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Abstract  

The fragile X messenger ribonucleoprotein 1 (FMRP) is a multifunctional RNA 
binding protein (RBP) implicated in human neurodevelopmental and 
neurodegenerative disorders. FMRP mediates the localization and activity-
dependent translation of its associated mRNAs through the formation of phase 
separated condensates that are trafficked by microtubule-based motors in axons. 
Axonal transport and localized mRNA translation are critical processes for long-
term neuronal survival and are closely linked to the pathogenesis of neurological 
diseases. FMRP dynein-mediated axonal trafficking is still largely unexplored, 
but likely to constitute a key process underlying FMRP spatiotemporal 
translational regulation. Here, we show that roadblock 1 (Dynlrb1), a subunit of 
the dynein complex, is a critical regulator of FMRP function in sensory neurons. 
In axons, FMRP associates with the dynein complex and is retrogradely 
trafficked in a Dynlrb1-dependent manner. Moreover, Dynlrb1 silencing 
induced FMRP granules accumulation and repressed the translation of Map1b, 
one of its primary mRNA targets. Our findings suggest that Dynlrb1 regulates 
FMRP function through the control of its transport and degradation. 
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Chapter 1.  

Introduction  

1.1. Axonal transport 

Neurons are highly polarized cells with an arborized dendritic network and an axon that can 

extend up to one meter in length in humans. Axons mostly rely on the biosynthetic and 

degradative capacity of the cell body to maintain themselves, thus bidirectional active 

transport of organelles, proteins, RNAs and other molecular complexes is pivotal for proper 

neuronal survival and functioning [1], [2]. The axonal transport machinery relies on 

microtubule-associated motor proteins (Figure 1.1.). Indeed, while actin and neurofilaments 

are key axonal cytoskeletal components, long-range axonal trafficking is mostly dependent 

on microtubules (MT) (Figure 1.1.). MT are polarized polymers of tubulin with the plus end 

pointing distally in axons, whereas the polarity is mixed in dendrites [1]. Kinesin and dynein 

superfamilies are motor proteins that utilize ATP to move along MT and transport various 

cargos towards the MT plus and minus ends respectively. The kinesin superfamily comprises 

45 genes, 38 of which are expressed in the nervous system [1]. In contrast to the diversity of 

kinesins, the dynein superfamily comprises two major types, axonemal and cytoplasmic [3]. 

Cytoplasmic dynein 1 (hereafter referred to as dynein) is the main motor driving retrograde 

axonal transport [4] and is discussed in detail in the following sections.  

 

While utilizing the same motors, axonal transport is usually classified into either fast 

or slow categories. Fast axonal transport is characterized by a speed of 50-200 mm/day and 

delivers a variety of membranous organelles and vesicles. On the other hand, the slow 

component conveys cytoskeletal and cytosolic proteins with a speed range of 0.2-10 mm/day 

Figure 1.1. Schematic representation of the axonal transport machinery. Schematic modified from 
[2].  
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[4]. Delivering cargo across a one-meter-long axon would then require a week or up to one 

year via fast and slow transport respectively. Accordingly, bidirectional active transport 

represents a bigger challenge in neurons and it is not surprising that trafficking deficits are 

evident in a multitude of neurological disorders [4]. Whether these deficits are the primary 

cause of the pathology or a secondary consequence of a dysfunctional nervous system is still 

a largely unresolved question [4]. Transport deficits were reported to precede Amyotrophic 

lateral sclerosis (ALS) symptoms in a mouse model expressing human mutant superoxide 

dismutase 1 (SOD1G93A) [5]. Similarly, Charcot-Marie-Tooth disease type 2D (CMT2D) 

mice exhibited endosomal transport deficits early on in the pathology, which could be 

rescued through constitutive expression of brain-derived neurotrophic factor (BDNF) in the 

muscles [6]. Mutations of the components of the axonal transport machinery have been 

linked to a wide variety of neurological disorders [4]. Dynein mutations are discussed in 

section 1.6. 

 

1.2. Dynein subunit composition 

Dynein is a large (∼1.5 MDa) complex formed by six subunits, all of which are incorporated 

into the complex as dimers (Figure 1.2.) [7].  

 

 

 

1.2.1. Dynein heavy chain 

It is the largest subunit and represents the core of the complex. Unlike all other subunits, the 

heavy chain comprises only a single isoform (Dync1h1), which is formed by a C-terminus 

motor domain and an amino-terminal tail domain. The motor domain is responsible for the 

ATP hydrolysis and force generation and is composed of a hexameric AAA+ domain, a linker, 

and a stalk (Figure 1.2.) [8]. The six AAA+ subdomains are arranged in a ring shape with 

the stalk protruding from the AAA4 domain. The stalk allows the docking of the heavy chain 

onto MT through a MT binding domain (MTBD) at its tip. The linker’s C-terminus, an 

indispensable mechanical element, is connected to the AAA1 domain and its N-terminus 

Figure 1.2. Schematic representation of the dynein complex composition [7]. Reproduced with 
permission from Springer Nature. 
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extends to the tail region [7], [8]. The conformational changes within the AAA+ ring, 

together with the bending and straightening of the linker, allow dynein to move cargos along 

the MT tracks. On the other hand, the tail domain allows for the dimerization of the heavy 

chains as well as the association of intermediate and light intermediate chains, which 

consequently mediate the binding of a variety of cargos either directly or through adaptor 

proteins [7], [8]. 

 

1.2.2. Dynein intermediate chains 

The intermediate chain, around 74 kDa in mass, acts as a scaffold for the binding of the three 

light chain families (Figure 1.2.) [9]. The C-terminus binds to the heavy chain while the N-

terminus binds the light chains dimers [7]. Genetically, the intermediate chain is encoded by 

only two genes (Dync1i1, Dync1i2) however, the N-terminus harbors two sites of alternative 

splicing, which allow for the formation of numerous isoforms. Heterodimerization of these 

different isoforms gives rise to various dynein complex subtypes. Interestingly, this variety 

of complexes could partially explain how a single dynein motor is responsible for 

transporting a plethora of cargo in contrast to the 45 kinesin genes identified in mammals 

[9].  

 

1.2.3. Dynein light intermediate chains  

The light intermediate chain is also associated with the heavy chain (Figure 1.2.). There are 

three different isoforms expressed in vertebrates however, only Dync1li1 and Dync1li2 are 

incorporated in cytoplasmic dynein 1 [10]. The two isoforms form homodimers only, thus 

associating with the heavy chain in a mutually exclusive manner and determining two 

different dynein populations [10]. The C-terminus has been identified as a binding site for 

activating adaptors and it can also accommodate direct interaction with cargos [7]. 

 

1.2.4. Dynein light chains  

There are 3 families of light chains that associate with the dynein complex: Tctex-type 

(Dynlt), LC8 (Dynll), and roadblock (Dynlrb) (Figure 1.2.). Due to their ability to bind to a 

plethora of proteins and signaling molecules, Dynlt and Dynll are presumed to function in 

tethering cargo to the complex. Structural studies however, showed that their motif-binding 

site mediates their association with the intermediate chain thus preventing the simultaneous 

recruitment of cargos to the complex [7]. Further structural studies are required to determine 

if proteins can bind to Dynlt and/or Dynll chains that are incorporated into the dynein 

complex [7]. Dynlrb is the least studied of light chains. The highly conserved Dynlrb 

sequence among different organisms could arise from functional constraints on the protein 

[10]. The role of Dynlrb1 in neuronal retrograde transport is discussed in section 1.5. 
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1.3. Dynein activation 

The dynein complex as described previously lacks major processive motility (ability to 

undertake consecutive steps without dissociating from MT)  [11]. For dynein to perform its 

functions and transport a myriad of cargos, it needs to form a tripartite complex with dynactin, 

another 1.1 MDa complex, and an activating adaptor [11], [12]. Interestingly, dynein is 

present in the cytoplasm in an auto-inhibited form through self-dimerization of the motor 

domains, forming a structure resembling the Greek letter phi (ɸ). This self-dimerized form 

is characterized by poor MT binding capacity. Dynein can shift to a more open form that can 

bind MT but with limited processivity. In the presence of an activating adaptor, dynactin 

recruitment promotes dynein processivity by re-orienting the motor domain of the open-

dynein into a stable parallel conformation that can properly re-bind MT during stepping [11] 

(Figure 1.3.). Activating adaptors are bifunctional, they promote dynein processivity by 

facilitating dynein-dynactin association through providing a long residue that connects the 

two complexes. In addition, they recruit specific cargo to the machinery for transport [7], 

[12]. Several activating adaptors were described in the literature, the most studied one being 

bicaudal 2 (BICD2) [7]. BICD2, the homo sapiens homolog of Drosophila BicD, is one of 

four members of the bicaudal family which were all described to promote dynein 

processivity. They connect dynein and dynactin through their N-terminus whereas the C-

terminus mediates cargo association [7].  

