 

(retrograde); WT+sh-Elp3 n = 22 (anterograde), n = 34 (retrograde); Atat1 KO+sh-Control n 

= 64 (anterograde), n = 71 (retrograde); Atat1 KO+sh-Elp3 n = 30 (anterograde), n = 18 

(retrograde). 3 mice per group. (n) Number of vesicles: WT+sh-Control n = 201; WT+sh-Elp3 

n = 46; Atat1 KO+sh-Control n = 149; Atat1 KO+sh-Elp3 n = 42. 3 mice per group. (p) Number 

of fly brains: Control n = 5; Elp1 KD n = 4; (q) Number of fly brains: Control n = 5; Elp3 KD 

n = 4. (r) Number of fly brains: Control n = 4; Elp3 KD n = 4; (v) Number of 3rd instar larvae: 

Control n = 5; lp3 KD n = 5. Source data are provided with this paper. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Figure 2 

 

Supplementary Fig. 2: LC-MS/MS and Acly levels in E14.5 cortical brains. (a) LC-MS/MS 

proteomic analysis of vesicular fraction isolated from adult brain cortices of WT and Elp1 KD 

mice, proteins were ranked by intensity and plotted according to their relative abundance (gray 

spots). Acly (pink), Atat1 (yellow), and Elongator subunits (red) detection among proteins 

previously identified as vesicular components (purple), small GTpase (blue) and molecular 
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motors (green) (n = 3, graph represent the mean intensity value). (b-c) Histograms of relative 

Atat1 and Acly label-free quantification (LFQ) intensities analyzed by LC-MS/MS of P3 

fraction from WT and Elp1 KD mice. (d) Immunoblotting to detect Elp1, Elp3 and α-tubulin 

(α-Tub) in cortical extracts from adult WT and Elp1 KD mice. Description of graphical 

summaries here within are histograms of means ± SEM. Significance was determined by two-

sided Mann-Whitney test (b,c). Specifically, [(g) p = 0.7619, U = 10; (h) p = 0.0087]. Number 

of mice: WT n = 4; Elp1 n = 6 (b); WT n = 6; Elp1 KD n = 6 (c). Source data are provided 

with this paper. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Figure 3 

 

Supplementary Fig. 3: Expression of Acly/ACLY in mice cultured neurons and fly heads. 

Kymographs after time-lapse recording of motile lysosomes, mitochondria and 

Synaptotagmin-GFP+ vesicles (a,b). (a) Representative kymographs of lysosomes in E14.5 

mice cortical neuron axons cultured for 5 DIV in microfluidic devices and incubated with 

10mM hydroxycitrate acid (HCA) for 8 hours. Scale bars are 10 seconds and 5 µm. (b) 

Representative kymographs of Synaptotagmin-GFP (Syt1-GFP) in motoneurons from 3rd instar 

larvae of Drosophila melanogaster expressing RNAi under a motoneuron-specific driver 
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(D42:GAL4); control, Acly KD and Acly;Hdac6 KD. Scale bars are 10 seconds and 5 µm. (c) 

Table comparing the amino acid homology of the mouse and fly Acly to the human, by 

sequence identity and similarity. (d-f) Time-lapse recordings of axonal transport of 

mitochondria (MitoTracker®) from E14.5 cortical neurons of WT or Elp3cKO mice cultured 5 

DIV in microfluidic devices transfected with control or Acly expressing constructs, to analyze 

average (av.) velocity (d), moving velocity (e) and percentage of pausing time (f). (g) 

Representative kymographs of lysosomes (top) and mitochondria (bottom) in E14.5 WT or 

Elp3 cKO mice cortical neuron axons transfected with Control or ACLY expressing construct 

and cultured 5 DIV in microfluidic devices. Scale bars are 10 seconds and 5 µm. (h) 

Immunoblotting and quantification of Acly and total tubulin expressions in Drosophila 

melanogaster head extracts from control or Elp3 RNAi (Elp3 KD) (under the pan-neuronal 

driver, Elav:GAL4) adult flies. (i) Representative kymographs of Synaptotagmin-GFP (Syt1-

GFP) in 3rd instar larvae motor neurons expressing RNAi under a motoneuron-specific driver 

(D42:GAL4); control, Elp3 KD and Elp3 KD + Acly. Scale bars are 10 seconds and 5 µm. (j-

k) Locomotion assays; histograms of climbing index of adult flies (j) and crawling speed of 3rd 

instar larvae (k), genotypes as indicated on graphs. Description of graphical summaries here 

within are histograms of means ± SEM. Significance was determined by: (d, e, f) two-sided 

Kruskal Wallis one-way ANOVA, (h) two-sided t-test, and (j, k) two-sided one-way analysis 

of variance (ANOVA). Specifically, [(d) p < 0.0001, K = 27.47; (e) p < 0.0001, K = 26.16 and 

p = 0.0003, K = 16.04 for anterograde and retrograde, respectively; (f) p < 0.0001, K = 49.32; 

(h) p = 0.031, t = 2.407, df = 13; (j) p < 0.0001, F = 28.45; (k) p < 0.0001, F = 139.5]. In 

addition, the post hoc multiple comparisons, to analyze statistical difference of each condition 

compared to control for (d, e, f, j,k) are Dunn’s test, (j,k) Dunnet’s, and are *p < 0.05, ***p < 

0.001, and ****p < 0.0001. (d) Number of vesicles: WT+Control n = 318; Elp3 cKO+Control 

n = 383; Elp3 cKO+Acly n = 240. 5 mice per group. (e) Number of vesicles: WT+Control n = 



87 (anterograde), n = 67 (retrograde); Elp3 cKO+Control n = 94 (anterograde), n = 54 

(retrograde); Elp3 cKO+Acly n = 51 (anterograde), n = 63 (retrograde). 5 mice per group. (f) 

Number of vesicles: WT+Control n = 317; Elp3 cKO+Control n = 383; Elp3 cKO+Acly n = 

379. 5 mice per group. (h) Number of larvae: Control n = 7; Elp3 KD n = 8. (j) Number of 

larvae: Control n = 11; Elp3 KD n = 15; Elp3 KD+Acly n = 12. (k) Number of larvae: Control 

n = 9; Elp3 KD n = 8; Elp3 KD+Acly n = 8. Source data are provided with this paper. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Figure 4 

 

Supplementary Fig. 4: Pharmacological and genetic rescue of vesicular transport in FD 

fibroblasts. (a) Immunoblotting of ELP1, ELP3 and ß-ACTIN in human primary fibroblasts 

from healthy control and FD patients. (b)  Immunoblotting and quantification of acetylated α-

tubulin (Ac α-Tub), total α-tubulin (Tot α-Tub) in extracts from cultured controls or FD human 

primary fibroblasts. (c) Immunolabelings and quantification of acetylated α-tubulin (Ac α-Tub) 
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and total tubulin (Tot α-Tub) in human primary fibroblasts from controls and FD patients 

incubated with vehicle or Tubastatin (TBA). Scale bar is 50 µm. (d-f) Recording of moving 

lysosomes using live fluorescent probe (LysoTracker®) in primary control or FD cultured 

fibroblasts incubated with vehicle (DMEM media) or TBA to analyze average (av.) velocity 

(d), moving velocity (e) and percentage of pausing time (f). (g) Representative kymographs of 

transported lysosomes in human primary fibroblasts from healthy controls or FD patients 

incubated with vehicle (DMEM media) or Tubastatin (TBA). Scale bars are 10 seconds and 

5µm. (h) In vitro deacetylation assay of endogenously acetylated bovine brain tubulin 

incubated for 4 hours with extracts of control and FD cultured fibroblasts or without tissue 

extract (control). (i) Protein aggregation was estimated in fibroblasts from healthy controls and 

FD patients after incubation with the chemical dye Proteostat©, a marker for protein 

aggregation (in black, see also red arrows). Scale bar is 50 µm. (j) Representative kymographs 

of transported lysosomes in human primary fibroblasts from healthy controls or FD patients 

transfected with ACLY or Control expressing constructs. Scale bars are 10 seconds and 5µm. 

Description of graphical summaries here within are histograms of means ± SEM. Significance 

was determined by: (b, i) two-sided Mann-Whitney test, (c) two-sided one-way analysis of 

variance (ANOVA), (d, e, f) two-sided Kruskal Wallis one-way ANOVA, and (h) two-sided 

one-way ANOVA. Specifically, [(b) p = 0.0286, U = 0 (c) p < 0.0001, F = 30.36; (d) p < 

0.0001, K = 24.26; (e) p < 0.0001, K = 23.82; (f) p < 0.0001, K = 44.79; (h) p < 0.0001, F = 

48.27 (i) p = 0.3398, U = 60]. In addition, the post hoc multiple comparisons, to analyze 

statistical difference of each condition compared to control for (c) is Dunnett’s test, for (d, e, 

f) are Dunn’s test, and are *p < 0.05, ***p < 0.001, and **** p < 0.0001. (a) Lysates from 5 

human primary fibroblast lines from control and FD patients. (b) Lysates from 4 human 

primary fibroblast lines from control and FD patient. (c) Number of cells: Control n = 18; FD 

n = 30; FD+TBA n = 13. 5 human primary fibroblast lines from control and FD patients. (d) 



Number of vesicles: Control n = 229; FD n = 273; FD+TBA n = 257. 5 human primary 

fibroblast lines from control and FD patients. (e) Number of vesicles: Control n = 174; FD n = 

190; FD+TBA n = 202. (f) Number of vesicles: Control n = 237; FD n = 271; FD+TBA n = 

267. (h) Lysates from human primary fibroblasts from control (n = 5) and FD (n = 4) patients. 

(i) Number of cells: Control n = 12; FD n = 13. Source data are provided with this paper. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Figure 5 

                             

Supplementary Fig. 5: In vitro interaction between the Elongator subunits ELP1 and ELP3 with 

ACLY. (a) Western blotting with Flag or Myc antibodies showing co-immunoprecipitation 

between endogenous ELP1 or ELP3-Flag and ACLY-Myc in extracts from HEK293 cells co-

transfected with ACLY-Myc and ELP3-Flag. IgG antibodies were used as Control. Source data 

are provided with this paper. 
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Supplementary Table 1 
List of Antibodies used for western blotting 

Protein Company Cat # WB IF ELISA IP 

α-Tubulin Sigma-Aldrich T9026 1:5,000  1:2,000  

α/β-Tubulin  

(total tubulin) 

Cytoskeleton ATN02-A  1:150   

Tubulin YL1/2 Abcam ab6160  1:1,000   

Acetylated α-

Tubulin 

Sigma-Aldrich T7451 1:15,000 1:15,000   

β-Tubulin Cell Signaling 2146  1:100   

β-actin Sigma-Aldrich  A3853 1:20,000    

GAPDH Millipore MAB374 1:1,000    

HDAC6 Santa Cruz 

Biotechnology 

sc-5258 1:200    

Atat1 Max Nachury  1:1000    

Tau-1 Millipore MAB3420  1:500   

CSP DSHB DCSP-2 

(D6D) 

 1:10   

Elp1/IKAP Anaspec AS-54494 1:500    

Elp3 Jesper Svejstrup  1:1,000    

HH3 Cell Signaling 9715 1:1,000    

Synaptophysin Sigma-Aldrich s5768 1:1,000    

Synaptophysin-

1 

Synaptic 

Systems  

101004 1:1,000    



Acly Aviva Systems 

Biology 

OAGA0402

6 

 1:100   

Acly Cell signaling 13390 1:1,000    

AceCS1 Cell Signaling 3658 1:1,000 1:100   

Myc Cell Signaling #2276 

 

   1:1,000 

FLAG Sigma-Aldrich F3165    1:600 

Goat anti 

mouse  

Jackson 

ImmunoResearch 

Labs 

115-035-003 1:10,000 1:200 1:5,000 

 

 

Goat anti rabbit  Jackson 

ImmunoResearch 

Labs 

111-035-003 1:10,000 1:200   

Donkey anti 

goat  

Jackson 

ImmunoResearch 

Labs 

705-035-003 1:10,000    
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Coordination between Transport and Local
Translation in Neurons

Loïc Broix,1,2 Silvia Turchetto,1,2 and Laurent Nguyen1,*

The axonal microtubules (MTs) support long-distance transport of cargoes that
are dispatched to distinct cellular subcompartments. Among them, mRNAs are
directly transported in membraneless ribonucleoprotein (RNP) granules that,
together with ribosomes, can also hitchhike on fast-moving membrane-bound
organelles for accurate transport alongMTs. These organelles serve as platforms
for mRNA translation, thus generating axonal foci of newly synthesized proteins.
Local translation along axons not only supports MT network integrity but also
modulates the processivity and function ofmolecular motors to allow proper traf-
ficking of cargoes along MTs. Thus, identifying the mechanisms that coordinate
axonal transport with local protein synthesis will shed new light on the processes
underlying axon development and maintenance, whose deregulation often
contribute to neurological disorders.

MT-Based Transport of mRNAs in Neurons
In the cytosol, mRNAs interact with RNA-binding proteins (RBPs) to assemble intomacromolecular
RNP granules (see Glossary) that are generated by the condensation of proteins and RNA into
distinct liquid phase-separated structures [1]. These cytosolic membraneless organelles include
processing bodies, stress granules, and RNA transport granules [2]. In neurons, RNA granules
are actively transported along dendrites and axons to regulate the proteome of subcellular com-
partments and promote their growth, homeostasis, and survival. Their transport from the cell
soma to distal parts of the axon and dendrites relies on MT-based transport, with the kinesin
family of molecular motors promoting anterograde transport (plus-end directed transport) and
dynein ensuring retrograde transport (minus-end directed transport) [3]. In contrast to the trans-
port of membrane-bound organelles (e.g., mitochondria and lysosomes), which is mediated
by the direct or indirect interaction between the molecular motors and membrane proteins and/
or the lipid bilayer, the binding of molecular motors to membraneless RNP granules remains poorly
understood.

Here, we discuss the current knowledge about MT-dependent transport in the context of local
translation in neurons. We first describe the mechanisms responsible for the selection of RNP
granules to be transported along axon or dendrites as well as the control of their translational
activity during and after their transport. We then discuss the recent advances supporting an
important role for membrane-bound organelles in the transport and local translation regulation
of RNP granules and conclude by illustrating the interdependence between transport and local
translation.

Regulation of Transport and Translation of mRNAs in RNP Granules
Proteomic analysis of purified RNP granules isolated from developmental or adult mouse
brains has revealed that there are mostly composed of ribosomal proteins and translation factors
(±50%), RBPs (±25%), as well as cytoskeleton-linked proteins (15%) [4–6]. The major RBPs
present in RNP granules include heterogeneous nuclear ribonucleoproteins (hnRNPs), DEAD-

Highlights
The long-range transport of mRNA in
RNP granules is intimately linked to the
MT-transport machinery by recruitment
of molecular motors through RNP gran-
ule RBPs.