 

 

NDD 

DIC

DLIC 

Dynactin 

Figure 1.3. Schematic representation of dynactin’s role in relieving dynein auto-inhibition. Schematic 
modified from [11]. NDD; N-terminal dimerization domain. 
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1.4. Dynein cargos 

Dynein-mediated trafficking is linked to different processes including endosomal maturation, 

degradation as well and trophic signaling. The selective binding of adaptor proteins to 

specific cargos ensures the specificity of these processes. Listed below, a few of dynein 

cargos that are relevant to the work done in this thesis.   

 

1.4.1. Endolysosomes and autophagosomes 

Cells shuffle a variety of organelles connected to the degradative pathway [7]. This transport 

is particularly challenging in neurons due to the distance to be covered. Indeed, accumulation 

of protein aggregates is a hallmark of several neurodegenerative diseases and is attributed to 

genetic or environmental conditions that promote protein misfolding and aggregation or due 

to an impairment of the protein quality control system [13]–[15]. The dynein machinery is 

required for trafficking throughout the endolysosomal system and dynein mutations were 

shown to impair the clearance of several aggregation-prone proteins [16], [17]. The 

recruitment of dynein to endolysosomes could be mediated by Rab7 and the scaffolding 

protein RILP (Rab7 interacting lysosomal protein) [18]. In addition, knockout of JIP-3 (JNK-

interacting protein 3), a scaffolding protein with the possible role of enhancing retrograde 

lysosomal trafficking through dynein recruitment, resulted in the accumulation of lysosomes 

in axonal swellings and further augmented amyloid beta pathology, two of the defining 

features of Alzheimer’s disease [19].  

Autophagy has also been associated with axonal transport. Autophagosomes are 

constitutively generated at axonal tips through the formation of cup-shaped double 

membraned structure (phagophore). After engulfment of portions of the cytoplasm together 

with ubiquitinylated or aggregated proteins and damaged organelles, the membrane fuses 

forming the autophagosome [20]. While some degradation can occur locally through 

degradative lysosomes being continuously delivered to axonal tips [21], autophagosomes are 

mostly transported back to the soma where lysosomes are enriched [20]. Multiple dynein 

adaptors were reported to associate with autophagic vesicles [22]. Autophagosomes 

generated at axonal tips undergo inefficient back-forth transport driven by kinesin and 

dynein motors, which is then converted to unidirectional processive dynein-mediated 

mobilization through the recruitment of JIP-1 [22]. Autophagic vesicles are acidified while 

transported along the axon until they eventually fuse with a mature lysosome in the soma 

[22].  
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1.4.2. Messenger ribonucleoprotein granules  

Eukaryotic cells impose a tight spatiotemporal regulation over complex biochemical 

interactions and processes through compartmentalization into microenvironments. These 

microenvironments are achieved either through membrane-delimited subcellular 

compartments or membraneless biomolecular condensates [23]. Cytoplasmic messenger 

ribonucleoprotein (mRNP) granules (mRNA and RNA-binding proteins (RBPs) assemblies) 

including transport granules, stress granules, and processing bodies represent a class of 

condensates formed through the process of liquid-liquid phase separation (LLPS) [23].  

Dynein intermediate chain was reported to co-precipitate with staufen and La RBPs 

and is presumed to mediate their transport and accordingly mRNA localization [24], [25]. 

Dynein heavy chain mutation, or injection of antibodies targeting dynein heavy chain or 

dynactin subunits, resulted in mRNA localization deficits in Drosophila [26]. Additionally, 

BicD, a dynein activating adaptor, was shown to interact and promote the bidirectional 

trafficking of fragile X messenger ribonucleoprotein 1 (FMRP) in fly neurons [27]. Over the 

last few years, there has been growing evidence that RNA granules hitchhike onto 

membranous organelles for long-range axonal transport (Figure 1.4.) [28]–[30]. RNA 

granules were reported to associate with late endosomes, a retrogradely trafficking organelle, 

to sustain local axonal translation [28]. In addition, G3BP stress granule assembly factor 

(G3bp1) granules were shown to hitchhike onto lysosomal-associated membrane protein 1 

(Lamp1)-positive vesicles, utilizing annexin A11 (Anxa11) as a tethering adaptor [29].  

 

RBPs regulate the fate of their bound mRNAs at different life stages [31]. The 

significance of the post-transcriptional regulation of gene expression by RBPs is highlighted 

by the number of diseases associated with mutations or aberrant expression of RBPs [31], 

[32]. Sections 1.7 - 1.9 discuss the involvement of one notable RBP, FMRP, in neurological 

disorders as well as its role in post-transcriptional regulatory processes, in particular mRNA 

localization and translational regulation. 

 

Dynein Hitchhiking 

adaptor 

- + 

Activating 

adaptor 
Microtubules 

Cargo 

adaptor 

Primary 

Cargo  

Secondary 

Cargo  

Figure 1.4. Schematic representation of hitchhiking as a mode of cargo transport. Schematic 
modified from [30]. Republished with permission of Annual Reviews, Inc. 
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1.4.3. Mitochondria 

Mitochondria, the main organelle responsible for energy production, are actively transported 

bidirectionally in axons to meet the local energy needs [33]. Only a subset of the 

mitochondrial population is motile, with the majority seems to be anchored in position [1], 

[34]. TRAK (trafficking kinesin proteins) were reported to mediate dynein-dependent 

mitochondrial transport [35]. The dynamic retrograde shuttling of a pool of mitochondria 

acts to clear dysfunctional organelles by degradation in the soma where lysosomes are 

enriched or supports mitochondrial recovery by facilitating fusion with healthy mitochondria 

[35]. The significance of mitochondria transport is highlighted by the neurodegenerative 

disorders associated with its defects [4]. 

 

1.4.4. Signaling endosomes 

Neurotrophic factors are a family of homodimeric ligands including nerve growth factor, 

BDNF, neurotrophin-3, and neurotrophin-4. They are secreted by the target tissue to support 

the connection with the innervating neurons. They bind two types of receptors: tropomyosin-

related kinase receptor and p75 neurotrophin receptor [36]. Ligand-bound neurotrophin 

receptors are endocytosed, sorted into signaling endosomes, and retrogradely trafficked 

through the Rab5 and Rab7 endosomal pathway [37]. The long-range trafficking of these 

factors induces transcriptional changes that promote neuronal survival [36]. Indeed, loss of 

trophic signaling was linked to multiple neurodegenerative diseases including ALS and 

CMT2D [6], [36].  

 

1.4.5. Protein cargos (aggresomes) 

To maintain a state of proteostasis, chaperons and the ubiquitin-proteasome system (UPS) 

constitute a surveillance mechanism that refolds misfolded and aggregation-prone proteins 

or if this cannot be attained, directs them for proteolysis [7], [38]. Additionally, cells can 

sequester the aggregated protein into “holding stations” (mini-aggresome, ~200 nm) that are 

transported by the dynein machinery to the MT organizing center, where multiple mini-

aggresomes pack together forming a larger particle (~1-3 µm) that activates autophagic 

clearance and lysosomal degradation [7], [38]. Three factors were reported to mediate the 

recognition of misfolded proteins by the dynein machinery: histone deacetylase 6 (HDAC6), 

sequestosome 1 (SQSTM1), and the co-chaperone Bcl-2-associated athanogene 3 (BAG3) 

[39]–[41]. HDAC6 and SQSTM1 link polyubiquitinylated proteins to dynein. On the other 

hand, BAG3 doesn’t require a ubiquitination tag to target misfolded or aggregated proteins 

to the aggresome. Instead, it utilizes heat shock protein 70 specificity towards misfolded 

proteins and target those substrate to the dynein motor and thereby the aggresome [39]–[41].  
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1.5. Dynlrb1 role in neuronal homeostasis  

Roadblock was first identified in a genetic screen of Drosophila mutants, where the Dynlrb 

mutant exhibited intra-axonal accumulation of cargos and severe axonal degeneration [42]. 

Unlike the Drosophila counterpart, mammalian Dynlrb has 2 isoforms: Dynlrb1 and 2, 

which share a high degree of homology and can homo or heterodimerize [10], [43].  Until 

recently, mammalian Dynlrb1 was regarded as an accessory subunit recruited for specific 

cargos. The identified cargos include Rab6, Smad2 (SMAD family member 2), and NAGK 

(N-acetyl-D-glucosamine kinase) [44]–[47]. While Dynlrb1 was shown to co-

immunoprecipitate with Rab6, the biological significance of this interaction remains elusive 

[46]. On the other hand, Dynlrb1-smad2 interaction was shown to mediate TGFβ signaling 

[47]. The only neuronal specific interactor already identified for Dynlrb1 is NAGK. 