RNP transport granules are mainly con-
sidered as translationally repressed
structures but their high heterogeneity in
RBP content or biophysical properties
and the detection of translation in stress
granules or moving polysomes may re-
flect various translational states.

RNP granules can also be indirectly
transported in neurites by their tethering
to membrane-bound organelles and
mRNAs are translated at the surface
of membrane-bound organelles demon-
strating other levels of coordination
between MT-based transport and
translation.

The translation machinery is transported
along MTs in neurites by molecular mo-
tors to sustain local protein synthesis
away from the cell soma.

Local protein synthesis of MT-transport
machinery is essential for the prompt
regulation of transport in response to
stimulation signals.

1GIGAStemCells, GIGA-Neurosciences,
University of Liège, C.H.U. Sart Tilman,
Liège 4000, Belgium
2These authors contributed equally

*Correspondence:
Lnguyen@uliege.be (L. Nguyen).

372 Trends in Cell Biology, May 2021, Vol. 31, No. 5 https://doi.org/10.1016/j.tcb.2021.01.001

© 2021 Elsevier Ltd. All rights reserved.

Trends in
Cell Biology



box helicases, and various other RBPs involved in the transport or repression of mRNAs such as
fragile X mental retardation protein (FMRP), Staufen1, and TAR-DNA binding protein (TDP)-43.
The selective enrichment in cytoskeleton-related proteins and motor proteins in particular dynein
cytoplasmic 1 heavy chain (DYNC1H)1, KIF5 (kinesin superfamily), and myosin Va suggests that
RNP granules are intimately linked to molecular transport along MTs and actin tracks in neurons.
Of note, these proteomic studies were performed on mouse brain homogenates and thus do
not discriminate between different populations of RNP granules that could localize specifically in
axons or dendrites and cannot distinguish between neuronal from non-neuronal proteins.

Despite proteomic evidence suggesting that long-distance transport of RNP granules along MT
involves kinesin and dynein molecular motors, it is still unclear how the transport machinery is
recruited to membrane-less RNP granules and whether different molecular motor/adapter
complexes loaded on RNP granules could ensure selective compartmentalization of mRNAs.
Two recent studies addressed this issue by using either in vitro reconstitution [7] or living hippo-
campal neurons [8]. Both studies identified new motor adapters that link specific mRNAs directly
to different molecular motors mediating mRNA localization (Figure 1A, Key Figure) [7,8]. In the first
study, the authors described a direct link between kinesin-1 and β-actin mRNAs and its associ-
ated zipcode-binding protein 1 (ZBP1) through the molecular adaptor PAT1 (APP-tail 1), which
facilitates the transport of β-actin mRNAs in dendrites upon brain-derived neurotrophic factor
(BDNF) activation [8]. Of note, this complex shows specificity as it is not involved in the transport
of other mRNAs enriched in RNA granules, such as GABA-A receptor δ and Ca2+/calmodulin-
dependent protein kinase (CAMK)II mRNAs. In the second work, the authors found that the
RBP adenomatous polyposis coli (APC) favors the recruitment of axonal β2B-tubulin and β-
actin mRNAs on kinesin-2 and that variations in guanine-rich sequences of their 3′ untranslated
region (UTR) modulate the efficiency of transport and balance loading onto the molecular motor
complexes [7]. Those studies underlie the complexity of the interaction existing between mRNAs
and motors, as the same mRNA species (e.g., β-actin) can be transported by different kinesins
and associated adaptors. Molecular transport processes are driven by several kinesins and
dyneins loaded onto the same cargo, with some studies giving an approximation of 6–12 dyneins
and 1–2 kinesins per single moving cargo along the MT tracks [9]. The coordination between the
slow moving kinesin-1 and fast moving kinesin-3 at the dense core vesicles in dorsal root
ganglion (DRG) neurons is necessary to finetune their speed to reach their proper distribution
along axons [10]. The fact that kinesin-1 and kinesin-2 work in combination for the transport of
RNP granules in Xenopus oocytes suggests a comparable regulation for the transport of RNP
granules in neurons [11]. The presence of multiple motors at the surface of RNP granules could
control their speed in order to distribute them evenly along the axon but could also be a way to
allow navigation along oppositely orientated MTs, such as the ones present in dendrites. Another
layer of complexity results from the existence of RBPs that can interact with distinct mRNAs. This is
exemplified by FMRP that binds, toMAP1B, CAMKII, and PSD-95, among other mRNAs and that
interact physically with molecular motors [12]. Although it is still unclear whether individual RNA
granules assemble with one or distinct mRNA species, recent advances in quantitative single-
molecule FISH techniques (Box 1) supports the notion that the majority of RNA granules contain
one or two copies of the same mRNA in axons and dendrites [13,14].

Another superfamily of motors that is intimately linked to RNA granule motility are myosin motors
and in particular the prominent brain unconventional myosin Va. In contrast to kinesin and dynein
motors that move on MTs, class V myosins move along the actin cytoskeleton to ensure the
short-range transport of their cargoes toward the barbed end of actin filaments [15]. An initial
study based on the immunoprecipitation of the Puralpha RBP identified myosin Va together
with FMRP and Staufen RBPs in the composition of the RNP granules [16]. This was recently
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confirmed by a series of studies showing the crucial role played by myosin Va in the delivery of
FMRP, Puralpha, and Staufen 1, and translocated in liposarcoma/fused in sarcoma (TLS/Fus)
RNP granules to the actin-rich dendritic spines of neurons [17–20]. As with myosin, kinesin and
dynein motors are found in the same RNP granules, this suggest that the actin and MT cytoskel-
eton coordinates to regulate the transport of RNP granules. In accordance, it was described that
myosin V negatively regulates the MT-dependent transport of mitochondria or ZBP-1 in the axon,
suggesting that myosin V regulates the off-loading from MTs and the docking to actin-rich struc-
tures such as synapses [21,22]. The samemechanismwas recently described in dendrites where
F-actin patches localized at the base of synapses induce the stalling of lysosomes by slowing
down MT-dependent transport [23]. Future studies will further elucidate how the coordination
between the different actin- andMT-associatedmotors at RNP granules is orchestrated to achieve
precise positioning of RNP granules in neurites in order to ensure proper neuronal functions.

Mechanisms That Select mRNAs for Axonal Transport
The molecular mechanisms allowing neurons to transport and sort distinct mRNAs to specific
subcompartments, independently of their relative abundance, remains poorly understood. One
insight comes from the existing diversity of 3′ UTRs for the same mRNAs in neurons that may
serve as transport recognition sequence. Of note, mRNA isoforms with longer 3′ UTR preferen-
tially localize to neurites and have greater half-lives than their somal isoforms [24]. Longer 3′
UTRs can bear additional motifs for the binding to RBPs, thus allowing mRNAs to engage with
distinct transport dynamics that would ultimately direct them to different subcellular localizations
[24]. Moreover, repeated binding sequences or variation in these sequences in 3′ UTR could reg-
ulate binding to RBPs [24]. Consistent with this idea, minor changes in RBP-binding regulatory
motifs, such as guanine rich sequences, lead to different RNA-molecular motor loading efficacy,
thereby giving an advantage for less abundant β-tubulinmRNAs over β-actinmRNAs [7]. While it
is predominantly accepted that mRNA localization motifs are located in the 3′ UTR, some studies
also uncovered transport recognition sequences in their 5′ UTR ends. For example, the 5′ UTR of
neuritin mRNA drives their transport to the axon of DRG neurons while 5′ UTR sequences of
mRNAs encoding for ribosomal proteins target them to the axons of cortical neurons [25,26].
Most research has focused on the identification of RBP-binding sequences that lead to the selec-
tive axonal localization of mRNAs but it is worth noting that recent evidence revealed the presence
of RBP-binding sequences in the 3′ UTR that are used as a negative regulatory mechanism to
exclude the mRNAs from the axon [27]. This mechanism is achieved through the presence of
Pumilio-binding elements recognized by Pumilio-2, that retain some mRNAs such as Gsk3b in
the cell soma, which is critical for proper axonal growth and branching in developing neurons [27].

Are Transported RNA Granules Translationally Silent?
One actively debated question in the field of translation is whether mRNAs are translationally
active or repressed while trafficking in RNP granules along axonal MTs. According to the prevail-
ing model, mRNAs are not translated while being transported to their final destination, where they
start to be locally translated on demand [4,28]. This model mostly relies on proteomic studies
made on RNP granules that identified several translational repressors [4–6,28]. However, it is
still unclear whether granule mRNAs are translationally repressed at the translation initiation
or translation elongation step. Despite the identification of initiation and elongation factors in
RNP granules, the presence of exon junction complex (EJC), cap-binding complex (CBC), and
poly(A)-binding protein (PABP), which need to be removed from mRNAs before initiation of
translation, suggests that translation could be repressed at the initiation step [28]. Translational
repression could indeed be achieved via different regulators or at different steps of the translation
process, depending on the RNP granule content. Along this line, several studies have suggested
that mRNAs are transported as stalled polysomes in RNP granules where they are paused at the
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Key Figure

Coordination between Axonal Transport and Local Translation in Neurons.
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elongation phase, allowing for rapid completion of protein production upon local demands
[29–33]. In addition to their content in translational repressors, specific biophysical properties of
RNP granules are in favor of translation inhibition. RNP granules maintain a densely packed struc-
ture after treatment with EDTA or RNase, which is also characteristic of stalled polysomes [4].
Biophysical differences are observed between proximal and mid-axon RNP granules, with distal
granules being less viscous, more dynamic, and formed with weaker hydrophobic interactions in
comparison to the proximal ones [34]. Consistent with this notion, a recent study demonstrated
that RNA granules can be formed of liquid-like smooth and solid-like rough scaffolds depending
on the RBPs responsible for the granule condensation [35]. The authors show that liquid-like
smooth substructure of granules increases the dynamics of RNP granules and the nascent
polypeptides inside the granules in comparison to the solid-like rough substructure. RNP
granules induced by expression of FMRP preferentially assembled into solid-like rough granules
whereas Caprin-1 and TDP-43 induce the formation of liquid-like smooth RNP granules [35].
These observations are consistent with the existence of various types of transported granules
and suggest that mRNA translation may occur in specific conditions that depend on RBP content
and physical state of RNP granule. It is indeed tempting to envision a correlation between the
translational status of RNP granules with their physical properties. The silent ones would have a
viscous compact-close structure, while more dynamics and less viscous RNP granules including
open polysomes structure would be compatible with mRNAs translation.

Learning about mRNA Translation from Stress Granules
The prevalent model posits that transported RNP granules are translationally silent. However, this
model has recently been challenged by the visualization of active translation on a subset of stress-
like RNA granules formed upon overexpression or mutations of the RBP Fus [36]. This result was
confirmed by using single-molecule imaging of translation with the SunTag technology in stress
granules [37]. The authors show that some actively translating mRNAs (that are not limited to
stress-induced mRNAs) can be detected in stress granule where they undergo the three major
steps of translation, initiation, elongation, and termination [37]. These data suggest that neuronal
RNP granules, which share some protein content with stress granules, could serve as a platform
for translation at rest and/or during transport. Consistent with this idea, new fluorescence live-
imaging techniques to assess single-mRNA translation dynamics (Box 2) also identified translat-
ing polysomes that are moving in neurons with velocities consistent with fast axonal transport
[38,39]. However, a recent study coupling ribopuromycylation (RPM) assay (Box 2) with SunTag
imaging suggests that most polysomes moving in dendrites are indeed resistant to puromycin,
thus likely stalled at post-initiation stage [31]. Such discrepancy may reflect the diversity of RNP
granules that move in different neuronal compartments. Thus, it would be important to assess
whether active translating polysomes move in the axon and further characterize their transport
dynamics and physiological function. Moreover, similar studies in the mid/distal part of the axon
would prevent bias in the detection of somal polysomes/RNP granules entering the axon and
presenting with a different pattern of translation activity than long-distance transport RNP granules.

Figure 1. (A) mRNAs, ribosomes, stalled polysomes, and RBPs condensate as membrane-less RNP granules that are actively transported along microtubules by
molecular motors associated to granule-specific adaptor proteins. RBPs regulate mRNAs localization through binding to sequence motifs in the 5′ UTR and 3′ UTR of
mRNAs. (B) Indirect motor-mediated transport of RNP granules via tethering to lysosomes expressing adaptor proteins. (C) Static late endosomes serving as
translation platform for proteins required for the survival of adjacent mitochondria which provide ATP for local translation. (D) Stimuli-induced local translation of proteins
sustaining the integrity of the transport and translation machinery, including molecular motor cofactors, tubulin isotypes and ribosomal proteins. (E) In Ustilago maydis,
active mRNAs translation occurs on trafficking early endosomes bearing transcript-specific RBP proteins. (F) Model proposed for mammal neurons showing mRNAs
undergoing active translation while being hitchhiked on motile membrane-bound organelles. Subgroups of proteins essential for the transport and translation
machinery could be actively translated to regulate the microtubule-based transport and organelles homeostasis. Abbreviations: ORF, open reading frame; RBP, RNA
binding protein; RNP, ribonucleoprotein; UTR, untranslated region.
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Coordination between Membrane-Bound Organelles Transport and Translation
Machinery
In comparison to membrane-less RNP granules, long-range transport of membrane-bound
organelles such as endosomes, lysosomes, andmitochondria along MT tracks is well documented.
Unlike RNP granules, several adaptors and scaffolding proteins regulating the specific transport of
the different membrane-bound organelles have been identified [40]. This is exemplified by the
existence of BORC/Arl8/SKIP/kinesin-1 and TRAK/Milton/kinesin-1 ensembles that support
axonal anterograde transport of lysosomal-associated membrane protein (LAMP)1-positive
(late endosomes/lysosomes) vesicles and mitochondria, respectively [41–43].