Dynlrb1-NAGK was shown to localize to MT tracks and was proposed to support the 

delivery of Golgi outposts to dendritic branching points and axonal growth cones of 

developing hippocampal neurons to promote their outgrowth [44], [45]. Interestingly, recent 

work from our group similarly identified Dynlrb1 as a regulator of axonal outgrowth in 

cultured sensory neurons from adult mice [43]. Importantly, this work has also shown that 

Dynlrb1 contributes to the maintenance of proprioceptive neurons, both during development 

and adulthood. Complete loss of Dynlrb1 expression resulted in embryonic lethality, while 

viral-mediated genetic reduction of Dynlrb1 in adult animals caused a loss of proprioceptive 

neurons [43]. The negative effect on neuronal survival was proposed to be an aftermath of 

impaired endosomal retrograde trafficking. In that context, time-lapse imaging revealed a 

significant reduction in the fraction of motile acidified carriers as well as the traveling speed 

of individual organelles. Comparably, a marked increase in the number of stationary 

signaling endosomes was evident. These findings suggest that Dynlrb1 is an indispensable 

subunit for dynein-mediated survival signaling in neurons [43].  

 

1.6. Dynein mutations in neurological disorders 

Cytoplasmic dynein mutations in Drosophila are lethal, suggesting its essential role in 

eukaryotes [48]. This finding was further confirmed in mammals using a dynein heavy chain 

mouse knockout model (Dync1h1tm1Noh). Embryos implanted from homozygous knockout 

blastocytes died at an embryonic age of 8.5 days [49]. Cultured cells from homozygous null 

blastocysts showed a fragmented Golgi apparatus, and abnormal cytoplasmic distribution of 

endosomes and lysosomes [3], [49]. Two dynein mutant mouse strains, Legs at odd angles 

(Loa) and Cramping 1 (Cra1), were identified in a screen for genes involved in motor neuron 

disease [3]. The naming arises from a hind limb clenching phenotype that is observed when 

the animals are suspended from the tail for more than 30 seconds. Loa and Cra1 models 

represent a single point mutation within the tail domain of the heavy chain [3]. Homozygous 

mice die within 24 h from birth due to the inability to move or feed, resulting from a 

significant loss of α-motor neurons within the anterior horn of the spinal cord [50]. 

Interestingly, further work failed to detect motor neuron degeneration [51]. Instead, a severe 

sensory deficit that emerges early in life and does not worsen with age was observed, 

suggesting developmental loss of proprioceptive neurons [51]. Loa mutation was shown to 

alter dynein processivity through the impairment of the communication between the two 

motor domains within the dimer [52]. The authors described an altered “gating” model. 

Gating promotes processivity by ensuring that one motor domain dissociates from the MT, 
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while the other remains strongly attached to the tracks to avoid premature dissociation [52]. 

The aforementioned mutant models have been extremely useful for probing the involvement 

of dynein mutations in several neurological diseases. More than 30 missense mutations have 

been identified in patients diagnosed with spinal muscular atrophy with lower extremity 

predominance (SMA-LED) and CMT, two closely related motor neuropathies characterized 

by muscle weakness, wasting, and loss of motor functions [53]–[55]. CMT patients are also 

afflicted by sensory deficits [55]. Moreover, dynein mutations have been implicated in 

malformations of cortical development (MCD), a neurodevelopmental disorder 

characterized by severe intellectual disability and intractable epilepsy mostly due to cortical 

migratory defects [53]. 

Dynactin mutations have been reported in Perry syndrome, a progressive 

neurodegenerative disease characterized by TDP43 (TAR DNA binding protein) inclusions 

mainly in the extrapyramidal system [56], [57]. Multiple mutations within or adjacent to the 

cytoskeleton-associated protein and glycine-rich (CAP-Gly) domain of the p150Glued subunit 

have been reported. The CAP-Gly domain mediates dynactin’s ability to bind MT and its 

enrichment within axonal tips and accordingly promotes the engagement of dynein and 

retrograde trafficking [57]. p150Glued CAP-Gly domain mutation was also previously 

reported to cause distal hereditary motor neuropathy  [57]. A knock-in mouse model of the 

mutant human dynactin displayed neuronal degeneration and impairment of axonal transport, 

as evident by the formation of axonal swellings [58].   
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1.7. FMRP involvement in neurological diseases 

FMRP is a ubiquitously expressed RBP involved in both neurodevelopmental and 

neurodegenerative disorders: fragile X syndrome (FXS) and fragile X-associated 

tremors/ataxia syndrome (FXTAS) respectively [59], [60]. While the two diseases are 

induced by mutation of the same gene, their clinical features are completely distinct. FXS is 

the most common cause of inherited intellectual disability and strongly associates with 

autism spectrum disorder (ASD) [59]. FXS is caused by epigenetic silencing of the Fmr1 

gene due to triplet nucleotide repeat expansion in its 5’ UTR (˃200 repeat), resulting in a 

complete loss of FMRP expression [59]. On the other hand, FXTAS is a late-onset 

progressive neurodegenerative disease associated with tremors, cerebellar ataxia, and 

cognitive deficits [60]. FXTAS is a result of CGG repeat expansion that’s within the 

premutation range (55-200 repeat) and in contrast to FXS, the levels of the protein are normal 

or slightly reduced [60]. The toxicity is mostly caused by the elevated levels of the mutated 

Fmr1 mRNA which was shown to sequester several proteins essential for neuronal 

homeostasis. FMRpolyglycine protein was also described to augment the mRNA toxicity 

[60], [61].  

 

1.8. FMRP structure meets the function 

FMRP's most studied roles involve translation regulation and mRNA localization [59], [62]. 

These functions are dependent on FMRP dynamic assembly and disassembly into RNP 

particles through LLPS and the trafficking of these granules by molecular motors [27], [59]. 

Substantial evidence has shown that LLPS is driven by multivalent interactions formed by 

intrinsically disordered regions (IDRs) and RNA-binding residues within RBPs sequences 

[23]. IDRs are regions that have low amino acid sequence complexity and thus lack a stable 

structure and can exhibit a variety of conformations. This conformational flexibility supports 

the formation of a multitude of multivalent weak interactions that allow molecules to locally 

concentrate and once this network reaches a certain threshold/saturation limit, it separates 

into a distinct phase forming membraneless organelles/foci/condensates/droplets/granules 

[23]. The number of domains that support interactions is a critical determinant of the 

concentration threshold required to undergo LLPS, with proteins with higher valency 

undergoing phase separation at lower concentrations [23], [63].  

FMRP domain structure includes agenet-like domains that mediate protein 

interactions, nuclear localization and export signal (NLS, NES) domains that could mediate 

rapid shuttling in and out of the nucleus, three canonical RNA-binding domains: two hnRNP 

K-homology (KH) domains and an RGG box domain that recognize kissing complex RNA 

motifs and G-quadruplex structures in vitro respectively (Figure 1.5.) [59], [64]. A third 

potential KH domain, KH0, has also been recently identified, however its RNA-binding 

capability is not confirmed yet [59]. The C-terminus of FMRP represents a low complexity 

region (LCR) (Figure 1.5.). Work from Forman-Kay lab has shown that the C-terminus 

region is sufficient to promote LLPS separation of FMRP together with RNA in vitro [65]. 

Importantly, post-translational modifications were shown to act as a molecular switch to tune 

FMRP LLPS and its ability to form mRNP granules. In particular, synaptic activity induced 

dephosphorylation of FMRP via protein phosphatase 2A (PP2A) was shown to promote the 

granules disassembly [65]. This is in agreement with previous literature showing 
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phosphorylated FMRP to preferentially associate with stalled ribosomes [66].  FMRP 

dephosphorylation was also shown to control its protein levels by promoting its 

ubiquitination and subsequent proteasomal degradation [67]. 

 

1.9. FMRP regulates translation and mRNA transport  

1.9.1. Models of translation regulation  

Three decades have passed since FMRP was first shown to bind RNA [68]. This finding 

raised a critical question regarding the biological significance of this association. One of the 

earliest indications that FMRP acts as a translational repressor was the observation that 

hippocampal slices from Fmr1 knockout mice incorporated more 35S methionine than those 

from wild type littermates [69]. Seminal cross-linking and immunoprecipitation (CLIP)-

sequencing work from Darnell and colleagues showed that FMRP binds >800 mRNA in 

juvenile mouse brain. These transcripts were largely involved in synaptic transmission, with 

FMRP mostly binding within the coding sequence (CDS) rather than their 5’ or 3’ UTR [70]. 