Hitchhiking as an Alternative Mode of Axonal Transport for RNP Granules
A growing body of evidence arising from studies in filamentous fungi suggests the existence of
another mechanism of long-range transport, termed ‘hitchhiking’ [44]. Instead of being directly
transported by their own molecular motors, some vesicles attach to other motile membrane-
bound organelles that act as vehicles to achieve indirect transport. mRNAs and polysomes
have been identified as cargoes using hitch-hiking mechanism by docking onto moving early
endosomes in filamentous fungi, which is required for their proper distribution along the hyphae
(Figure 1E) [45–47]. A similar mechanism has been recently described in mammalian cells and
particularly in neurons (Figure 1B) [48]. It was shown that RNP granules hitch a ride on motile
lysosomes to ensure their long-distance transport in cultured primary neurons and zebrafish
axons and use annexin A11 as a molecular adaptor linking both structures. While these studies
support the existing coordination between long-distance transport of membrane-bound organ-
elles and mRNA transport, multiple questions remain unanswered. First, are RNP granules also
tethered to other membrane-bound vesicles (e.g., mitochondria or dense core vesicles) and
how is their tethering regulated? In their study, the authors suggest that most RNP granules
co-traffic with lysosomes carried by molecular motors. This claim is difficult to reconcile with
other studies showing either that transported RNP granules directly interact with molecular
motors or that most RNP granules move independently of endosomes in the axon of Xenopus
retinal ganglion cells (RGCs) [49]. Moreover, it is still unknown whether hitch-hiking is only used
for indirect transport or if this transport mode supports specific cellular functions. The proximity
between mRNA granules and lysosomes could help for the rapid degradation of specific
mRNAs and lysosomes/endosomes could serve as a signaling platform ultimately regulating

Box 1. Techniques to Image mRNAs in Neurons

In the past two decades, several approaches to image RNA species in fixed and live cells were developed to study their spatial and temporal distribution as well as trans-
port dynamics.
The single-molecule fluorescent ISH (smFISH) technology was initially set up to target a given transcript with a combination of hybridizing oligonucleotides (ODNs) la-
beled with fluorophores [80,81] (Figure IA). Indirect labeling methods were developed to reduce background, increase fluorescent signal and detection sensitivity. These
technologies adopt unlabeled primary probes that can be hybridized either by secondary fluorescent probes (single molecule inexpensive FISH; smiFISH) or by complex
signal-amplifying probe systems (FISH-STICs; RNAscope) [82–84] (Figure IB,C). To map thousands of RNAs species at a single-cell resolution, the multiplexed error-
robust FISH (MERFISH) image approach enables a progressively increased level of multiplexing, however at the expenses of increasing background signal and errors
detection [85] (Figure ID). RNAs cellular dynamics within a living cell have been explored through labeling strategies using hybridizing probes or requiring genetic
engineering of the target RNA. Untagged RNAs can be visualized through molecular beacons (MBs), single-stranded oligonucleotide probes whose hybridization with
a target sequence induces the quencher separation from the probe-associated fluorophore and its emission of fluorescent light [86,87] (Figure IE). Another approach
uses RNA fluorogenic RNA aptamers, oligonucleotide sequences whose secondary structure can be recognized by fluorogenic ligands, activated upon binding. Since
the first RNA aptamer Spinach, many have been progressively developed with increasing physical stability, folding capacity and ability to bind to multiple fluorogens
[88–91] (Figure IF). A key tool for the in vivo imaging of RNAs takes advantages of bacteriophage systems. Bacteriophage-derived RNA sequences enriched in hairpin
loops are cloned within an RNA of interest to be recognized by bacteriophage-derived coat proteins (CPs) fused to fluorescent proteins. This strategy increases the fluo-
rescence intensity of the tagged RNA over the background generated by freely diffusing CPs [92,93] (Figure IG). Comparatively, the PUM-HD probes are protein-based
probes used in couple to target two neighboring RNA sequences. The probes are fused to each one of two fragments of a fluorescent protein, which is reconstituted
emitting fluorescence light following probe hybridization to the RNA complementary regions [94] (Figure IH).
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Figure I. Techniques to Visualize mRNAs in Fixed and Live Cells.
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mRNA homeostasis and translation. Concerning this matter, it has been suggested that
immature miRNAs hitch-hike on late endosome/lysosomes to be actively transported to distal
compartments where they are ultimately processed to exert their translation regulatory
functions [50].

Active mRNAs Translation at the Surface of Membrane-Bound Organelles
A recent study demonstrated that late endosomes (Rab7 positive) carry RNP granules at their
membrane and provide sites for axonal local protein synthesis (Figure 1C) [49]. In particular, it
was shown that local translation of lamin B2, a protein essential for mitochondrial integrity and
axon maintenance [51], occurs at late endosomes that are in close proximity to mitochondria to
sustain their function in axons. While it is not assessed whether local translation occurs during
the transport of late endosomes in Xenopus RGCs or mammalian neurons, earlier evidence in
filamentous fungi shows that mRNAs and polysomes undergo translation at the surface of moving
early endosomes, supporting the existence of amechanism that coordinates translation with trans-
port in membrane-bound organelles (Figure 1E) [45,46,52]. The presence of active polysomes at
the surface of membrane-bound vesicles in higher organisms might also occur. Recently, a new
endoplasmic reticulum (ER)-derived type of vesicles named ribosome-associated vesicles
(RAVs), due to the covering of this vesicles by 80S ribosomes at their surface, was identified in
several secretory cells including neurons [53]. In neurons, RAVs were found to localize in dendrites,
suggesting a possible function in local translation, not only through their role in the distribution of
ribosomes into neurites, but also by providing a support for translation. Indeed, the fact that 80S
ribosomes at the surface of RAVs are also found in polysomal assemblies together with putative
elements of the translational machinery such as tRNAs and eukaryotic translation elongation factor
1a supports that RAVs are translationally active [53].

In comparison to polysomes included in densely packed and viscous RNP granules environment,
the presence of polysomes at the surface of membrane-bound vesicles might provide a more
dynamic and open structure to facilitate mRNA translation. Moreover, proteomic analysis of
enriched fraction of p50–GFP-associated motile vesicles isolated from mouse brains revealed
the presence of elements of the translational machinery such as small and large ribosomal
subunits and initiation and elongation factors, even though their detection does not guarantee
their activity [54]. Since late but not early endosomes are involved in local translation along the
axon [49], it is tempting to speculate that the level of maturation of endosomes/lysosomes
correlates with different translational machinery or translation profile.

Box 2. Toolbox to Visualize Protein Synthesis

The past 5 years have seen an expansion of the toolbox available to investigate RNA translation. Bacteriophage-derived systems are opening the way for imaging trans-
lation dynamics in living cells. These strategies are based on three transgenes that have to be co-integrated and stably coexpressed in the target cells: a reporter mRNA
and two fluorescently-labeled antibodies/coat proteins able to recognize the mRNA and the correspondent translating polypeptide chain. While the translating RNA im-
aging by coat protein knock-off (TRICK) system allows one to visualize and discriminate untranslated mRNAs from those undergoing the first round of translation, the
SunTag system studies the translation dynamics of a given transcript over time [95–97]. Recently, the SunTag system has been coexpressed with the orthologous
MoonTag or HA frankenbody system for a dual-color imaging to visualize translation events on two different target RNAs [98–100] (Figure IA,B). To interrogate protein
synthesis in an in vitro or ex vivo setting, puromycin-based methods are ideal. Puromycin is a tRNA analog that can be incorporated in nascent polypeptide chains
inducing their elongation termination and release from the ribosomal translation site (puromycylation). Tagged polypeptide chains are detected via an anti-puromycin
antibody (Figure IC) [101]. To specifically visualize the translation of a given protein, puromycylation is coupled to proximity ligation assay (PLA), an antibody-based
method that was initially used to assess whether two targets are in close proximity [102] (Figure ID). Further progress wasmadewith the ribopuromycylation (RPM) assay
which combines puromycin administration with translation elongation inhibitors, such as cycloheximide or emetine, to prevent the nascent polypeptides to be released
from active ribosomes [101,103] (Figure IE). Although this method was developed to visualize the site of active translation, recent studies questioned the efficacy of the
strategy [104,105]. Ongoing translation can also be detected by metabolic labelling via the fluorescent noncanonical amino acid tagging (FUNCAT) technique. In relation
to a peptide content in methionine, the analog azidohomoalanine (AHA) is incorporated in nascent peptide chains, to be thereafter visualized with a fluorophore
conjugated via click chemistry [106] (Figure IF).
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In the future, it would be interesting to assess whether there is a functional correlation between
mRNAs translation and their active transport and whether trafficked RNP granules provide
membrane-bound vesicles with proteins important for their own shuttling activity. Emerging
evidence shows that motile membrane-bound vesicles have an on-board enzymatic machinery
that regulates their own transport along axons by either producing energy or modifying MT
tracks [54–56]. Therefore, it is tempting to hypothesize that translation of proteins at the sur-
face of motile vesicles could represent an additional mechanistic layer to control their own
axonal transport.

Transport of the Translational Machinery
Little is known about themolecular mechanisms that dispatch ribosomes along neurites. Emerging
evidence suggests that their transport could be mediated by direct interaction with molecular
motors. Accordingly, ribosomal subunits can interact with the tail domain of the kinesin superfamily
member KIF4 in dorsal root ganglia neurons [57]. Moreover, a loss-of-function of uncoordinated-16
(ortholog of JNK-interacting protein (JIP)-3), which serves as an adaptor between kinesins and
cargoes, leads to the abnormal distribution of ribosomes along axons in Caenorhabditis elegans
neurons [58]. Further indications come from fluorescent tracking of axonal polysomes that display
a velocity concordant with fast axonal transport [38,39]. With the advent of polysome profiling
and ribosome footprinting methods, a recent study showed that axonal mRNAs can be
bound and translated by multiple or single ribosomes (monosomes) in neuronal processes [59].
Whether ribosomes in different organization states are moving at distinct velocities, and whether
the velocity is imposed by the type of transport machinery, has not been investigated yet. Although
ribosomes are known to be synthesized and assembled in the cell body before being transported
along neurites, recent findings suggest that they could also undergo local assembly. Accordingly, a
subset of ribosomal proteins is locally synthesized and incorporated into preexisting axonal ribo-
somes to locally maintain a specialized pool of functional translation machinery [60,61]. Nonethe-
less, the lack of pre-rRNAs and other factors involved in de novo ribosome biogenesis in
neurites support a primary role for transport on local ribosome homeostasis [61]. The mRNAs
encoding ribosomal proteins are also detected in RNP granules isolated from mouse full
brain, suggesting that RNP granules could actively contribute to the axonal replenishment of
ribosomes [4–6]. Along this line, a recent study demonstrated that the RBP TDP-43 binds to
the 5′ UTR of ribosomal protein mRNAs and regulates their transport and translation and that
locally translated ribosomal proteins are incorporated into native axonal ribosomes [25]. As im-
pairment of TDP-43 function has been reported in neurodegenerative disorders such as amyo-
trophic lateral sclerosis and frontotemporal lobar degeneration, these data support the
importance of the coordination between axonal transport and local protein synthesis for the main-
tenance of the axonal morphology (Box 3).

Transport Machinery Regulation by Local Protein Synthesis
Accumulating data support a key role for local translation in sustaining the homeostatic distri-
bution of proteins involved in MT-dependent transport across distant compartments. Kinesin
and dynein families of motors drive long-distance transport of cargoes and ultimately supply
the machinery for local protein synthesis to distal cellular compartments [62]. Constituents of
the transport machinery are also translated locally to respond to changes in transport demands
along distal axons with spatial and temporal accuracy (Figure 1D). Kinesins and dyneins tran-
scripts are found in excitatory presynapses and RNP granules isolated from mouse brain, as
well as bound to ribosomes in retinal ganglion cell axons, suggesting their possible local trans-
lation [4,60,63]. Analysis of the axonal transcriptome of human motoneurons revealed enrich-
ment for transcripts coding for proteins associated with MT-based transport such as bicaudal
D homolog (BICD)2, KIF5C and KIF1C, supporting the local translation of key transport
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proteins in axon [64]. Furthermore, it has been shown that nerve growth factor (NGF) triggers
the intra-axonal synthesis of dynein cofactors lissencephaly (Lis1) and p150Glued to promptly
regulate retrograde transport of lysosomes in the axon upon demands [65]. Consistent with this
idea, it was recently reported that vimentin, a scaffold protein previously described to play a role
in the assembly of a dynein-dependent retrograde signaling complex, is locally translated in the
axon upon neurodegenerative Aβ1–42 signal exposure [66,67]. The same mechanism can be ex-
pected for kinesin cofactors as several of them are detected in the axonal translatome of Xenopus
RGCs, such as huntingtin (regulates BDNF vesicles transport through kinesin-1), JIP3 (regulates
kinesin-1 motility), differentially expressed in normal versus neoplastic/MAPK-activating
death domain protein DENN/MADD (required for kinesin-3 dependent transport) and Fascicu-
lation And Elongation Protein Zeta 1 Fez1 (activation of kinesin-1 motors) [68–70]. In particular,
huntingtin protein was shown to be involved in the transport of dendritic RNP granules, sug-
gesting that deregulation of local translation could contribute to the pathogenesis of
Huntington’s disease [71,72]. How molecular motors recruitment to cargoes is regulated dur-
ing transport remains debated and different models have been suggested [73]. In the prevalent
‘tug-of-war’ model, anterograde and retrograde molecular motors are attached to the cargo
and mechanically compete to determine the directionality of transport. Another model named
coordination proposes that opposite motors are bound to the same cargo but the directionality
is determined by motor adaptor proteins that coordinate the activation/inhibition of the motors in
such a way that only one motor is active at a time. In the tug-of-war model, local translation of
kinesins and/or dyneins might mediate changes of the stoichiometry of motors bound to cargo
while, in the coordination model motor, adaptors would be locally synthesized to regulate motor
activities, ultimately modulating the speed and directionality of transport. Molecular motors, and
particularly dynein, are large complexes including multiple subunits. Therefore, the local synthesis
of smaller molecular motor adaptors, such as Lis1 [65], would be a convenient way to tune rapid
change in directionality or speed of axonal transport upon local demands. Whether local translation
occurs within the axoplasm and/or at the surface of static/moving organelles remains to be
determined.

Box 3. Transport Machinery and RNP Granules in Neurological Diseases

Defects in axonal transport have been described for a broad range of neurodegenerative diseases. Its impairment has
been correlated to genetic alterations in its functional components, specifically the motor proteins and their adaptors,
the MT building blocks and the trafficking cargos. Neurodegenerative diseases such as Alzheimer’s disease, spinal and
bulbar muscle atrophy (SMA, SBMA), Charcot-Marie-Tooth disease (CMT), and amyotrophic lateral sclerosis (ALS) have
been associated with a large number of alterations in axonal-transport-related genes; all contributing to the onset of their
early pathological features. This is exemplified by mutations affecting KIF5A leading to aberrant kinesin activity and anter-
ograde transport dynamics, as well as in the dynein heavy chain DYNC1H1 or its adaptor dynactin complex which corre-
lates with retrograde transport abnormalities [107]. MAPs play a key role in regulating MT organization and genetic
variations perturbating their activity lead to MT destabilization and defects in motors binding, as described for Spastin,
tau, and HSBP1 in hereditary spastic paraplegia, frontotemporal dementia, and CMT, respectively [107,108]. More re-
cently, an increasing number of mutations in genes coding for RBPs or adaptors present in RNP granules have additionally
been identified in some of the same neurodegenerative diseases [109]. Given the important role of RBPs in regulating and
defining the ultimate axonal localization of mRNAs, mutations in different RBPs have been additionally described in differ-
ent neurodegenerative diseases. Genetic variants of RBPs were found to disrupt the formation or trafficking of RNP gran-
ules leading to reduced axonal transport of numerous mRNAs, locally regulated translation and ultimately to axonal
degeneration and neuronal cell death. Among these are the ALS-associated mutations in TDP-43, which lead to impaired
anterograde transport of TDP-43-containing RNP granules, increased cytosolic accumulation of neurofilament mRNAs, its
cognate target, and ultimately to neuronal cell death [110]. Linked to ALS are also mutations in the RNP-lysosome
tethering adaptor annexin A11, which prevent RNPs from hitch-hiking on lysosomes and peripheral mRNAs localization
[48]. Some identified causes of SBMA are genetic alterations in the survival of motor neurons, adaptor protein described
in RNP granules implicated in the dysregulated axonal localization of a broad range of transcripts important for axonal
growth and branching such as β-actin and Gap43 [111].
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AxonalMTs serve as tracks for molecular motors to transport amultitude of cargoes, including com-
ponents of the MT cytoskeleton itself [62,74]. Given the slow transport rates of tubulin heterodimers
andMT polymers, local translation of tubulins at distal axonal locations could allow the production of
specific tubulin isoforms or to favor post-translational modification upon tubulin heterodimer
assembly. Accordingly, ribosome-bound mRNAs encoding for tubulin subunits were identified in
isolated axons of RGCs [60]. This mode of local translation of tubulin monomers would require the
action of multiple chaperone proteins to promote their assembly into polymerization-competent
heterodimers. Of note, prefoldin proteins such as chaperonin-containing tailless complex polypep-
tide CCT1 ) chaperonin, and tubulin cofactors TBCA-E are detected in the axonal proteome of
cultured neurons and in the axonal growth cone of cortical projection neurons [75,76]. Furthermore,
all CCT chaperonin proteins and the tubulin cofactors TBCA-D are detected in motile vesicles and
APEX–Lamp1 (ascorbate peroxidase-catalyzed proximity labeling) proteomic analysis, respectively
[48,54]. Consistent with this idea, local translation of β2B-tubulin was described as essential to
control the dynamics ofMTs in the growth cone ofmouseDRGexplant neurons [77]. Freely available
tubulin has been suggested to contribute to the self-repair of MTs upon mechanical disruption
caused by walking motors [78,79]. Therefore, local supply of tubulin originating from translating
mRNAs at RNP granules or motile vesicles may sustain the structural dynamic changes of the MT
network and MT-dependent transport (Figure 1F).