Importantly, this work reported a translational dysregulation in Fmr1 knockout mice [70]. 

Translational changes in Fmr1-deficient cells were also reported from various groups  [71]–

[74]. The findings that FMRP binds to the CDS of its target transcripts [70] and co-sediments 

with polyribosomes [75] suggested that FMRP could repress translation by stalling or 

stopping translation at the elongation stage. How FMRP pauses translation on specific 

transcripts remains debatable. One explanation is that FMRP could block the association of 

tRNA and elongation factors on the ribosome [76]. An alternative model suggests that FMRP 

regulates translation by binding to optimal codons [77]. mRNAs whose corresponding 

tRNAs are abundant have optimal codons, while those whose cognate tRNAs are relatively 

scarce have non-optimal codons. Codon optimality has been reported to regulate mRNA 

translation and stability [78]. FMRP was shown to regulate the stability of its N6-

methyladenosine (m6A) marked transcripts, presumably by impeding YTH (YT521-B 

homology) domain-containing protein family (YTHDF)-mediated degradation [79]. m6A 

modification is one of the most prevalent epigenetic modifications of mRNAs, the biological 

consequence of this modification depends on a group of m6A reader proteins that 

collectively work to fine tune the fate of RNA at different life stages [79]. This study raises 

the possibility that RNA modifications could play a role in how FMRP could recognize its 

target transcripts. Besides stalling elongation, FMRP was also reported to regulate translation 

at the levels of translation initiation and the miRNA pathway [80]–[82].  

 

Figure 1.5. Schematic diagram of FMRP domain structure. Schematic modified from [65]. 



12 
 

1.9.2. Regulation of mRNA in mRNP granules 

FMRP was shown to associate with RNA granules that differ in their composition and 

function [62]. I discuss below FMRP association with neuronal transport granules, fragile X 

granules, stress granules, and processing bodies.  

 

1.9.2.1. Neuronal transport granules  

Neurons support spatiotemporal control over protein synthesis through the localization of 

mRNAs, incorporated in neuronal transport granules, across different subcellular 

compartments [83]. Neurons sort their mRNA for axonal localization through elements or 

motifs that are mostly, not exclusively, present in the UTR of the mRNA [84]. These motifs 

are recognized by RBPs  [84], [85]. Interestingly, recent motility reconstitution assay from 

Simon Bullock’s group showed that the presence of RNA fully activates dynein-dependent 

transport of Egalitarian RNP [86] suggesting that mRNAs could facilitate their minus-end 

directed transport by activating dynein. Comparably, the inclusion of RNA augmented 

kinesin-dependent axonal transport of adenomatous polyposis coli (APC) complex [87]. 

Transport granules are typically composed of transcripts in a translationally repressed state, 

RBPs, ribosomal subunits, and translation factors indicating their potential capacity to 

regulate translation as well [84], [85], [88]. These granules undergo bidirectional long-range 

transport by associating either directly or indirectly with molecular motors [30], [84].  

FMRP plays a crucial role in neuronal morphogenesis, cytoskeleton stabilization, and 

synaptic transmission, through mediating the localization and translation of its target 

mRNAs [59]. FMRP association with neuronal granules was reported within both the 

dendritic and axonal compartments [89]–[91]. Several studies reported FMRP association 

with various members of the kinesin family [92], however FMRP association to dynein is 

less well characterized. To the best of my knowledge, a single study has thus far identified 

BicD as a regulator of FMRP trafficking and levels in a Drosophila model [27]. Time-lapse 

imaging of FMRP fused to a fluorescent reporter revealed activity dependent transport of 

FMRP granules [90], [93]. Synaptic activity was also shown to promote FMRP 

dephosphorylation, de-condensation of FMRP granules, and the release of mRNAs for 

translation [65]. This is in agreement with literature suggesting that FMRP transport granules 

emerge from polysome-interacting particles [88] and that phosphorylated FMRP associates 

with stalled polyribosomes [66]. Several studies have utilized the MS2 tagging system to 

visualize FMRP-dependent transport and localization of individual transcripts [93]–[95]. 

Interestingly, a recent study revealed that the RGG box mediates the localization of FMRP 

targets that exhibit G-quadruplexes within UTRs to distal sites, whereas interactions with 

one or both KH domains were essential for translational repression [85].  
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1.9.2.2. Fragile X granules 

FMRP was also shown to be recruited together with two of its homologs to distinct 

membraneless granules termed fragile X granules (FXGs) [62]. Fragile X related 1 and 2 

proteins (FXR1P, FXR2P) are two RBPs that share ~ 60% amino acid sequence homology 

with FMRP and localize to FXGs [62]. FXGs were detected in specific neuronal circuits and 

their protein composition varies accordingly, with FXR2P being a constitutive component in 

all FXGs [96]. Interestingly, these granules localize predominantly to the axonal                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

compartment in CNS neurons [97], and were shown to mediate local axonal translation of a 

specific subset of FMRP targets [97]. While transport granules are expected to associate with 

ribosomes before initiation of the trafficking, a dynamic ribosomal and mRNA incorporation 

at axonal sites is evident for FXGs [97]. However, the nature of the signaling cascade that 

promotes this dynamic assembly has not been investigated. FXG could offer additional 

spatial control over the expression of specific transcripts at the presynaptic compartment. 

 

1.9.2.3. Stress granules 

In contrast to neuronal granules that are formed under normal physiological conditions, 

stress granules formation, as the name implies, is induced by cellular stress [63]. Stress 

granule assembly is concurrent with a translational shutdown through sequestration of stalled 

transcripts at the translation initiation phase [63] and is driven by additive, multivalent 

interactions of various RBPs and translation factors with the non-translating transcripts [63]. 

Stress granules may act as potential sites for mRNA triage, where transcripts are sorted and 

routed for re-initiation of translation, degradation, or storage into stable non-polysomal 

RNPs [63]. The proteomic composition of these granules varies according to the cell type 

and the stress-inducing context [98]. A central node for nucleation of stress granules is G3bp. 

A recently introduced ‘network’ model to describe G3bp role in stress granules formation 

classifies molecules as node, bridge, cap, or bystander based on the number of interaction 

sites (≥ 3, 2, 1, or zero respectively). G3bp possesses 3 features that drive biomolecular 

condensation: an NTF2-like domain that promotes homotypic oligomerization and 

heterotypic interactions, RNA binding domains: RGG and RNA recognition motif, and 

LCRs  [63].  

FMRP is indeed a robust component of these stress granules as evident by their 

reduced assembly upon the loss of FMRP [99]. Interestingly, FMRP phosphorylation was 

shown to promote its co-phase separation with Caprin1 and RNA [100]. Caprin1 is a well-

known promotor of G3bp driven stress granule formation [63]. Accordingly, phospho-

regulated FMRP-Caprin1 co-condensation could be a paradigm through which FMRP 

localizes to and promotes the formation of stress granules. Additionally, it can provide a 

passage for the recruitment of specific transcripts to stress granules.  

 

1.9.2.4. Processing bodies 

Processing bodies (p-bodies) are mRNP granules composed of transcripts complexed with 

translational repressors and mRNA decay machinery [101]. They are proposed to act as a 
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storage site for translationally repressed mRNAs and inactive mRNA decay enzymes that 

undergo LLPS as a result of the interaction network formed when mRNA decay factors 

accumulate on mRNAs free from polysomes [101]. In contrast to transport and stress 

granules, most translation factors and ribosomal subunits are excluded from these granules  

[101]. FMRP localizes to p-bodies and was shown to recruit amyloid precursor protein (APP) 

mRNA to p-bodies and repress its translation [102]. APP is involved in neuritogenesis, and 

synaptic transmission and is linked to Alzheimer's disease pathogenesis [102].  

 

Ultimately, FMRP is a multifunctional RBP that regulates RNA fate at different life 

stages [59]. FMRP’s cytoplasmic roles include regulating mRNA localization and translation. 