Concluding Remarks
Some neurons extend long axonal projections to connect to their distant target, which represents
a major challenge to ensure their homeostasis and proper activity. Therefore, conserved mecha-
nisms are at play to ensure rapid and local supply of key structural or signaling molecules to
regions that are localized away from the soma. These processes include MT-based transport
in both anterograde and retrograde direction (from the soma to the synapse and back) as well
as local synthesis of protein. One long-standing and still unresolved question in the field is if
and how both biological processes are coordinated (see Outstanding Questions). While it is
now well accepted that some mRNAs and elements of the translational machinery are actively
transported along axons, the mechanisms that control their sorting to specific cytosolic locations
remain poorly understood. In addition, what controls the loading of such molecules on selective
motors and whether some mRNAs are actively translated during their journey along the axon
within RNP granules or at the surface of lysosome/late endosome, remain unclear. The advent
of cutting edge technology to visualize mRNA translation coupled with ribosome profiling analysis
should help clarifying this issue in the near future. It will also be important to decipher the function
of de novo generated proteins in moving cargoes and understand whether this process is actively
responding to intrinsic demand for homeostatic process (e.g., structural repair) as well as to
synaptic activity, both of which are altered in neurodegenerative disorders.
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SUMMARY

Axonal transport is a physiological process adopted by neurons to transport or-
ganelles, proteins, and other molecules along their axonal projections. Here, we
describe a step-by-step protocol to record the dynamics of axonal transport
along the projections of callosal neurons by combining the in utero electropora-
tion technique with the preparation of postnatal organotypic cortical slices. This
ex vivo protocol has been developed to investigate axonal transport in a physi-
ological setting closely reproducing the in vivo environment.
For complete details on the use and execution of this protocol, please refer to
Even et al. (2019).

BEFORE YOU BEGIN

Swiss mice are well suited for the described procedure, as noted for their large litters size and good

maternal care. However, the strain of choice and/or the number of embryos to electroporate should

be chosen in accordance with the duration of the in utero electroporation surgery. To enhance the

viability rate, a maximum time of 30 min is therefore recommended.

Plasmid Preparation (for In Utero Electroporation; See Step 2 in the Step-By-Step Detailed

Protocol)

Timing: 5 min

1. A mix of endotoxin-free plasmids is prepared in sterile nuclease-free water. One ug/mL of each

plasmid is diluted in a total volume of 15 mL, with 0.1% (w/v) Fast green at 1/10 volume added

to the plasmid solution to visualize the injection site.

Note: to record axonal transport dynamics of membrane-bound organelles such as lysosomes

and mitochondria, we combined a reporter gene-expressing plasmid to enable the visualiza-

tion of the electroporated neurons with another construct coding for a fluorescent organelle-

specific protein, such as Lamp1-emerald or DsRed-Mito as markers for lysosomes or mito-

chondria, respectively (Courchet et al. 2013).

2. Prepare microcapillaries for DNA injection by using a Needle Pipette Puller. To fabricate micro-

capillaries, we pull glass microcapillaries tubing with an inner diameter of 0.58 mm with a P-97

micropipette under the following conditions: heat, 634; pull, 92; velocity, 115; time, 210.

STAR Protocols 1, 100131, December 18, 2020 ª 2020 The Author(s).
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Note: the pulling parameters might need to be adapted when the heating filament is

replaced.

CRITICAL: to ensure harmless perforation of the placenta and optimal injection of the

plasmid solution, microcapillaries tip should be cut diagonally to generate an opening

with slightly larger diameter; we recommend the use of spring scissors which enable

the execution of sharp cuts (Figure 1).

Preparation for Surgery (for In Utero Electroporation; See Step 2 in the Step-By-Step

Detailed Protocol)

Timing: 10 min

3. Transfer the pregnant dam into a clean cage filled with a paper towel for nest building.

4. Prepare surgical table as follows: make available autoclaved surgery toolbox and 50 mL syringe

filled with warm sterile PBS; cut paper drape to create rhomboidal-shaped incision for the surgical

field; turn on the heating pad to 37�C.
5. Fill capillaries with plasmids mix; for this, we recommend to usemicroloader tips and to cut the tip

of the microcapillary filled with the solution just before starting the surgery, to prevent the solu-

tion from air drying. If using a microinjector, set the injection pressure that enables a 0.1–0.2 mL

droplet of plasmid solution to be ejected from the microcapillary when the foot pedal is pressed.

6. Prepare the electroporation system: make available 3 mm f platinum electrodes and set the elec-

troporator for 5 pulses of 40 V at 50-ms intervals for 950 ms when electroporating E14.5 embryos.

Note: the electroporation parameters were set as previously described (Even et al. 2019),

adjusted to the developmental stage of the embryos to electroporate. Settings should be ar-

ranged to a given experimental design.

Preparation of Tamoxifen Solution (if Temporal Control of Plasmid Expression Is Desired)

Timing: 10 min

7. Prepare a solution of 2mg/mL 4-hydroxytamoxifen (4-OHT) containing 1mg/mL progesterone by

dissolving 20 mg of 4-OHT and 10 mg of progesterone in 100 mL ethanol 100% and diluting with

900 mL of corn oil, followed by water bath sonication for 5 min.

Figure 1. Microcapillary Cut for Plasmid Injection

(A) Uncut microcapillary filled with plasmid solution.

(B) Filled microcapillary cut at optimal length to enable ejection of 0.1–0.2 mL droplets of plasmid solution.

(C) Filled microcapillary deeply cut leading to suboptimal injection of plasmid solution. Scale: 0.2 mm.

ll
OPEN ACCESS

2 STAR Protocols 1, 100131, December 18, 2020

Protocol



Note: cover solution with foil as progesterone is sensitive to light.

Note: solution can be stored at +4� for up to one week.

Note: the solution is complemented with progesterone to counteract the mixed estrogen ef-

fect of tamoxifen which can cause fetal abortion.

Note: the injection paradigm has to be defined in accordance with the plasmid effects and

experimental settings.

Preparation of Embedding Solution (for Brain Embedding; See Step 3 in the Step-By-Step

Detailed Protocol)

Timing: 3–5 min

8. Prepare a 4% agarose solution for brain embedding by adding 1 g of low-melting agarose into a

50 mL conical tube containing 25 mL sterile HBSS; Keeping the cap loose, transfer the tube into a

microwave and boil until all agarose particles are dissolved and the solution is clear.

Note: monitor the solution to prevent excess boiling and overflow; stop the microwave when

the solution starts to boil and mix by whirling the tube before repeating the step until com-

plete melting. Wear heat-resistant gloves when manipulating the tubes to protect your hands

from burns.

9. Transfer the solution into a 37�C incubator to allow cooling down.

Preparation of Slice Culture Medium (for Mounting of Cortical Slices; See Step 4 in the Step-

By-Step Detailed Protocol)

Timing: 3–5 min

10. Let Matrigel thaw on ice; prepare culturing media for brain slices by mixingMatrigel with Neuro-

basal Medium supplemented with 2% B27, 1% penicillin/streptomycin and 1% GlutaMAX at 1:1

ratio; keep the solution on ice to prevent polymerization.

Note: as recommended, Matrigel is stored at �20�C and left thawing in a 4�C refrigerator for

12–16 h to prepare one-time use aliquots. Frozen aliquots can be quickly thawed at 4�C the

day of the experiment (~2 h for 1 mL aliquot).

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-RFP antibody Rockland antibodies & assays 600-401-379

Anti-GFP antibody Abcam Ab6673

DAPI Sigma D9542

Chemicals, Peptides, and Recombinant Proteins

Isoflurane Abbott Laboratories N/A

Fast green Sigma-Aldrich F7252

Nuclease-free water Schering-Plough 3098

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Buprecare 0.3 mg/mL injection Animalcare N/A

Fucithalmic Vet� 10 mg/g Aventix N/A

Tamoxifen Sigma-Aldrich T5648-1G

Corn oil Sigma-Aldrich C8267

Low melt agarose Bio-rad 1613114

HBSS Lonza 10-527F

Matrigel Fisher Scientific 11573560

Progesterone Sigma-Aldrich P3972

Neurobasal Medium Gibco, Invitrogen 21103049

B27 Gibco, Invitrogen 17504044

penicillin/streptomycin Gibco, Invitrogen 15140122

GlutaMAX Gibco, Invitrogen 35050061

Critical Commercial Assays

Plasmid DNA, endotoxin-free Midi-prep kit
from NucleoBond_Xtra Midi EF

Macherey-Nagel 740420

Experimental Models: Organisms/Strains

E14.5 pregnant RjOrl:Swiss mice (outbred) Janvier labs

Recombinant DNA

pCALNL-DsRed (Matsuda and Cepko 2007) Addgene: # 13769

pCAG mEmerald-LAMP1 (Lewis et al., 2016) N/A

pCX memb-mCherry (provided by Dr. Xavier Morin) N/A

pCAG-iCreERT2 (Even et al. 2019) N/A

Software and Algorithms

Fiji-Image J (Schindelin et al. 2012) N/A

KymoToolBox - ImageJ (Hinckelmann, Zala, and Saudou 2013) N/A

Prism GraphPad Software N/A

Other

Platinum electrodes Sonidel CUY650P3

Electroporator BTX ECM 830

Microinjector Eppendorf 5252000013

Micropipette puller Sutter Instrument P-97

Isoflurane anesthesia station Harvard Apparatus 34-1041

Heating pad Beurer HK 35 Heat pad

Surgical lamp with flexible arm N/A N/A

Borosilicate glass capillaries Harvard Apparatus 30-0016

Sterile PBS Lonza 17-512F

Syringe 5 mL Becton Dickinson SYR005J

Syringe 1 mL Becton Dickinson 303172

Needle 26GA (0.45 3 10 mm) Becton Dickinson 300300

Super GLUE-3 Loctite N/A

Operating Manual Compact balance KERN & Sohn GmbH 1.1

Vibratome Leica VT1000S Leica Microsystems VT1000S

Culture dish as embedding mold Thermo Fisher Scientific 153066

(Continued on next page)
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STEP-BY-STEP METHOD DETAILS

Induction of Anesthesia

Timing: 3 min

Here we describe the method for induction and maintenance of anesthesia of the pregnant dam.

1. Weigh the mouse to define the amount of analgesic to administer pre- and post-surgery.

2. Prepare the analgesic buprenorphine (Buprecare�): 0.03 mg/mL dilution to administer 0.1 mg/kg.

Note: once the action of the analgesic is over (buprenorphine is effective for 8–12 h), assess

post-operative pain by scoring pain behaviors (i.e., by using Grimace Scale; Langford et al.

2010) and evaluate re-administration of analgesic, in accordance with local and national

directives.

3. Sedate the pregnant dam in an induction chamber where a mixture of 96% air and 4% isoflurane

circulates.

Note: monitor the breathing rate to assess the state of sedation, which takes approximately 60 s.

4. Quickly, to prevent hypothermia, transfer the mouse on the heating pad with the abdomen facing

down; apply ophthalmic lubricant (Fucithalmic Vet� 5 mg/g) to both eyes to prevent corneal dry-

ing, and inject the analgesic subcutaneously within the loose skin over the interscapular area.

5. With the abdomen facing up, place the nose of mouse inside the mask respirator and adjust the

concentration of isoflurane vaporized to 2%.

CRITICAL: given the inter-individual variability in response to anesthesia, anesthesia depth

should be closely monitored to prevent insufficient sedation or respiratory/cardiac depres-

sion. Parameters that can be clinically monitored are: 1) toe pinch response; 2) respiration

rate (approximately 1 breath/s under optimal anesthesia); under too deep or too light anes-

thesia, flow rate of anesthetic should be adjusted to reach optimal anesthesia depth.

In Utero Cortical Electroporation and Post-op Care

Timing: ~20–25 min; should not exceed 30 min, to ensure optimal viability

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MatTek glass-bottom dishes MatTek CORPORATION P35G-0-20-C

FemtoJet microinjector Eppendorf 5252000013

Forceps Dumont 11295-20 11295-20

Hair removal cream Veet N/A

Ethanol vwr 20816,298

Scissors Fine Science Tool 14094-11

Perforated spoon Moria 10370-18

Spring scissors Aesculap OC498-R

Ring forceps Fine Science Tool 11103-09

Olsen-Hegar Needle Holder Fine Science Tool 12002-14

Vycril suture 4-0 Ethicon V310H

Microloader tips Eppendorf 5242956003
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The in utero electroporation technique consists of the injection of plasmid DNAs into the lateral ven-

tricles of mouse brain embryos and their subsequent incorporation into the apical progenitors

lining the ventricle surface by electroporation. By targeting the neuronal progenitors with

reporter constructs, it is possible to trace the different steps of development of the derived cortical

neurons.

6. Shave the abdomen wall with a depilatory cream and disinfect with 70% alcoholic solution (Fig-

ure 2A).

7. Make an incision of approximately 1.5 cm along the skin abdomen midline first, and peritoneum

afterwards (Figure 2B).

8. Place a surgical field with a rhomboidal aperture over the abdomen and wet the drape and the

open abdomen cavity with warm saline.