The structural domains of FMRP allow for its phase separation and subsequent association 

with a variety of membraneless organelles including FXG, transport granules, stress granules, 

and p-bodies. Despite the myriad of studies focusing on FMRP targets, the sequences or the 

structural features recognized by FMRP are not fully characterized or understood. Target 

specificity could be attained through G-quadruplex structures, a repetitive feature of FMRP’s 

targets [103]–[106]. The absence of this feature from the CLIP binding targets could be, at 

least in part, explained by the recent literature suggesting distinct localization and translation 

targets, with the RGG box interactions mediating target localization whereas translation 

repression is mediated by KH domains [85]. In addition, FMRP's ability to bind to the CDS 

of its targets was reported by various studies [70], [107]–[110], with further analysis 

identifying WGGA (W=A or U) and ACUK (K=G or U) as enriched motifs [107], [108], 

[111], however they are not a requisite [59]. The identification of FMRP binding motifs could 

be further compounded by cell-specific targets as well as protein interactions. FMRP was 

shown to bind specific transcripts in different cell types [74], [109]. Furthermore, FMRP 

likely forms cell-specific protein interactions. FMRP protein interactions regulate its target 

selectivity and function (ex: Cytoplasmic FMRP-interacting protein 1 (CYFIP1)) [112]. A 

full characterization of FMRP interacting proteome in different neuronal cell types has not 

been described yet. Nevertheless, FMRP target mRNAs appear to be involved mainly in 

synaptic transmission as well as cytoskeleton structure and morphogenesis [59]. Besides the 

aforementioned functions, FMRP has also been shown to regulate transcription and splicing 

events [59]. While these functions could be a downstream effect of FMRP-dependent 

translation regulation, FMRP structural domains include a NLS and NES that could mediate 

rapid shuttling in and out of the nucleus [59].  
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1.10. Proximity-dependent biotinylation 

Screening for protein-protein interaction (PPI) in living cells has been commonly performed 

using affinity purification (AP) coupled with mass spectrometry (MS). This approach is 

effective in identifying binding partners, but it also has several limitations [113]. For instance, 

numerous PPI could be disrupted by the buffer/detergent required to solubilize the proteins 

from the cellular compartments. In addition, detection of lower affinity and less frequent 

interactions is restricted [114]. Proximity-dependent labeling overcomes the said limitations. 

This methodology relies on the use of an exogenous biotin ligase enzyme, which is 

genetically fused with the protein of interest and expressed in a relevant biological setting. 

The consequent addition of the enzyme substrate, biotin, initiates covalent labeling of 

proteins within ∼10 nm radius of the enzyme [113]. The biotinylated proteins can then be 

captured using streptavidin-coated magnetic beads and identified by MS [113] (Figure 1.6.). 

Since the interacting partners are biotinylated, which is a covalent modification, harsh lysis, 

and washing conditions can be implemented to reduce the background and improve the 

purity of isolated proteins without losing weak interactions. Furthermore, this technique 

allows for the detection of less frequent PPI interactions that are not standardly captured by 

AP-MS, by labeling all proteins coming in close proximity to the target [114]. Two main 

classes of enzymes have been taken advantage of: biotin ligases (ex: BioID, miniTurbo, 

TurboID) and peroxidase (ex: APEX). Biotin peroxidases require the addition of hydrogen 

peroxide to activate the labeling, which is toxic to the cell, thus limiting its utilization for in 

vivo experiments [113].  

 

 

 

 

 

Figure 1.6. Schematic of proximity-dependent proteomics workflow. Schematic modified from [113]. 
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1.11. Aim and structure of the thesis 

Neuronal homeostasis requires an efficient long-range transport system to shuttle a variety 

of cargos to and from distal compartments. Indeed, mutations of the dynein transport 

machinery have been reported in a wide range of neurological diseases. Previous work from 

our group identified a novel role for Dynlrb1, a small subunit of the dynein motor, in sensory 

neuron survival however, the underlying mechanisms were not fully investigated.  

 

Thus, the overall aim of this work is to investigate the physiological role of Dynlrb1 in 

adult sensory neuron homeostasis, at the molecular level. The work in Chapter 3 of this 

thesis highlights two objectives that fulfill this aim: 

 

a. Identification of Dynlrb1 proximal interactome in cultured sensory neurons. 

Using a proximity-based labeling approach coupled with mass spectrometry, I 

identified 90 Dynlrb1 interactors in DRG neurons. The list was refined to highlight 

candidates involved in neuronal homeostasis; a notable interactor was FMRP.  

 

FMRP was selected for further investigations due to its involvement in 

neurodevelopmental and neurodegenerative disorders resulting from perturbations of RNP 

granule assembly and mRNA translation, and the relative lack of data regarding its 

interaction with dynein in mammalian systems.  

 

b. Investigation of the functional significance of Dynlrb1-FMRP association. 

Utilizing RNA interference (RNAi) tools coupled with live imaging, 

immunocytochemistry, and biochemical assays, I investigated the perturbation of 

FMRP’s axonal transport, protein levels, and function as a translational repressor 

upon Dynlrb1 depletion.  

 

In Chapter 4, I will discuss the interpretation of the results presented in Chapter 3 and their 

significance in the context of the research question and the existing literature.  

 

In Chapter 5, I propose a model through which Dynlrb1 contributes to neuronal homeostasis 

through its functional interaction with FMRP and an outlook for future studies that stem 

from this work. 
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Chapter 2. 

Materials and Methods 

This chapter is a slightly modified version of the materials and methods section of “FMRP long-

range transport and degradation are mediated by Dynlrb1 in sensory neurons [115]”, published 

under Creative Commons Attribution 4.0 international license (CC-BY 4.0).  

  

2.1. Animal experiments 

All experiments involving animal subjects were carried out in accordance with the guidelines 

and regulations of Okinawa Institute of Science and Technology Graduate University (OIST) 

and approved by OIST animal care and use committee (Protocol No. 2020-304). Adult (8-

10 weeks) male ICR mice were purchased from Jackson Laboratory, Japan. Animals were 

housed at 24.0 ± 0.5°C with alternating 12 h day/night cycles and allowed access to food 

and water ad libitum.  

 

2.2. Reagents, chemicals, and antibodies 

Culture media, sera, and chemicals were purchased from GibcoBRL, Invitrogen, and Sigma-

Aldrich respectively, unless specified otherwise. Drugs used in this study include puromycin 

(Sigma-Aldrich, #P8833), anisomycin (Nacalai Tesque, #03046-14), leupeptin (Sigma-

Aldrich, #L2884), pepstatin A (Sigma-Aldrich, #P5318), E-64d (Sigma-Aldrich, #E8640), 

and MG132 (Sigma-Aldrich, #M8699). Primary antibodies used in this study are anti-Tyr-

α-tubulin (Synaptic systems GmbH, #302117), anti-βIII-tubulin (Synaptic Systems GmbH, 

#302304), anti-FMRP (Invitrogen, #PA534584 & OTI1C6 clone, #TA504290), anti-dynein 

intermediate chain (Chemicon International, clone IC74.1, #MAB1618), anti-flag (Sigma-

Aldrich, Clone M2, #F3165), anti-Vps29 (Abcam, # ab236796), anti-Vta1 (Invitrogen, 

#PA521831), anti-dynein heavy chain (Proteintech, # 12345-1-AP), anti-rabbit IgG isotype 

control (Cell Signaling, #2729), anti-puromycin (Merck, #MABE343), anti-Map1b 

(Invitrogen, #PA582798), anti-β-actin (Sigma-Aldrich, #A5441), anti-GFP (Roche, 

#11814460001), anti-G3bp1 (Sigma-Aldrich, #G6046), anti-Lamp1 ((D2D11) XP®, Cell 

Signaling Technology, #9091S), and anti-Anxa11 (Proteintech, # 68089-1-IG).  

Secondary antibodies used for immunostaining are anti-mouse Alexa Fluor 488 

(Invitrogen, #A11001), anti-guinea pig Alexa Fluor 568 (Invitrogen, #A11075), anti-rat 

Alexa Fluor (Invitrogen, #A-11077), anti-rabbit Alexa Fluor 568 (Invitrogen, #A11011), 

anti-guinea pig Alexa Fluor 647 (Invitrogen, #A21450), anti-rabbit Alexa Fluor 647 

(Invitrogen, # A21245), and streptavidin Alexa Fluor 647 conjugate (Invitrogen, #S21374). 

Secondary HRP-conjugated mouse and rabbit antibodies for immunoblots were horse anti-

mouse (Cell Signaling, #7076), goat anti-mouse (Invitrogen, #G-21040), goat anti-rabbit 

(Abcam Limited, #ab6721) and streptavidin HRP (Cell Signaling Technology, #3999S).  
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2.3. DRG culture 

Coverslips/dishes were coated with 0.01% poly-L-lysine (Sigma-Aldrich #P4832) overnight 

at 4°C, rinsed with water, dried and coated with laminin (GibcoBRL #23017-015) for 1 h at 

37°C. DRG neuronal cultures were prepared as previously described [116]. Briefly, DRG 

from all segmental levels were collected in HBSS (GibcoBRL, #14175095), supplemented 

with 5 mM HEPES (Sigma-Aldrich, #H0887), and 0.1 mg/ml primocin (Invivogen, #ant-

pm-1). Extracted DRG were enzymatically dissociated with 100 U of papain (Worthington 

Biochemical Corporation, #PAP) in HBSS for 30 min at 37°C followed by another 30 min 

of incubation in collagenase (1 mg/ml) and dispase (1.2 mg/ml) in HBSS at 37°C 

(Worthington Biochemical Corporation, #CLS2, Roche Diagnostics GmbH, #04942078001). 