Note:we suggest to hydrate the drape with warm sterile saline to favor the subsequent step of

the procedure, as it would prevent the uterine horns pulled out of the abdomen cavity from

attaching to the drape. Make sure to not soak the drape excessively, to avoid mouse

hypothermia.

9. By using ring forceps, carefully pull the uterus out from the abdominal cavity by holding it at the

gaps between embryos; expose one of the two uterine horns on the surgical drape and, when

necessary, apply warm sterile phosphate-buffered saline (PBS) solution to prevent drying of the

embryos during the whole surgical procedure (Figure 3A).

10. Gently, hold an embryo with ring forceps or your fingers while inserting the microcapillary

through the uterus into the lateral ventricle and inject the DNA plasmid mix (approximately

0.5 mL) by using a mouth-controlled tube or a microinjector activated via the foot pedal. The

green dye filling the ventricles indicates the success of the injection. To reduce the lethality

rate, a given embryo should not be injected more than two times (Figures 3B–3E).

Figure 2. Preparation for Surgery

(A) Incision area. Shave the abdomen of the pregnant dam kept under anesthesia and disinfect the skin with an

alcoholic solution.

(B) Skin incision. Cover the incision area with a surgical drape and incise the skin and peritoneum along the abdomen

midline.
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CRITICAL: make an oblique cut of themicrocapillary with optimal width (see also the Trouble-

shooting section). This is a critical factor for the success of the electroporation.Microcapillaries

shortened sub-optimally could compromise the integrity of the perforated tissues as well as

lead to undesired dispersion of the plasmid solution from the injected to the other intercon-

nected ventricles. The tip of the capillary can be cut progressively, to identify the minimal

cut which enables the ejection of 0.1–0.2 mL droplets of plasmid solution.

CRITICAL: If the fast green is observed in other regions than the ventricles or cannot be

released from the microcapillary, change the position of the microcapillary by slowly pull-

ing it back until the fast green can be injected and observed in the ventricle.

Figure 3. Microinjection of E14.5 Embryos

(A) Exposition of the uterine horns. Pull uterus horns out the abdomen cavity by holding it at the gaps between

embryos and expose the uterine horns. Keep the uterus hydrated with warm sterile PBS during the entire procedure.

(B–E) Embryos microinjection. (B) Cut diagonally the tip of a previously pulled microcapillary to enable an optimal

ejection of the plasmid solution. (C–E) Inject the plasmid solution into one of the lateral ventricles of the embryo

(yellow dotted line in E).
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11. Place the anode on the injection site and the cathode on the opposite side of the brain, and deliver

the electrical impulses by pressing the foot pedal of the electroporator; the correct delivery of the

electric impulses is indicated by the formation of bubbles around the electrodes (Figure 4).

Note: electroporation at E14.5 was chosen for axonal transport recordings to target a sparse

population of upper layer II-IV neurons, enabling the visualization of isolated fluorescent cal-

losal projections.

Note: in order to target the callosal projection neurons, the electroporation is performed by

placing the anode at 45� with respect to the intra-hemispherical plane.

CRITICAL: warm PBS should be made available during the entire procedure, to keep em-

bryos and electrodes wet.

12. Once the plasmid injection and the electroporation have been performed on the remaining em-

bryos, hydrate the uterine horn and, gently, slide it back into the abdomen cavity; repeat the

same procedure on the second uterine horn.

13. Suture abdomen wall and skin; transfer the mouse from the operating table to a cage placed un-

der a warming light and containing paper towel to monitor eventual bleeding. Monitor the

mouse closely until recovery from anesthesia.

Figure 4. In Utero Electroporation of E14.5 Embryos

Hold the injected embryo with ring forceps to stabilize its position while placing the electrodes over the target site for

electroporation.
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CRITICAL: skin andmuscle layer should be sutured separately: this measure would prevent

damage of the underneath muscle suture and potentially lethal bleeding if the mouse

would bite and remove the external skin suture.

14. After surgery, monitor and document the mouse well-being on a scoring sheet with daily obser-

vations by checking and evaluating the surgical wound, outer appearance, and spontaneous

behavior. If properly performed, laparotomy for in utero electroporation is likely to not correlate

with post-surgery symptoms of discomfort or pain.

Dissection and Embedding of P2 Brains

Timing: 30 min

Brain dissection of electroporated pups is performed at postnatal day two (P2), a stage at which the

electroporated callosal projection neurons have crossed the interhemispheric midline. In order to

provide mechanical support prior to slicing, dissected brains are embedded into an agarose matrix.

15. Decapitate the P2 pup with surgical scissors, carefully dissect out the full brain including olfac-

tory bulbs, forebrain, and hindbrain as elsewhere described (Beaudoin et al. 2012), and collect

into a petri dish containing ice-cold HBSS.

Note: we recommend to dissect and perform the protocol described below on one pup at a

time, given the strict time window of some of the steps and the importance of their timing for a

successful execution of the protocol.

Note: If a reporter plasmid was electroporated, dissected brains can be checked for fluores-

cence under a binocular microscope equipped with fluorescent illumination.

16. Place embeddingmolds on ice and pour the 4% agarose solution that was previously brought to

37�C

Note: we generally prefer petri-dishes over conventional embedding molds as their larger

diameter facilitates the brain rotation within the polymerizing agarose solution and its orien-

tation in the position of interest.

17. Quickly, remove the excess HBSS and transfer the brain into the agarose solution; with the for-

ceps, rotate the brain gently and repeatedly while agarose polymerizes, until steady in the final

position with the olfactory bulbs facing upwards and the coronal axis parallel to the mold bot-

tom on an ice bucket.

CRITICAL: a gentle and repeated rotation of the brain within the agarose solution is impor-

tant to remove the HBSS at the interface between the brain and the agarose solution; this

precaution would prevent the detachment of the brain slice from the surrounding agarose

layer while being sliced from the agarose block.

CRITICAL: orienting the brain within the agarose solution undergoing polymerization

would simplify the downstream manipulation of the agarose block; By positioning the

brain with the sectioning plane parallel to the mold bottom, the bottom side of the

agarose block would not require further cutting adjustment and could be directly glued

on the vibratome tray platform.

18. Let the agarose block solidify on ice for about 15 min.
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Slicing and Mounting of Cortical Slices

Timing: 20 min

Organotypic brain slices are generated and mounted on coated glass-bottom dishes, to be used for

recordings of axonal transport along the projections of callosal neurons.

19. Set the vibratome: fill the vibratome tray with cold HBSS and the vibratome bath with ice; adjust

the sectioning parameters as follows (adjusted for a vibratome Leica VT100S): section thickness:

300 mm; cutting speed: 3; cutting frequency: 3.

20. Coat the glass-bottom dish with a thin layer of culture medium containing Matrigel, by adding

with a pipette 1 mL solution and aspiring back most of the volume, leaving a thin pellicle; keep it

at RT (below the polymerizing temperature of 37�C).
21. Once the agarose block is polymerized, shape it around the brain by making a cut at the rostral

and ventral sides of the brain, parallel to each other and to the sectioning plane, at an approx-

imate distance of 0.5 cm from the brain surface; apply the same procedure to remove the excess

agarose also at the ventral and dorsal sides of the brain. We recommend cutting the block with a

truncated pyramid shape making sure the olfactory bulbs of the brain face the minor base of the

pyramid. This shape will provide a greater adhesion surface and will increase the stability of the

agarose block glued onto the vibratome tray platform (Figures 5A–5C).

22. Glue the agarose block with the olfactory bulbs facing upwards onto the vibratome tray plat-

form.

23. Fix the platform with the glued agarose block into the vibratome tray filled with cold HBSS.

24. Section the agarose block to generate coronal slices and collect with a spatula the brain sections

containing the callosal projections crossing the midline in a dish filled with ice-cold HBSS; check

Figure 5. Cortical Slices Preparation

(A–C) Brain embedding. (A and B) Embed the brain in a 4% agarose solution ensuring the optimal positioning of the

brain until agarose polymerization. Shape the agarose block to ensure a thickness of 0.5 cm from the brain surface,

and glue the agarose block onto the vibratome tray platform. (C) Scheme for brain orientation within the agarose

block. L.A., longitudinal axis; C.A., coronal axis.

(D) Mounting of cortical slices. Slice the embedded brain to generate coronal slices and transfer them onto coated

glass-bottom dishes.
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the collected slices for fluorescence and transfer onto coated MatTek dishes only the slices with

the electroporated region of interest (Figure 5D).

Note: depending on the thickness of the agarose block, two or three sectioned slices can be

placed per MatTek dish; it is very important to not overlap the edges of the agarose slices for

an optimal live-imaging acquisition.

CAREFUL: gently manipulate the brain slices in order to avoid the separation of the brain sli-

ces from the surrounding agarose. Take care that the embedded brains stay at 4�C during the

whole sectioning procedure by changing the HBSS regularly and refilling the vibratome bath

with ice.

25. With a pipette, cover each section slice with a drop of culture medium containing Matrigel and

place the glass-bottom dishes in the incubator at 37�C and 5% CO2 for 20 min, to allow the Ma-

trigel to polymerize and slices to recover.

CAREFUL: due to the short survival time of postnatal cultured organotypic brain slices

(approximately 4 h), incubation times of all steps following brain dissection should be reduced

to the minimum. Additionally, all steps should be performed at 4�C, by using ice-cold re-

agents and performing all the manipulations on ice. Altogether these measures would enable

a longer recording time of axonal transport dynamics.

Transport Recordings

Timing: 2 h

After recovery in the incubator (at least 20 min), the transport dynamics of fluorescently labeled or-

ganelles/vesicles can be recorded along the projections of callosal neurons.

26. To record axonal transport dynamics, use a 633 oil lens with a working distance of 0.14 mm and

position the bottom-glass dish within a recording chamber controlled at 37�C and 5% CO2.

27. Acquire time-lapse images using a confocal microscope (here, Zeiss LSM 880) for a desired

capturing time at the corpus callosum midline to discriminate the directionality of the transport.

As the movement of mitochondria and lysosomes relies on fast axonal transport, it is recommen-

ded to image at least three frames per second for 60 s. The number of acquisitions per second

can be adapted depending on the speed of the cargos.

Note: to locate the corpus callosum midline, we recommend to first use the 103 lens to iden-

tify the fluorescently labeled neurons in the electroporated hemisphere of the brain slice and

follow the neuronal projections to the midline.

CRITICAL: set the microscope lasers at a power low enough to visualize the cargos for the

entire acquisition time; as the neurons are sensitive to photodamage, this measure would

limit the loss of fluorescent signal over time.

CRITICAL: given the critical survival time of the mounted brain slices, it is important to ac-

quire the transport recording in the shortest time possible. For this, we recommend pro-

cessing one brain at a time.

Optional Step of the Protocol: Tamoxifen Injection

Timing: 5 min
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Tamoxifen is administered to activate a given Cre recombinase to temporally regulate the expres-

sion of a plasmid of interest. Tamoxifen is injected intra-peritoneally to the pregnant dam for a ver-

tical diffusion via the blood system to the electroporated embryos, and after delivery to modulate

the tamoxifen transmission to the pups via mother’s milk.

28. To perform an IP injection, restrain the animal with the ventral abdomen facing up and the head

slightly tilted downward. Insert the syringe at 4–5 mm depth into the lower right quadrant of the

abdomen toward the mouse head, by keeping a 20�–30� angle to the abdominal surface; aspi-

rate by pulling back syringe plunger to check if vital organs were punctured and, and if any fluid

is aspirated inject slowly the tamoxifen solution. If aspirate is observed, withdraw and discard

the needle, and gently perform the procedure again.

CRITICAL: injection volume should be the lowest possible (ideally less than 0.2 mL and

needle size should be less than 21G). A new needle should be used for each animal, to

reduce the risk of infection.

29. Observe the animal to check for signs of bleedings at injection site or sign of pain or distress due

to complication of injection. If complications persist 24 h after the injection, the animal is sacri-

ficed.

Note:misplaced intraperitoneal injections can lead to peritonitis, lacerations of abdominal or-

gans, bleeding, or infections. All these complications are associated with pain or distress

whose severity can be clinically evaluated (i.e., by using Grimace Scale; Langford et al. 2010).

Note: for optimal plasmids effect at postnatal stage P2, we routinely perform injections on

pregnant dams E17.5 and E18.5, and one day after delivery. Frequency and number of doses

administered justify the time needed for cre-driven recombination and expression of the plas-

mids of interest; adaptations might be necessary depending on the timing for tissue harvest-

ing and biological effects of the plasmid/plasmids of interest.

EXPECTED OUTCOMES

This protocol has been developed to record the transport dynamics of motile vesicles and/or organ-

elles along the axonal projection of layer II-V pyramidal neurons ex vivo on cortical slices. This pro-

cedure relies on the in utero electroporation of plasmids expressing fluorescently labeled mem-

brane proteins targeting species-specific organelles. In opposition to transgenic animal models

used for studies of axonal transport, the electroporation of fluorescent plasmids enables the selec-

tive visualization of a restricted population of neurons, to ultimately facilitate the tracking of vesicles

trajectories (Mattedi and Vagnoni 2019).

Here, we report the use of the Lamp1:emerald or DsRed-mito expressing plasmids to selectively la-

bel and track lysosomes or mitochondria, respectively. A cortical slice prepared at postnatal day 2

(P2) following electroporation at E14.5 in the somatosensory cortex would typically manifest fluores-

cent callosal neurons projecting from the upper cortical layers to the contralateral hemisphere

through the interhemispheric midline (Figure 6). At the interhemispheric midline, dotted fluorescent

signals corresponding to Lamp1-expressing lysosomes or DsRed-expressing mitochondria is ex-

pected to move bidirectionally along the callosal projection of electroporated neurons (Figure 7C

and Methods Video S1).

The ex vivo protocol described here was set up to study axonal transport dynamics in a new in vitro

setting closer to the in vivo situation. In comparison to existing microfluidic devices, that are

commonly used to physically separate axons from dendrites to facilitate the study of axonal trans-

port, organotypic slices better recapitulate the cellular and chemical cortical environment of neurons
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that plays an importante role in defining their metabolism and morphology (Polleux, Morrow, and

Ghosh 2000; Villarin et al. 2016).

QUANTIFICATION AND STATISTICAL ANALYSIS

1. Download the FIJI/ImageJ plugin Kymotoolbox.

2. Open an image series in FIJI/ImageJ.

3. If necessary, separate stacked channels [Image | Color | Split channels] (Figure 7A).

4. Adjust the image proprieties [Image | Proprieties].

5. Select the Segmented Line Tool [right-click on the Line icon | Segmented Line] and set the width

value that has to be used for the complete data analysis [double-click on the Segmented Line

Icon].

6. Track the axon by drawing a segmented line along its length and add the defined line region of

interest (ROI) to the ROI Manager [click t]. For subsequent calculations of vesicles run length,

segmented lines of the same length should be traced. Export the obtained data set into excel

(Figure 7B).

7. Generate a kymograph and corresponding video of the tracked axon [Plugin | KymoToolBox |

Draw Kymo] by setting the width previously defined (see step 5) and ticking [Get Kymo] and

[Get KymoStack] (Figures 7C and 7D and Methods Video S1).

8. Track the particles trajectories by drawing a segmented line along their length and add the

defined ROIs to the ROI Manager, as previously described.

9. Analyze the particles displacement over time along the tracked axon [Plugin | KymoToolBox |

Analyse Kymo] by defining the directionality of the motion [outward], setting the minimum

speed for movement and selecting [Log all data]. Select [Show colored kymo] to generate a co-

lor-coded kymograph of the trajectories analyzed. We commonly consider vesicles as stationary

when speed is lower than 0.1 mm/s (Figure 7E).

10. Export the Summary data set from the Result panel into Excel. We routinely analyze Average ve-

locity (mm/s), Run length (mm), Pausing time (%).

Figure 6. Representative Image of a Cortical Slice Collected at P2 following Electroporation at E14.5 of

Lamp1:Emerald and Memb-mCherry

Electroporated L2–4 pyramidal neurons with callosal projections (red); Lamp1:emerald (green); nuclei (blue). Scale

bar, 500 mm.
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LIMITATIONS

The ex vivo protocol described here was developed for recording intracellular trafficking within

axonal projections of layer II-V pyramidal neurons. These neurons have an organized interhemi-

spheric distribution that enables the visualization of all their subcellular compartments, from the

cell soma to the axonal projections, within a coronal slice. For this reason, the transfection of this

neuronal population via in utero electroporation is an ideal tool to visualize their spatial distribution

and study their intracellular dynamics on a cortical slice. Accordingly, by recording axonal transport

along the callosal projections at the interhemispheric midline, it is possible to precisely define the

directionality of the organelles motility (i.e., whether it is moving with anterograde or retrogrademo-

tion) and standardize the location of the recording window with regard to the distance from the cell

soma. If transport directionality and distance from the cell soma are parameters of interest in the

analysis, recordings of axonal transport in other neuronal population with a more complex and

not clearly organized spatial distribution might be associated with increasing technical challenges.

The ability to record transport dynamics in organotypic cortical slices is limited by the age of pups

and the time of culture. In comparison to P2 slices that can be kept up to 4 h, cultures at later stages

are expected to have a shorter survival rate and lower organelle-associated fluorescent signal.

Figure 7. Axonal Transport Analysis of Lamp1-Positive Lysosomes in Cortical Projection Neurons of P2 Cortical

Slices

(A) Representative image of memb-mCherry callosal projection neurons with Lamp1-expressing lysosomes (emerald)

crossing the interhemispheric midline of P2 cortical slices. Scale bar, 10 mm.

(B and C) Kymograph generation and analysis. (B) Drawing of a segmented line along axon length. (C) 5-s interval

snapshots of Lamp1:emerald lysosome displacement along tracked axon. Scale bar, 5 mm.

(D) Kymograph generated from tracked axon, used to characterize the trajectories of moving vesicles.

(E) Representative tracking of a vesicle moving with anterograde and retrograde motion; the vesicle is considered

stationary when speed is lower than 0.1 mm/s. Scale bar, 5 mm.
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The in utero electroporation technique enables the co-transfection of multiple plasmids, thus allow-

ing multi-level genetic alterations. By co-electroporating plasmids that simultaneously enable the

labeling of organelles and regulation of a given protein expression, it is possible to study the dy-

namics of axonal transport applied to a gene-dependent phenotype. If the expression level of a

given protein has to be genetically regulated, i.e., via RNA interference technology, it is important

to evaluate its physiological role during brain development and assess whether changes in its

expression could affect key processes such as neuronal proliferation and migration. In these circum-

stances, it is recommended to control the timing of gene expression by using inducible plasmid sys-

tems that can be activated after a defined developmental stage.

If the in utero electroporation technique is used to regulate the expression level of a given protein,

axonal transport dynamics cannot be investigated by using fluorescent dyes for organelles such as

mitochondria (MitoTracker) and lysosomes (LysoTracker). These dyes would ubiquitously label every

neuronal population of the cortical slices, preventing the unique visualization of motile organelles/

vesicles along the electroporated neurons.

TROUBLESHOOTING

Problem 1

Suboptimal shortening of the microcapillary leading to a problem with injection.

Potential Solution

For a targeted injection of the plasmid solution, it is important to control the quality of the microca-

pillary tip. A microcapillary tip with an optimal internal diameter would enable a precise and harm-

less injection into cortical ventricles. A tip excessively shortened would present a too large internal

diameter, which could potentially lead to difficulties in penetrating the uterine wall or damage of the

amniotic sac with following leakage of amniotic fluid. On the other hand, a tip with a too narrow in-

ternal diameter due to insufficient shortening would prevent an efficient penetration of the uterine

wall, as it could bend over the uterus surface and break. Lastly, if the injection is optimal but too

much volume is released into a given ventricle leading to filling of the interconnected ventricles,

the ejected volume can be reduced by controlling the pressure delivered by the injector. This mea-

sure would prevent the need for replacing the microcapillary. Overloading of the ventricles with

plasmid solution could also cause hydrocephalus and ultimately lead to embryonic lethality. There-

fore, to ensure optimal injection of the plasmid solution into the ventricle it is important to cut the

capillary at the appropriate length ensuring the best compromise between penetrance and plasmid

flow (Figure 1).

Problem 2

Low number of electroporated embryos or survival rate.

Potential Solution

If low electroporation rate is experienced, the surgeon should pay attention to: 1) concentration or

quality of the plasmid solution (endotoxin-free plasmid solution is highly recommended); if the

expression of the plasmid is unknown to the experimenter, in vitro transfection tests should be per-

formed to assess the expression of fluorescence; 2) the site of injection; a crescent shape corre-

sponding to the lateral ventricle should progressively fill and be visualized with fast green while in-

jecting; 3) the correct positioning of the electrodes with respect to the neuronal population to

electroporate; an imprecise orientation of the positively and negatively charged electrodes might

lead to missed electroporation or electroporation of undesired neuronal population. 4) Electropo-

ration settings should be determined according to the embryonic stage. Commonly, the electropo-

ration voltage is increased at later embryonic stages in comparison to early stages while other pa-

rameters remain constant (E14.5: 40 V, E15.5: 45 V). Electrodes with a larger diameter (5 mm) can

be used to target a larger area of the brain with the same pulse conditions than the 3 mm electrodes.
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To improve the low survival rate of electroporated embryos: 1) keep the surgery time within 30 min;

2) do not electroporate the first embryos of each horn adjacent to the cervix, in order to minimize the

chances of abortion; 3) manipulate the embryos with care making sure the uterus is hydrated for the

whole procedure; keep the mouse warm with the heating pad while being under anesthesia and by

using a warming lamp during post-operative recovery; 4) reintroduce the uterine horns into the

abdomen respecting their original position, to prevent twisting and tangling of the associated

vasculature system which could lead to resorption; 5) preferentially use mice aged two to three

months as they show better recovery; 6) make sure the plasmids are produced with an endotoxin-

free DNA isolation kit. 7) do not try to inject the same embryo more than twice.

Problem 3

Problem in the detection of organelles/vesicles transport dynamics.

Potential Solution

If no movement of the organelles/vesicles is recorded, this may result from poor slice fitness. Post-

natal cortical slices have a short survival rate (about 4 h) and therefore every measure that could

endorse it should be followed. We highly recommend performing all steps of the procedure in

the shortest time possible, to maintain all reagents and perform all manipulations at 4�C.
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Chapter 10

Molecular Analysis of Axonal Transport Dynamics upon
Modulation of Microtubule Acetylation

Silvia Turchetto, Romain Le Bail, Loı̈c Broix, and Laurent Nguyen

Abstract

Axonal transport is used by neurons to distribute mRNAs, proteins, and organelles to their peripheral
compartments in order to sustain their structural and functional integrity. Cargoes are transported along
the microtubule (MT) network whose post-translational modifications influence transport dynamics. Here,
we describe methods to modulate MT acetylation and record its impact on axonal transport in cultured
mouse cortical projection neurons as well as in motoneurons of Drosophila melanogaster third-instar larvae.
Specifically, we provide a step-by step procedure to reduce the level of MT acetylation and to record and
analyze the transport of dye-labeled organelles in projection neuron axons cultured in microfluidic cham-
bers. In addition, we describe the method to record and analyze GFP-tagged mitochondria transport along
the motoneuron axons of transgenic Drosophila melanogaster third-instar larvae.

Key words Axonal transport, MT acetylation, Cargo, Organelles, ATAT1, HDAC6

1 Introduction

Neurons are highly polarized cells that transport cargoes along
their protracted axons to supply mRNAs, proteins, and organelles
to the axoplasm. Intracellular trafficking of cargoes along axons is
essential for neuron maturation and homeostasis as well as for their
functional integration into neuronal network via synaptic activity.
Cargoes are transported along MTs whose structure, properties,
and dynamics rely on its constitutive tubulin subtypes as well as
their post-translational modifications (PTMs) that can fine-tune the
trafficking of cargoes (reviewed in [1]).

While most PTMs, such as glutamylation, glycylation, and
detyrosination, occur on the C-terminal tails of α/β-tubulins, acet-
ylation of α-tubulin takes place on intralumenal Lys40 (K40) of
MTs. This PTM is catalyzed by the α-tubulin N-acetyltransferase

Alessio Vagnoni (ed.), Axonal Transport: Methods and Protocols,
Methods in Molecular Biology, vol. 2431, https://doi.org/10.1007/978-1-0716-1990-2_10,
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1 (ATAT1) and removed by the histone deacetylase 6 (HDAC6)
[2]. The acetylation of α-tubulin modulates the mechanical proper-
ties of MTs by enhancing their flexibility, thereby protecting them
from stress-induced mechanical aging [3]. Additionally, α-tubulin
acetylation has been reported to increase the recruitment and pro-
cessivity of molecular motors on MTs, pinpointing a functional
correlation between MT acetylation and axonal transport dynamics
[4, 5]. Accordingly, some neurodegenerative diseases exhibit trans-
port defects which correlate with decreased MT acetylation levels.
Restoring the balance of K40 acetylation using overexpression of
ATAT1 or inhibitors of HDAC6 subsequently rescues axonal trans-
port, therefore strengthening the link between this PTM and the
regulation of axonal transport [4, 6, 7]. In accordance with the role
that MTs play in neuronal development and activity, mice lacking
ATAT1 display dentate gyrus deformation, hypoplasia of the sep-
tum and striatum and enlarged lateral ventricles. Moreover, their
somatosensory cortical neurons suffer from axon overgrowth and
overbranching, further suggesting an important role for MT acety-
lation during cortical maturation [8–10].

To investigate the role of ATAT1 on axonal transport dynamics
and further untangle its regulatory molecular mechanisms, we
assessed axonal transport dynamics in mouse cortical neurons and
in third-instar larva motoneurons of Drosophila melanogaster upon
RNA interference (RNAi)-induced knock-down (KD) of ATAT1
and ATAT2 (the D. melanogaster orthologs of mouse Atat1)
[11]. We reported comparable axonal transport defects of
membrane-bound organelles across species upon knock-down of
ATAT1 that were rescued by the expression of a mutant α-tubulin
(K40Q) mimicking K40 acetylation in mice or by pharmacological
inhibition of HDAC6 in third-instar larvae [11].

Here, we provide an experimental paradigm to analyze the
axonal transport of organelles in mouse cortical projection neurons
cultured in microfluidics chambers as well as in motoneurons of live
anaesthetizedD.melanogaster third-instar larvae. These models are
suitable to study the contribution of MTs acetylation to the
transport dynamics of organelles and allow a comparison of these
molecular parameters across species. More specifically, we provide a
step-by-step method to knock down ATAT1 in mouse cortical
neurons by in utero electroporation of short hairpin RNA
(shRNA) and to record axonal transport dynamics of dye-labeled
organelles in neurons cultured in microfluidic devices. As a cultur-
ing platform, microfluidics devices enable the physical isolation of
axons from cell bodies and dendrites, thus allowing the study of
axon biology and its transport dynamics. Moreover, we describe the
experimental protocol to record axonal transport of mitochondria
along the motoneuron axons from anesthetized third-instar larvae
as well as the genetic strategies used to generate simple or com-
pound conditional Atat1/2 and/or Hdac6 knock-down. We
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further emphasize the pharmacological strategy used to rescue MT
acetylation levels in larvae upon Atat1/2 KD and ultimately pro-
vide the detailed procedure to quantify the axonal transport para-
meters extracted from the time-lapse recordings.

2 Materials

2.1 Axonal Transport

Recordings in Mouse

Cortical Neurons

2.1.1 In Utero

Electroporation

1. Micropipette puller (Sutter Instrument, #P-97).

2. Electroporator (BTX, #ECM 830).

3. Micro-injector (Eppendorf, #5252000013).

4. Isoflurane anesthesia vaporizer (Harvard Apparatus, #34-
1041).

5. Heating pad (Beurer, HK 35 Heat pad).

6. Surgical lamp with flexible arm.

7. Endo-free plasmid maxi kit (Macherey-Nagel, #740420).

8. Sterile PBS.

9. Fast green.

10. Isoflurane.

11. Analgesic: Buprecare 0.3 mg/mL injection (Animalcare).

12. Ophthalmic lubrificant: Fucithalmic Vet 10 mg/g (Aventix).

13. 3 mm φ platinum electrodes (Sonidel, # CUY650P3).

14. Borosilicate Glass capillaries (Harvard Apparatus, #30-0016).

15. Syringe 1 mL.

16. Needle 26GA (0.45 10 mm).

17. Microloader tips (Eppendorf, #5242956003).

18. Scissors.

19. Spring scissors.

20. Ring forceps.

21. Vicryl suture 4–0.

22. Plasmids: pEGFP α-tubulin WT (Clontech) and pEGFP
α-tubulin K40Q (Addgene, #105302).

23. Atat1 short hairpin RNA (shRNA); sequence: 5’- GCAG
CAAATCATGACTATTGT -30 [12]. Scrambled-shRNA;
sequence: 5’-TACGCGCATAAGATTAGGG-30.

2.1.2 Culturing

and Plating Mouse Cortical

Neurons in Microfluidic

Devices

1. Vacuum desiccator.

2. Glass-bottom dish (Mattek Life Science, #P50G-0-30-F).

3. Microfluidic chambers, 450μm microgroove barrier (XONA
microfluidics, # SND450).
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4. 0,1 mg/mL Poly-D-Lysine, resuspended in sterile water, ready
to use. Solution can be stored at 4 C for up to 2 years.

5. Neurobasal medium (ThermoFisher, #21103049), to be sup-
plemented with 1% Penicillin-Streptomycin, 1% Glutamine,
and 2% B27 to prepare the culturing medium.