The ganglia were triturated in HBSS with 5 mM HEPES and 0.1 mg/ml primocin. Neurons 

were separated using a 20% percoll (Sigma-Aldrich, #P4937) in L15 medium (GibcoBRL 

#L-5520), supplemented with 5 mM HEPES, 10% fetal bovine serum (FBS) (Invitrogen, 

#10270106), and 0.1 mg/ml primocin. Percoll gradient centrifugation was performed at 1000 

rpm for 8 min. Neurons were plated in F-12 medium (Invitrogen, #11765054) supplemented 

with 10% FBS, and 0.1 mg/ml primocin. After 2 days in vitro (DIV), the medium was 

supplemented with 5 µM of arabinofuranosylcytosine (Jena Bioscience GmbH, #N-20307-

1) to inhibit glial proliferation. Neurons were fixed for immunostaining or lysed for protein 

or RNA extractions at DIV 6-8 as described in the following sections unless specified 

otherwise.  

 

2.4. HEK cells and AAV production 

HEK293T cells (ATCC®) were maintained in DMEM (Nacalai Tesque, #08458-45) 

supplemented with 10% FBS. AAV particles, (PHP.S serotype [117]), were produced as 

previously described [118] with minor modifications. Briefly, HEK cells were seeded to 70% 

confluency 24 h before transfection. A DNA mixture (gene of interest, ΔF6 helper, and PHP.S 

capsid plasmids) was introduced into the cells through a calcium phosphate transfection 

protocol. Four days later, cells were detached and suspended in artificial cerebrospinal fluid 

(124 mM NaCl, 3 mM KCl, 26 mM NaHCO3, 2 mM CaCl2.2H2O, 1 mM MgSO4.7H2O, 1.25 

mM KH2PO4, 10 mM D-Glucose). AAV particles were retrieved through four freeze-thaw 

cycles, treated with Benzonase® nuclease (Merck, #70664-3) at 45°C for 15 min, and further 

purified from the crude lysate through multiple rounds of centrifugation at 14,000 rpm for 

10 min at 4°C. Purified AAV particles were used to infect primary neuronal cultures 3 h after 

plating.  

 

2.5. NIH/3T3 cell line culture and transfection  

The mouse fibroblast cell line was acquired from Riken BRC cell bank (RCB2767) and 

cultured in a humidified incubator at 37°C in low glucose DMEM (Fujifilm Wako, #041-

29775) containing 10% FBS. Transient transfection was performed with lipofectamine 3000 

(Invitrogen, #L3000015) according to the manufacturer’s instructions. Forty-eight hours 

after transfection, 3T3 cells were either fixed for 25 min in 4% paraformaldehyde (PFA) 

(Electron Microscopy Sciences, #15710) in PBS at room temperature (RT) for 
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immunostaining or processed for protein extraction. Cells were lysed in 150 mM NaCl, 50 

mM Tris (PH 7.4), 1% NP-40, 1 mM EDTA supplemented with cOmplete™ protease 

inhibitor cocktail (Roche Diagnostics GmbH, #4693132001) for 30 min on ice. Lysates were 

clarified by centrifugation at 12,500 rpm for 15 min at 4°C. The supernatant was collected 

and used for downstream experiments. 

 

2.6. Plasmid DNA  

All Recombinant DNA experiments were carried out in accordance with the guidelines and 

regulations of OIST genetic manipulation procedures and approved by the biosafety 

committee (Protocol number RDE-2020-013-4). Dynlrb1 gene was subcloned using an 

mRNA library isolated from the mouse brain using the RNeasy Mini kit (QIAGEN). The 

mRNA was then retrotranscribed in cDNA (SuperscriptTM III, Thermo Fisher) and Dynlrb1 

was amplified by PCR and inserted into a pcDNA3.1 vector via digestion with the restriction 

enzymes BamHI and XhoI. The primers used to amplify and clone Dynlrb1 in the pcDNA3.1 

vector were the following: 

Forward: CGGGATCCATGGCAGAGGTGGAGGAAAC 

Reverse: CGCTCGAGTTCAGTTCAGTTGGATTCTGGATCAC 

N- and C-terminal constructs with the Dynlrb1 sequence fused to flag tag and the miniTurbo 

enzyme [119] in pcDNA3.1 were cloned by restriction-free cloning. A minimal linker 

(G4S1) between Dynlrb1 and miniTurbo was used. The primers used to amplify and clone 

Dynlrb1 in the miniTurbo vector are the following: 

1) Dynlrb1 cloned at the C-terminus of miniTurbo: 

Forward: 

CGATGACGACAAGCTTGCGGCCGCGATGGCAGAGGTGGAGGAAACACT 

Reverse: 

CGGGATGCTGGATCCGCCTCCGCCTTCAGTTGGATTCTGGATCACAATCAGGA 

2) Dynlrb1 cloned at the N-terminus of miniTurbo: 

Forward: GCCCAAAAGGGCGGAGGCGGATCCATGGCAGAGGTGGAGGAAACAC 

Reverse: 

ATGCCACCCGGGATGATATCCCTCTAGAGTCGAGTTATTCAGTTGGATTCTGGAT

CACAATCAGG 

The N-terminal fusion protein sequence was then subcloned using restriction digestion (SgsI 

and EcoRV) in an AAV vector backbone under the human synapsin I promoter (hSynI). 

For shRNA-mediated knockdown experiments, “AAV-shRNA-ctrl” vector, a gift from 

Hongjun Song (Addgene (plasmid #85741, [120]), was used as a non-targeting control. To 

generate the shDynlrb1 vector, the shControl sequence was deleted using BamHI and XbaI 

restriction enzymes, and a sequence targeting mus musculus Dynlrb1 was inserted and 

ligated to the digested vector. The primers used to insert shDynlrb1 were as follows, 
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Forward: 

GATCCGATTATGGTGGCACCAGATAAGAAGCTTGTTATCTGGTGCCACCATAATC

TTTTTTT 

Reverse: 

CTAGAAAAAAAGATTATGGTGGCACCAGATAACAAGCTTCTTATCTGGTGCCAC

CATAATCG 

shRNA constructs also express EYFP. All plasmids were verified by DNA sequencing 

(SeqStudio™, Applied Biosystems) and were delivered to neurons using AAV particles. “p-

EGFP-C1-Flag-mFmr1(wt)” plasmid was a gift from Stephanie Ceman (Addgene plasmid 

#87929, [121]), and was transfected using jetPEI (Polyplus, #101-10N) to express EGFP-

FMRP for axonal transport experiments.  

 

2.7. Axoplasm pulldown 

Axoplasm from mouse sciatic nerve was extracted as previously described [122]. Briefly, 

sciatic nerves from 2 mice were dissected and mechanically squeezed out in isotonic buffer 

(20 mM HEPES, 110 mM KAc, 5 mM MgAc, 0.5 mM EGTA, pH 7.4). The axoplasm was 

then centrifuged at 4°C for 15 min at 12,000 rpm to remove sciatic nerve fragments and the 

supernatant was incubated overnight at 4°C with 5 μg of anti-FMRP antibody or rabbit IgG 

isotype control conjugated to 50 μl protein-G coupled magnetic beads (Dynabeads™, 

Thermo Fisher, #10003D) according to the manufacturer’s instructions. The beads were 

washed twice in isotonic buffer (20 mM HEPES, 110 mM KAc, 5 mM MgAc, 0.5 mM EGTA, 

pH 7.4) at 4°C for 20 min and twice in PBS with 0.02% Tween-20 at 4°C for 20 min.  Proteins 

were eluted from the bead by boiling in 2X Laemmli sample buffer and loaded on 4-12% 

Bis-Tris plus gel (Invitrogen, #NW04122BOX) and subsequently transferred to a 

nitrocellulose membrane (Invitrogen, #LC2000) for western blot analysis. The membrane 

was blocked with 5% bovine serum albumin (BSA) (Nacalai Tesque, #01860-65) for 30 min 

at RT and incubated with anti-FMRP or anti-dynein intermediate chain antibodies. After 3 

washes with TBS-Tween-20 (0.05%), goat anti-mouse or goat anti-rabbit HRP conjugated 

antibodies were applied for 1 h at RT. The signal was developed using ECL prime (Cytiva, 

#RPN2232) and images were acquired using iBright FL 1500 imaging system (Invitrogen). 