6. 200 mM Glutamine

7. 10,000 units/mL Penicillin-Streptomycin (P/S)

8. B27 (Gibco, Invitrogen, #15140122).

9. Forceps.

10. Perforated spoon.

11. 20μm/mL BDNF, resuspended in culturing medium and ali-
quoted for long-term storage at 20 C (Peprotech, #450-
02).

12. Mitotracker Red (ThermoFisher, # M7514).

13. Lysotracker Deep red (ThermoFisher, # L12492).

14. Ethanol 70%.

15. 40μm cell strainer.

16. 30% Glucose.

17. HBSS.

2.2 Axonal Transport

Recordings

in Drosophila

melanogaster

2.2.1 Fly Lines

and Husbandry

1. Drosophila culture tubes 25 95 mm (MLS, # QD789008).

2. Foam plug, Ø 36 40 mm (MLS, # QD330070).

3. Homemade cornmeal medium based on BDSC standard recipe
(https://bdsc.indiana.edu/information/recipes/bloomfood.
html).

4. Incubators.

5. Fly lines of the appropriate genotype (Table 1).

2.2.2 Recording

of Axonal Transport

1. Ether.

2. 80% glycerol solution in water.

3. 10% Sucrose solution in water.

4. 50 mL conical centrifuge tubes.

5. 12-well plate.

6. Beaker.

7. Parafilm.

8. Forceps.

9. Tissue paper.

10. Standard microscope slides.

11. 32 32 mm microscope coverslips.
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12. Dissection microscope equipped with fluorescent lamp.

13. Confocal microscope.

2.2.3 Treating

Third-instar Larvae

with Tubastatin A

1. 24-well plates.

2. 10% sucrose solution in water.

3. Tubastatin A powder (Sigma, # SML0044).

4. DMSO.

5. Heating bath.

6. Vortex.

3 Methods

3.1 Axonal Transport

Recording of Mouse

Cortical Neurons

Seeded in Microfluidic

Devices

3.1.1 Preparation

of the Microfluidic

Chambers

1. Coat glass-bottom dishes with 0.1 mg/mL Poly-D-lysine
(2 mL/dish) and incubate overnight at 4 C. Rinse 3 times
with sterile water and allow to air dry under a laminar flow
hood for 30 min. Dried coated dishes can be stored at 4 C
until use for up to 1 month.

2. Sterilize microfluidics chambers with 70% ethanol for 30 min,
making sure microgrooves are facing up. Remove ethanol and
allow to dry under laminar flow hood (see Note 1).

3. Assemble the microfluidic chambers with the microgrooves
facing downward on the coated dishes and press gently, either
with your fingers or a pipette tip; be gentle on the grooves, to
prevent their clogging that would hamper the media flow from
somal to axonal compartments. To remove air bubbles that
might have formed within the grooves, place microfluidics in
a desiccator under vacuum for 30 min.

Table 1
Fly lines used in this protocol with their origin and purpose

Fly line Origin Purpose

D42-GAL4 >
UAS-
mitoGFP

Bloomington drosophila
stock center (BDSC)
#42737

Expression of Gal4 in motor neurons [11]

UAS-RNAi
HDAC6

BDSC #34072 UAS-dependent expression of interfering RNA (RNAi)
against the HDAC6 enzyme to increase acetylation
levels [11]

UAS-RNAi
ATAT1

VDRC #106247 UAS-dependent expression of RNAi against the ATAT1
enzyme to decrease acetylation levels [11]

UAS-RNAi
ATAT2

VDRC #101273 UAS-dependent expression of RNAi against the ATAT2
enzyme to decrease acetylation levels [11]

UAS-RNAi
ZPG

VDRC #33277 Control line using UAS-dependent expression of RNAi
against ZPG, a protein expressed in gonads [11]
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3.1.2 Irrigation

of the Microfluidics

1. Irrigate the main channel of the somal compartment by adding
into one of the two adjacent wells 200μL of Neurobasal
medium complemented with 1% Glutamine, 1% P/S, and 2%
B27 (culturing medium). Wait 5 min for the media to flow
through the channel and equilibrate with the other somal well.
Fill up both somal wells with further 100μL of media.

2. Wait up to 1 h to allow the media in the somal channel to flow
through the microgrooves into the axonal channel, thus filling
the adjacent axonal wells. Keep the microfluidics in the incuba-
tor until ready to use (see Note 2).

3.1.3 In Utero

Electroporation of Cortical

Projection Neurons

1. Prepare a mix of endotoxin-free plasmids in sterile nuclease-
free water in a total volume of 10μL by diluting each plasmid at
1μg/μL with 0.1% (w/v) Fast green at 1/10 volume to visua-
lize the injection site. To downregulate Atat1 and decrease MT
acetylation level, you can use conditional sh-Atat1-expressing
plasmid or sh-scrambled-expressing plasmid, as control, com-
bined with a cre recombinase-expressing plasmid to drive their
respective expression. To restore MT acetylation levels, use a
plasmid encoding for α-tubulin K40Q which mimics MT acet-
ylation or a WT tubulin-expressing plasmid, as control (see
Notes 3 and 4 for details of the plasmids).

2. By using a Needle Pipette Puller, pull glass microcapillaries
tubing with inner diameter of 0.58 mm under the following
conditions: heat: 634; pull: 92; velocity: 115; time: 210.

3. By using microloader tips, fill pulled microcapillaries with the
plasmid mix. Use spring scissors to make progressively deeper
diagonal cuts at the microcapillary tip, thus enlarging its diam-
eter, until the plasmid solution passes through. To prevent air
drying of the solution, cut the tip of microcapillaries only at the
start of the surgery.

4. Anesthetize a pregnant mouse at E14.5 with a flow of 4%
isoflurane; once sedated transfer it on a heating pad to quickly
apply ophthalmic lubricant (Fucithalmic Vet 5 mg/g) and
inject the analgesic (Buprecare 0.1 mg/kg injection)
subcutaneously.

5. Reduce the anesthetic flow to 2% and turn the mouse on its
back. Shave the abdomen with depilatory cream and disinfect
afterwards with 70% ethanol solution. Place the surgical field
with rhomboidal aperture on the shaved area and wet it with
warm phosphate-buffered saline (PBS) before performing a
first incision of about 1.5 cm along the skin and a second
along the midline of the abdominal muscles.

6. Use ring forceps to pull one uterine horn at a time out of the
abdomen cavity by holding it at the junction between embryos.
Expose the horn on the surgical field and make sure to apply
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further warm saline solution during the entire procedure to
prevent its drying.

7. Gently, hold an embryo steadily and by using a prepared micro-
capillary connected to a mouth-controlled tube or micro-
injector, inject 0.1–0.2μL of DNA plasmid mix through the
placenta into one of the lateral ventricles. The filling of the
ventricles with the Fast-Green dye indicates the success of the
injection (see Note 5) (Fig. 1a).

A

Seeding of cortical
neurons

Organelles labelling

electroporation

cortex dissociation

LysoTracker/MitoTracker

25 sec

35 sec

20 sec

15 sec

10 sec

5 sec

30 sec

45 sec

40 sec

50 sec

Anterograde
Retrograde
Stationary

0 s

60 s

Axonal transport recordings

Fig. 1 Axonal transport recordings of mouse cortical neurons seeded in microfluidics chambers. (a) In utero
electroporation of E14.5 mouse embryos with a solution of DNA plasmids to modulate MT acetylation level.
Inject one lateral ventricle with the plasmid mix until the injection site is decorated by the fast green.
Electroporate the injected plasmids into the neocortex by positioning the cathode (positively charged
electrode) towards the target area and the anode (negatively charged electrode) at the opposite side of the
brain. (b) Seeding of E15.5 cortical neurons dissociated from electroporated brains. Dissect and dissociate the
electroporated hemisphere to prepare a cell suspension to be plated in the somal compartment (S) of the
microfluidic chambers. Note that the seeded culture encompass also non-electroporated neuron. (c) Labeling
of membrane-bound organelles. At DIV4, label seeded neurons with organelle-labeling dyes (e.g., LysoTracker
for lysosomes and MitoTracker for mitochondria) for overnight incubation. (d) Recording of the axonal
transport at DIV5 to follow the movements of labeled organelles. Wash somal (S) and axonal (A) wells with
fresh medium and use a confocal microscope to record axonal transport dynamics of labeled organelles along
the lower microgrooves segment lining the axonal channel
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8. Hold the embryo with electrode-type forceps, placing the
anode at the injection site and the cathode at the opposite
side of the brain and deliver 5 electric pulses of 40 V at 50-ms
intervals for 950 ms (see Note 6) (Fig. 1a).

9. After performing ventricle injection and electroporation of the
remaining embryos, wet the uterine horn before placing it back
into the abdominal cavity. Perform the same procedure on the
second uterine horn.

10. Suture first the abdominal muscles and then the skin before
placing the operated mouse into a cage kept under a warming
light. Monitor closely the recovery of the mouse (see Note 7).

3.1.4 Culture

of Electroporated Cortical

Projection Neurons

in Microfluidic Chambers

1. Prepare primary mouse cortical neurons isolated from electro-
porated E14.5 mouse embryos. Briefly, 1 day after performing
in utero electroporation (E15.5), dissect the brains and check
for fluorescence of the co-electroporated reporter plasmid
under a binocular fluorescent microscope. Dissect the electro-
porated cerebral hemisphere in ice-cold Hank’s balanced salt
solution (HBSS) supplemented with 1.5% glucose. In the case
of embryos electroporated with the same plasmid mix, collect
the micro-dissected electroporated cortexes in the same tube.
Dissociate mechanically in culturing medium by using a P1000
pipette and pipetting up and down very gently for approxi-
mately 15–20 times. Filter the cellular suspension through a
40μm strainer, concentrate it by centrifugation at 150 g for
5 min, and finally resuspend the cells in culturing medium at
40 10 cells/μL (see Note 8).

2. Aspirate the medium from all the four wells to leave a thin layer
of medium covering the well surface (see Note 9).

3. Load slowly, by keeping the pipette tip at the entrance of the
somal channel, 5μL of cell suspension. To favor high seeding
density within the channel, quickly after adding the cells,
remove 5μL of media from the opposite somal well and slowly
load it back in the same well. This practice allows first the cell
transit along the channel and then it’s slowing down. Quickly,
observe under a microscope the cell flow through the channel
until cell positioning; cells should have attached also along
microgrooves entrance (see Note 10) (Fig. 1b).

4. Without adding any additional media to the wells, incubate in a
humidifier incubator for 2 h until cells have attached.

5. Fill somal and axonal wells with fresh culture medium supple-
mented with 20 ng/mL BDNF and 50 ng/mL BDNF, respec-
tively, to promote axon outgrowth. In order to establish a
fluidically isolated system ensuring compartment-specific
BDNF concentrations, keep a 50μL media volume difference
between somal and axonal compartment, with the higher
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volume in the somal well. This practice prevents diffusion of
the higher BDNF concentrated solution from the axonal to the
somal well.

6. Keep the devices in a humidified incubator at 37 C, 5% CO .

7. Check the media volume in the wells every day, and fill up if
evaporation occurred. Every 2 days, replace half of the media
with fresh BDNF-enriched media.

3.1.5 Labeling

of Membrane-Bound

Organelles

1. At DIV4, label mitochondria or lysosomes by replacing half of
each reservoir media with fresh culturing media containing
200 nM Mitotracker® or Lysotracker®, to reach a final con-
centration of 100 nM (see Note 11) (Fig. 1c).

2. Incubate for 60 min at 37 C.

3. Wash twice the wells with fresh culturing media and incubate
overnight. Acquisitions are performed the following day.

3.1.6 Recording

and Axonal Transport

Analysis

After overnight incubation of the culture upon labeling with
organelle-specific dies, the transport dynamics of lysosomes
and/or mitochondria can be recorded. Position the glass-bottom
dish within a recording chamber controlled at 37 C and 5% CO of
a confocal microscope (for Even et al. [11], we used a Zeiss LSM
880) and use a 63 oil objective with a working distance of
0.14 mm to acquire time-lapse movies. Given the shorter lengths
of dendrites, image at the bottom of the microgrooves (approxi-
mately 450μm from the somal channel) lining the axonal channel to
unambiguously focus on axons. The MitoTracker and LysoTracker
label the organelles of all cultured neurons, including the
non-electroporated ones. Focus only on the electroporated neu-
rons identified by the fluorescent reporter gene of choice. We
recommend to acquire three frames per second for 60 s in total,
as mitochondria and lysosomes trafficking follows the dynamics of
the fast axonal transport (see Note 12) (Fig. 1d).

3.2 Axonal Transport

Recording upon

Modification of MT

Acetylation

in Drosophila

Melanogaster

3.2.1 Generation

of Third-Instar Larvae

1. The D42-Gal4>UASmitoGFP line is maintained at 20 C and
passed every 15–20 days.

2. To generate third-instar larvae for axonal transport, transfer
stock vials in a 25 C incubator to hasten the life cycle. Adult
flies can be passed every 2 days to maximize the amount of eggs
that are laid.

3. Transfer the vials with eggs in a 29 C incubator to maximize
the expression of Gal4 and check regularly to monitor the
growth of larvae.
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3.2.2 Anesthesia

and Recording of Axonal

Transport in Motoneurons

from D42-Gal4 > UAS

mitoGFP Larvae

1. Prepare the anesthesia setup by perforating the lid of a 50 mL
Falcon to allow ether fumes to penetrate. Place absorbing
paper at the bottom of a glass beaker and add 5 mL of ether
on the paper. Close the beaker hermetically with parafilm to
prevent the evaporation of ether fumes (see Note 13).

2. When third-instar larvae from the D42-GAL4 > UAS-
mitoGFP line are abundant, collect and place 10 larvae in a
12-well plate filled with 10% sucrose solution (see Note 14).
Larvae should only be kept in sucrose solution for a maximum
of 1 h. Proceed immediately with the rest of the protocol.

3. Select the larvae with the brightest GFP expression in moto-
neurons using a dissection microscope equipped with a fluores-
cent lamp and discard the other larvae (see Note 15).

4. Select 3 larvae and place them on absorbing paper to dry them
(see Note 16). Transfer the larvae on the inside of the
perforated 50 mL falcon lid and close the falcon, making sure
that the larvae rest on the inside of the falcon against the lid.
Place the falcon with the lid against the paper soaked with ether
to position the larvae directly on top of the ether fumes and seal
with parafilm for 8 min (Fig. 2a).

5. Prepare 3 microscope slides and add 300μL glycerol in the
center. All the following steps should be performed quickly
since the anesthesia lasts about 30 min. After 8 min incubation,
transfer one anesthetized larva per microscope slide. The larvae
should always be placed with the same orientation (e.g., with
the head facing the side of the slide reserved for annotation) to
ensure that the orientation of the movies will be consistent. Use
a dissection microscope and a pair of forceps to rotate the
tracheas against the microscope slide so that the brain is facing
up, as shown in Fig. 2b. Place a 32 32mm coverslip on top of
the larvae and adjust the position of the larvae by gently
moving the coverslip with your finger until the brain and
motoneurons are clearly visible on the dissection microscope
(see Note 17).

6. Place the microscope slide with the coverslip facing the objec-
tive of the confocal microscope. The slide should be placed
consistently so that the head of the larvae is always on the right
(Fig. 2c).This will allow the discrimination between antero-
grade and retrograde transport during the analysis of the
movies.

7. Find the brain and the motoneurons emerging from the ventral
nerve cord using a small magnification objective and epifluor-
escent illumination (see Note 18). Focus on the proximal seg-
ment of motor neurons emerging from the ventral nerve cord
with a 60 objective, as shown in the red square representing
the field of view in Fig. 2c.
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8. Acquire 1-min movies with a maximum of 600 ms between
frames. Settings of the laser, gain, and offset should be adjusted
based on the setup (see Note 19). Multiple movies can be
acquired in different motoneurons of the same larva to maxi-
mize the number of mitochondria that can be tracked. Multiple
larvae should also be used for a single experiment to accurately
represent inter-individual variability. Expected results and their
corresponding kymograph for recordings of GFP-tagged mito-
chondria are shown in Fig. 2d (see Note 20).

8min

Larva placement on slide

Confocal Imaging

Anesthesia in ether fumesA

B

C

D Expected results

Fig. 2 Axonal transport recording in third-instar larvae. (a) The fly larvae are placed on the inside of a
perforated 50 mL falcon lid. The falcon is then closed with the larvae on the inside and placed in a beaker with
ether-soaker tissue paper for 8 min. (b) The anesthetized larva is placed in a drop of 80% glycerol on a
microscope slide with the ventral side facing up and is then covered by a 32 32 mm glass coverslip. (c) A
confocal microscope is used to record motile mitochondria in the proximal segment of the axon in
motoneurons emerging from the ventral nerve cord, as shown in the red square depicting the field of view.
(d) Motile mitochondria can be visualized as shown in the expected results and the corresponding kymograph.
Arrows track moving mitochondria which are highlighted on the kymograph below. (Panel D is adapted from
Le Bail et al. with permission [13])
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3.2.3 Treatment

with Tubastatin A to

Increase MTs Acetylation

1. Prepare the stock solution of Tubastatin A by diluting the
powder inDMSO at a concentration of 100mM (seeNote 21).

2. Select third-instar larvae as in Subheading 3.2.2 and maintain
them in 10% sucrose solution.

3. Fill a 24-well plate with 500μL 10% sucrose solution per well
and divide it in two halves for the control and treated condi-
tions. For the control group add 5μL of DMSO (see Note 22)
and for the treated group add 5μL of the tubastatin A stock
solution to reach a final concentration of 1 mM.

4. Add larvae to the wells of the desired condition for 30 min. The
larvae should move and absorb the drug through the feeding
reflex. After treatment, immediately prepare the larvae for axo-
nal transport recording, starting from drying the larvae on
absorbing paper and following the steps as previously described
in Subheading 3.2.2 (see Note 23).

3.2.4 Transgenic Fly

Lines to Modulate MT

Acetylation Levels

1. Transgenic fly lines expressing RNAi directed against the main
regulators of MT acetylation can be used to modulate MT
acetylation levels. To decrease MT acetylation, use a double
transgenic line expressing both RNAi ATAT1 and RNAi
ATAT2 (see Note 24), conversely, to increase MT acetylation,
use RNAi against HDAC6. To record axonal transport and
knock down ATAT1, ATAT2, or HDAC6, cross the
D42-GAL4 > UAS-mitoGFP with either of the RNAi expres-
sing line. The steps to carry out the crossings are detailed
below.

2. The flies used to carry out the crossings should be homozygous
to ensure that the F1 larvae will all be heterozygous for the
transgenic alleles. To generate homozygote flies, make sure
that all flies have lost their balancer and the corresponding
phenotypic marker (see Note 25). Males from one line should
then be crossed with females from the other line.

3. Segregate males and virgin females based on their morphologi-
cal characteristics (see Note 26).

4. Cross males from line 1 (e.g., D42-GAL4 > UAS-mitoGFP)
with females from line 2 (e.g., any RNAi line) to generate larvae
expressing mitochondrial GFP and RNAi against the desired
target in motoneurons (see Note 27). As in Subheading 3.2.1,
carry out crossings at 25 C and transfer adult flies every 2 days
to a new vial. Transfer the vials with eggs at 29 C to maximize
the expression of mitochondrial GFP and RNAi before record-
ing axonal transport. From this step, follow the protocol as
described in Subheading 3.2.2.

218 Silvia Turchetto et al.



3.3 Analysis

of Axonal Transport

Recordings

1. Open an image series in FIJI/ImageJ provided with the plugin
KymoToolBox [14].

2. If necessary, separate stacked channels [Image | Color | Split
channels].

3. Invert the values of Slices and Frames in the image properties
[Image | Properties] (e.g., if the value in Slices is 1 and the value
in Frames is 50, change the value of Slices to 50 and the value of
Frames to 1). This step is necessary for the Kymotoolbox
plugin.

4. Use the Segmented Line Tool [right-click on the Line icon |
Segmented Line] to manually trace the shape of the axon.
Make sure to always trace the line following the directionality
of anterograde transport (starting from the soma to the tip of
the axon) to ensure that the anterograde and retrograde direc-
tionality will be maintained in the kymograph.

5. Double-click on the Segmented Line Icon to select a width that
encompasses all moving particles within the axon. Take note of
the width and change the value back to 1. Click [t] to add the
trace to the Region of Interest (ROI) Manager. Export the data
set into excel to keep a trace of the axons that were tracked (see
Note 28).

6. Use the KymoToolBox plugin to generate a kymograph [Plu-
gin | KymoToolBox | Draw Kymo], tick [Get Kymo] and set
the width to the value determined previously in step 5.

7. On the kymograph, draw a segmented line along the length of
the particle’s trajectories, and, as described in step 5, define
their ROI and add it to the ROI Manager.

8. Analyze the displacement over time of the particles tracked by
the segmented lines [Plugin | KymoToolBox | Analyse Kymo].
Set the directionality of the movement [Outward is. . . From
left to Right] to ensure that the directionality of anterograde
and retrograde transport is preserved. Set the minimum speed
for movement to 0,10μm/s. Choose [Show colored kymo] to
generate a color-coded kymograph for representative purposes
where stationary particles are shown in blue, whereas motile
particles moving with anterograde or retrograde directionality
are shown in green and red, respectively (see Note 2).

9. Export the Summary data set from the Result panel into Excel.
[Mean_speed_Out] is the average velocity in the anterograde
direction for a given particle, conversely [Mean_speed_in] is
the average velocity in the retrograde direction. A particle
moving in the anterograde direction, then changing its course
and moving in the retrograde direction would have a value for
both these parameters. [Mean_speed] represents the average
speed considering both retrograde and anterograde
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movements of a given particle. [%_Time_Pause] is the percent-
age of time during which a given particle has a velocity lower
than the threshold set in the previous step (0.10μm/s).

4 Notes

1. For the success of the bonding it is important that the device
surface is debris-free. Surface contaminants may favor the for-
mation of suboptimal hydrophobic bonds with the glass dish
surface, leading to media leaking and axons growing outside
the microgrooves. Before sterilization, tape can be used to
gently remove debris and cell contaminants accumulated on
the chamber surface from previous usages.

2. We recommend to prepare and irrigate the microfluidic plat-
forms a few days before the plating day. If excessive pressure
was exerted on the microgrooves during the bonding proce-
dure, a longer time would be needed for the media to flow
through the microgrooves. To improve the flow through the
microgrooves, pipette up and down very gently at the entrance
of the somal channel, making sure of not exerting an excess of
pressure that could induce the detachment of the device from
the dish. In case of incomplete filling of the microgrooves,
ensure that the axonal wells are irrigated with a lower volume
compared to the somal ones, to create a hydrostatic pressure
that would force the media to pass through the microgrooves.
Keep the microfluidic chamber in the incubator for 24–48 h
until microgrooves are filled.

3. In Even et al. (2019) [11] we used a pCX-cre expressing
plasmid to drive the expression of the sh-Atat1/scrambled-
expressing plasmids. Alternatively, a conditional Cre recombi-
nase, e.g., a CreERT2 Tamoxifen-driven expression plasmid,
can be used to modulate in a time-controlled manner the
downregulation of the protein of interest, e.g., downregulation
of a protein of interest at post-mitotic stages by injecting
tamoxifen to drive cre recombination after the neurogenesis
window.

4. If possible, use plasmids expressing a fluorescent reporter. For
example, in Even et al. (2019) we co-expressed the pair sh-A-
tat1/scrambled- and Cre-expressing plasmids with a plasmid
expressing either pEGFP α-tubulin WT or pEGFP α-tubulin
K40Q, to assess the Atat1-driven contribution of tubulin acet-
ylation on axonal transport dynamics. If, on the other hand, the
plasmids of interest do not express a fluorescent reporter, we
recommend to co-inject a reporter plasmid expressing a fluo-
rescent protein to allow the visualization of the electroporated
neurons. Make sure that the fluorophore of the reporter
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plasmid does not overlap with the channel of theMitoTracker/
LysoTracker as this would interfere with the transport dynam-
ics recording of the fluorescently labeled organelles.

5. A microcapillary tip optimally cut enables a precise and harm-
less injection into the ventricle. A suboptimal cut could prevent
a sharp tissue perforation hampering its integrity and may allow
the leakage of amniotic fluid.

6. Electroporation parameters should be adapted to the experi-
mental design, in accordance with the developmental stage of
the embryos to electroporate. The parameters described here
were used in Even et al. (2019) [11]. The correct position of
the positively and negatively charged electrodes with respect to
the electroporated area, and their steady placement on the
uterus wall are critical for the success of the electroporation.
When delivering the electric pulses, pay attention not to touch
the heart or the placenta with the electrodes, to prevent admin-
istering a shock to the dam. For more practical information,
check Turchetto et al. (2020) [15].

7. To increase the survival rate of the operated mouse and elec-
troporated embryos, it is crucial to perform the surgery within
45–50 min.

8. To increase cell survival rates, reduce the time required to
prepare the cell suspension by dissociating the tissue mechani-
cally without previous enzymatic digestion. This reduces the
risk of cell damage that would induce cell aggregation and
heterogeneous seeding along the axonal channel.

9. It is very important that both somal wells contain the same
volume of media. As follows, the addition of cells into a somal
well would generate a hydrostatic pressure between the two
somal wells driving the cell to transit along the axonal channel.

10. If 5μL cell suspension does not ensure 60–70% cell confluency
along the somal channel, repeat the loading a second time. Be
careful to not load more than three times, as high confluency in
the somal compartments would compromise survival of the
cells in the channels.

11. Multiple fluorescent organelle dyes can be simultaneously
added to a given culture.

12. To prevent neuron photodamages and loss of the fluorescent
signal over time, set the lasers of the microscope at a low power
to enable the visualization of the labeled cargos for the entire
acquisition time.

13. This step should be performed inside a fume hood to prevent
the inhalation of ether fumes.

14. Third instar is the last stage of larval growth. At this stage,
larvae wander on the edge of the vials before starting pupation.
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To collect third-instar larvae, use a pair of forceps to grab
motile wandering larvae on the edge of a vial.

15. The D42 driver allows the expression of Gal4 in motoneurons
but also in salivary glands. The GFP signal can be strong in the
salivary glands bordering the brain but should not be taken
into consideration when selecting the larvae. Focus instead on
the brightness of the motoneurons emerging form the ventral
nerve cord of the brain.

16. Incomplete drying of larvae will result in inconsistent anesthe-
sia by the ether fumes.

17. If the coverslip is moving during transport or imaging, use nail
polish on the sides of the coverslip to seal it.

18. The brightest mitochondria tend to remain stationary, whereas
the motile mitochondria tend to be smaller and dimmer in
fluorescent signal. The settings of the microscope should be
adjusted accordingly in order to capture most motile
mitochondria.

19. Axonal transport should always be recorded in the same region
to ensure consistent results. We typically record in the proximal
portion of the motoneurons, close to the ventral nerve cord.

20. We typically use a Nikon A1R confocal microscope in
resonant mode.

21. Tubastatin A is a specific HDAC6 inhibitor which can be used
to increase MT acetylation in models with reduced MT acety-
lation [16]. The Tubastatin solution should be clear in DMSO.
If some precipitate can be observed, incubate the solution at
37 C and vortex intermittently until it turns clear.

22. We have observed a slight effect of 1% DMSO solution on
axonal transport velocity which explains why when treating
with tubastatin A, the control group must be treated with
DMSO as well.

23. We usually treat 3 larvae at a time with either the DMSO
vehicle or the tubastatin A and anesthetize all 3 after the end
of the treatment to record axonal transport. The timing of the
experiment has to be followed rigorously and the anesthesia
and recording of axonal transport should be carried out as
quickly as possible following treatmen,t to minimize experi-
mental variability.

24. ATAT1 is the major enzyme responsible for promoting the
acetylation of Lysine 40 of MTs in mammals [17]. In conse-
quence, its loss results in strong reduction of MT acetylation.
Drosophila Melanogaster has two orthologs of the ATAT1
gene, ATAT1 and ATAT2 which have a redundant function,
meaning that downregulation of one or the other will result in
partial loss of MT acetylation, whereas combined downregula-
tion will result in an almost complete loss of MT acetylation.
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25. Balancer chromosomes are modified chromosomes which pre-
vent homologous recombination, carry a dominant phenotype
marker mutation and are recessive lethal. Based on these prop-
erties, flies can be identified based on the phenotypic marker
associated to their balancer chromosome and cannot carry two
copies of the same balancer chromosome. For instance, flies
carrying the CyO balancer will exhibit curled wings
(Cy marker) while flies carrying the TM6B balancer will be
shorter and thicker than wild-type flies at both the larval and
pupal stages (Tubby marker).

26. Males have a thin abdomen, slightly curved inwards with visible
genitals appearing as a large brown mass in the postero-ventral
part of the abdomen, whereas females are bigger than males
and their abdomen is round and white. Virgin females are
slightly translucent and can be recognized by the meconium,
a dark spot in the upper left abdomen persisting up to 3 h after
eclosion. The presence of the meconium guarantees that the
female is a virgin since female flies are only fertile 8 h after
eclosion.

27. Both sexes can be taken from each line for the crossing if the
genes of interest are carried on the somatic chromosomes (1, 2,
or 3). If a transgenic allele is carried by the X chromosome,
only virgin females should be used to ensure that all the prog-
eny will receive one transgenic allele.

28. If an axon harbors a high number of static cargoes which are
cluttering the kymograph, it is possible to choose a smaller
width which would allow to exclude some static cargoes to
focus only on motile ones. We also recommend to trace seg-
mented lines of the same length along all the axons/motoneur-
ons considered for the analysis, for standardized calculations of
vesicles run length.

29. By convention, anterograde transport is represented from left
to right on representative kymographs and has a positive value
for velocity, whereas retrograde transport is represented from
right to left and has a negative value for velocity.
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