The intensity of the FMRP bands was quantified using ImageJ software. 

 

2.8. Co-immunoprecipitation  

3T3 cells were lysed using an ionic detergent-free lysis buffer (150 mM NaCl, 50 mM Tris 

(PH 7.4), 1% NP-40, 1 mM EDTA) supplemented with a protease inhibitor cocktail. Anti-

flag antibody was conjugated to protein-G coupled magnetic beads through a 45 min 

incubation at 4°C. Consecutively, the beads were washed with PBS-Tween-20 (0.02%) to 

remove any unbound antibody, and incubated with the lysates overnight at 4°C. The beads 

were washed with PBS-Tween-20 and the immobilized immune complexes were eluted by 

boiling the beads in 2X Laemmli buffer at 95°C for 5 min. The elute was loaded onto 4-15% 

Tris-glycine gels (Bio-Rad, #4561084) and proteins were subsequently transferred onto a 

PVDF membrane (Bio-Rad, #1704272). The membrane was blocked with 5% BSA for 30 

min at RT and incubated with anti-dynein intermediate chain or anti-flag antibodies. After 
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TBS-Tween-20 (0.1%) washes, horse anti-mouse HRP conjugated antibody was applied for 

1 h. The signal was developed using ECL prime and images were acquired using the 

ChemiDoc MP imaging system (Bio-Rad).   

 

2.9. Expression of miniTurbo constructs, biotinylation, and 
streptavidin pulldown  

Cultured DRG neurons were transduced with AAVs driving the expression of miniTurbo 

(MnT-control) or miniTurbo fused to Dynlrb1 (MnT-Dynlrb1). Six days later, transduced, 

and non-transduced neurons were incubated with 200 µM of biotin (Sigma-Aldrich, #B4501) 

and incubated at 37°C for 2 h to initiate labelling. Cells were washed thoroughly with PBS 

before lysis to remove any excess biotin. Neurons were lysed in a buffer composed of 150 

mM NaCl, 50 mM Tris (PH 7.4), 1% NP-40, 0.5% SDS, and supplemented with a protease 

inhibitor cocktail. Purification of Dynlrb1 interactors was performed using streptavidin-

conjugated beads (Thermo Fisher, #88117). 500 µL of beads were washed three times in a 

buffer composed of 150 mM NaCl, 50 mM Tris (PH 7.4), and 0.1% Tween-20. The beads 

were resuspended in the same buffer containing a protease inhibitor cocktail and then lysates 

were added and incubated overnight. Subsequently, the supernatant was removed, and the 

beads were washed three times with lysis buffer, twice with 2 M urea in PBS with 0.1% NP-

40, followed by a final wash in 50 mM Tris (PH 7.4). All washes and binding steps were 

performed at 4°C on a rotator mixer.  To effectively elute the biotinylated proteins, the beads 

were heated at 65°C in a reducing elution buffer (2% SDS, 150 mM NaCl, 150 mM Tris (PH 

8.0), 10 mM DTT) for 30 min.  

 

2.10. Mass spectrometry sample preparation and data 
analysis  

Gel-aided sample preparation was used to generate proteomics samples [123]. Briefly, after 

eluting biotinylated proteins in the presence of 10 mM DTT (Wako, #047-08973), samples 

were cooled down and immediately incubated with 55 mM iodoacetamide (Wako, #095-

02151). Proteins were then co-polymerized with acrylamide through incubating with 

acrylamide-bis solution (Supelco, #01709) at a final concentration of 20%, in the presence 

of Tetramethylethylenediamine and ammonium persulfate (Sigma-Aldrich, #T9281 and 

#GE17-1311-01). The formed microgel was shredded by pulse centrifugation through a 

plastic grid to increase the surface area for the removal of detergents and chaotropic agents. 

Proteins were digested with trypsin/lys-C cocktail (Promega, #V5073) at 37°C overnight. 

Peptides were extracted using trifluoroacetic acid (TFA) and acetonitrile (Wako, #206-10731 

and #018-19853), and consecutively desalted using C18 stage tips [124]. For liquid 

chromatography tandem mass spectrometry (LC-MS/MS), the tryptic peptides were 

measured with data-dependent acquisition using a Q Exactive Plus Hybrid Quadrupole-

Orbitrap Mass Spectrometer and an EASY nLC 1200 Liquid Chromatography System, 

together with a Nanospray Flex Ion Source (Thermo Fisher, USA).  

MaxQuant (version 1.6.3.3) was used for identification and label-free quantification.  

Protein identities were assigned by searching against a UniProt mus musculus database. 
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Database search parameters included cysteine carbamidomethylation as a fixed modification, 

methionine oxidation, and protein N-terminal acetylation as variable modifications. 

MaxQuant output data were further processed using GraphPad Prism and Microsoft Excel 

softwares. Protein intensities were normalized by the average of the total abundance of all 

proteins in the corresponding sample. Mean intensities were generated by averaging the 

intensities of the individual runs (3 biological replicates, 2 technical repeats/biological 

replicate) per experimental sample. P-values for mean intensities of MnT-Dynlrb1 and MnT-

control samples were calculated using multiple student t-tests. Abundance ratios were 

generated for Dynlrb1 fused miniTurbo compared to MnT-control and log2 transformed. 

Proteins with abundance ratios ≥ 2 and p-values ≤ 0.05 were considered potential Dynlrb1 

interactors. Functional enrichment analysis was performed using the software suite g:Profile 

[51].  

 

2.11. Cytotoxicity assay  

Cell viability was evaluated using cytopainter cell viability assay kit (Abcam, #ab176744) 

as per the manufacturer’s instructions. Briefly, DRG neurons were transduced with AAV 

harboring shControl or shDynlrb1.  Six days after transduction, the neurons were incubated 

with the dye for 45 min at 37°C and 5% CO2. Cells were washed to remove excess dye, 

incubated in Tyrode’s solution, and transferred to a stage-top incubation chamber (P-set2000, 

Pecon, #133-800 261) on an LSM 900 confocal microscope and live imaged with a 20X 

objective (Plan apochromat NA=0.8). The number of dead and live cells was counted to 

estimate the degree of cytotoxicity imparted by Dynlrb1 depletion. 

 

2.12. Immunofluorescence  

Cells were fixed in 4% PFA for 25 min. Coverslips were washed with PBS and cells were 

permeabilized and blocked in 0.3% triton X-100, and 5% normal goat serum (NGS) 

(Invitrogen, #10000C) in PBS for 30 min.  The following primary antibodies were incubated 

overnight at 4°C: anti-flag, anti-Tyr-α-tubulin, anti-βIII-tubulin, and anti-G3bp1. After 

washing, fluorescent secondary bodies were applied for 1 h at RT: anti-mouse Alexa Fluor 

488, anti-guinea pig Alexa Fluor 568, streptavidin Alexa Fluor 647 conjugate, anti-rat Alexa 

Fluor 568, anti-mouse Alexa Fluor 647, and anti-rabbit Alexa Fluor 647. For visualization 

of somal and axonal FMRP granules, cells were fixed in 4% PFA overnight or for 25 min 

respectively. Permeabilization was performed using 1% saponin in PBS for somatic granules 

and 0.1% saponin for axonal granules. Saponin solutions were freshly prepared and 

supplemented with 75 mM glycine as a quenching agent. Blocking was performed using 5% 

NGS for 30 min.  0.1% and 0.01% saponin were maintained during blocking, washes, and 

antibody incubation steps for somal and axonal granules respectively. The following 

antibodies were used: anti-FMRP and anti-βIII-tubulin, anti-rabbit Alexa Fluor 568, and anti-

guinea pig Alexa Fluor 647. Coverslips were mounted with Fluoromount GTM or ibidi 

mounting media and imaged using Zeiss LSM 780 or 900 confocal microscopes using a 63X 

oil-immersion objective (Plan apochromat NA=1.4). For visualization, maximum intensity 

projection images were adjusted for brightness and contrast levels using ImageJ or Zen 

softwares.  

https://biit.cs.ut.ee/gprofiler/gost


23 
 

2.13. Airyscan image acquisition and analysis  

Super-resolution images were acquired on LSM 900 with Airyscan 2.0 super-resolution 

module using a 63X oil-immersion objective (Plan apochromat NA=1.4). Initial image 

acquisition parameters were as follows: image size 1834x1834 pixels (78x78 µm), pixel 

resolution 0.043x0.043x0.150 µm/pixel, pixel dwell time 1.15 µs, laser power 1% (detector 

gain 900 V) and 0.4% (detector gain 850%) for laser line ex647 and ex568 respectively, and 

optimal z-section of 150 nm and around 20-30 stacks. Airyscan images were processed in 

Imaris 10 (Bitplane, Oxford instruments). FMRP granules were identified using Imaris spot 

tracking plugin with an initial spot size detection of 150 nm and automatic background 

subtraction, and the spot region growth was based on their absolute intensity. Axons were 

identified using the surface rendering plugin for the tubulin channel with smooth filter and 

a surface grain size of 0.085 µm. FMRP granule size, number, and clustering were calculated 

using Imaris measurement pro plugin. FMRP area was estimated from spot volume and 

clustering was estimated by measuring the average distance between 3 or 9 neighboring 

FMRP spots per image. 

 

2.14. Proximity ligation assay  

Proximity ligation assay (PLA) was performed using Duolink® reagents (Sigma-Aldrich) 

according to the manufacturer’s protocol. Cells were fixed, permeabilized, and blocked as 

described in the immunofluorescence section. The antibodies used for the semi-endogenous 

PLA experiments were anti-flag, anti-FMRP, anti-Vps29, and anti-Vta1. For the endogenous 

PLA, anti-dynein heavy chain, anti-FMRP (OTI1C6 clone), and anti-Lamp1 antibodies were 

used. The probes used were the anti-mouse minus and anti-rabbit plus probes (DUO92004 

and DUO92002) and the signal was detected using the far-red detection kit (DUO92013). 

When indicated, cells were counterstained with anti-βIII-tubulin for 1 h at RT. Coverslips 

were mounted with Duolink® mounting medium (DUO82040) and sealed with nail polish. 

Images were acquired using Zeiss LSM 900 confocal microscope using a 63X oil-immersion 

objective. PLA signal was quantified using ImageJ. The signal intensity was manually 

thresholded with the same value for controls and samples. The cell body size was manually 

outlined by the user, the axonal network was defined by the βIII-tubulin or EYFP mask area. 

The number of puncta was calculated and divided by the cell body or the neuronal network 

area in maximum intensity projection images, after subtracting any areas of glia or cellular 

debris.  

 

2.15. Puromycinylation and puro-PLA  

Detection of newly synthesized Map1b was performed by incubating neuronal cultures with 

5 µM puromycin (Sigma-Aldrich, #P8833) in F-12 for 10 min at 37°C in a 5% CO2 incubator. 

Protein synthesis inhibition control groups were pre-incubated with 40 µM of anisomycin 

(Nacalai Tesque, #03046-14) in F-12 for 30 min before the addition of puromycin. The 

incubation was terminated by two quick washes in PBS and cells were fixed immediately 

using 4% PFA for 25 min. After permeabilization and blocking, PLA was performed as 
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described using anti-puromycin and anti-Map1b antibodies. Puro-PLA signal was quantified 

as previously described in the PLA section. 

 

2.16. RNAscope multiplex fluorescent assay combined with 
immunofluorescence  

The integrated co-detection workflow recommended by the manufacturer was followed with 

minor modifications. DRG neurons cultured on coverslips were fixed using fresh 4% PFA at 

RT for 30 min. After PBS washes, the samples were dehydrated through one min sequential 

incubations in 50%, 70%, and 100% ethanol and stored at -20°C in 100% ethanol until the 

assay was performed. The cells were rehydrated through one min sequential incubations in 

70%, 50% ethanol, and water. Samples were then permeabilized using PBS-Tween (0.1%) 

for 10 min, treated with hydrogen peroxide for 10 min, washed with water, and incubated 

with the primary antibodies (anti-FMRP, and anti-GFP) overnight at 4°C. The anti-GFP 

antibody was used to enhance the AAV-EYFP signal impacted by the downstream protease 

treatment. Cells were then washed three times in PBS-Tween (0.1%), post-fixed using 4% 

PFA for 30 min, washed with PBS-Tween (0.1%), and treated with protease III (1:100 

dilution, 10 min, RT). As reported by other groups [125], higher protease concentrations 

resulted in a significant loss of the primary antibodies signal. Different protease 

concentrations didn’t have any influence on the mRNA signal obtained from primary 

cultures on coverslips [125]. After five washes in PBS, the multiplex v2 fluorescent in situ 

hybridization (ISH) assay was run as per the manufacturer’s instructions. Briefly, the Map1b 

probe (Advanced Cell Diagnostics, #1045181-C3) or the negative (Advanced Cell 

Diagnostics, #320871) and positive control probes (Advanced Cell Diagnostics, #320881) 

were hybridized for 2 h at 40°C. Then Amp1, Amp2, and Amp3 hybridization cycles were 

performed, followed by developing the C3-HRP channel with TSA vivid™ fluorophore 650 

(Tocris, #323273). After the final HRP blocking step, secondary antibodies: anti-mouse 

Alexa Fluor 488, and anti-rabbit Alexa Fluor 568 were incubated for 30 min at RT. 

Coverslips were then washed with PBS-Tween (0.1%), PBS, mounted with Fluoromount 

GTM, and imaged using Zeiss LSM 900 confocal microscopes using a 63X oil-immersion 

objective. The fractional area of overlap between FMRP and Map1b signal was quantified 

using ImageJ. Axonal FMRP and Map1b signals were thresholded manually with a matched 

value for all experimental groups and the overlap area between the two channels was divided 

by the total FMRP area.  

 

2.17. Pharmacological treatments  

DRG neuronal cultures, transduced with either shControl or shDynlrb1, were treated on 

DIV8 with lysosomal inhibitors (200 µM leupeptin, 20 µM pepstatin A, 2 µM E-64d), a 

specific proteasomal inhibitor (MG132, 10 µM) or an equivalent volume of vehicles (DMSO 

and water) for 6 h. Neurons were washed with PBS and lysed to detect FMRP levels by 

western blotting. 
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2.18. Protein extraction and western blotting  

Neurons were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris (PH 8.0), 1% triton X-100, 

0.1% SDS, 0.5% sodium deoxycholate) supplemented with protease inhibitor cocktail. 

Lysates were boiled with Laemmli buffer at 95°C for 5 min, loaded onto 4-12% Bis-Tris gels 

(Invitrogen, #NP0323BOX), and subsequently transferred to nitrocellulose or PVDF 

membranes (Invitrogen, #LC2000, #LC2002). The blotted membranes were blocked in 5% 

BSA for 40 min at RT and then incubated with primary antibodies overnight at 4°C. The 

following primary antibodies were used: anti-FMRP, anti-β-actin, anti-flag, anti-GFP, and 

anti-annexin A11. Afterward, membranes were washed 4 times with TBS-Tween-20 (0.1%), 

and secondary-HRP conjugated antibodies were applied for 1 h at RT: goat anti-mouse, goat 

anti-rabbit, and streptavidin HRP. After another set of 30 min TBS-Tween-20 washes, the 

chemiluminescence signal was developed using Cytiva ECL start detection reagents and 

detected using iBright FL 1500 imaging system (Invitrogen). The band’s intensity was 

quantified by ImageJ software.  

 

2.19. Gene expression analysis by quantitative reverse-
transcription polymerase chain reaction 

Total RNA was extracted and purified using NucleoSpin RNA plus kit (Macherey-Nagel, 

#740984.50). RNA concentration was assessed, and cDNA was synthesized according to the 

manufacturer’s instructions (QIAGEN, #205311). PCR amplification was performed using 

PowerUp SYBR Green Master Mix (Thermo Fisher Scientific, #A25776) and target gene 

expression was measured using qTower3 real-time PCR system (Analytikjena). The 

following thermocycling parameters were used, an initial 20 sec denaturation step followed 

by 40 two-step cycles, a denaturation step at 95°C for 1 sec, and a combined annealing-

extension step at 60°C for 30 sec. Relative gene expression presented as fold change was 

calculated using the ∆∆Ct method, where 18S ribosomal RNA was used as a reference gene 

to normalize the expression. The primers (mus musculus) used were as follows (Terenzio et 

al, 2020): 

18S forward: AAACGGCTACCACATCCAAG             

18S reverse: CCTCCAATGGATCCTCGTTA                             

Dynlrb1 forward: CAACCTCATGCACAACTTCATC        

Dynlrb1 reverse: TCTGGATCACAATCAGGAAATAGTC  

 

2.20. siRNA transfection 

Four hours after plating, DRG neurons were transfected with an siRNA pool targeting 

Anxa11 (Sigma-Aldrich, #EMU006471), Dynlrb1 (Sigma-Aldrich, #EMU089881), or a 

universal non-targeting siControl (Sigma-Aldrich, #SIC001) using Dharmafect4 (Horizon 

discovery, #T-2004-03) according to the manufacturer’s protocol.  
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2.21. Axonal transport experiments  

To analyze the percentage of motile FMRP particles and lysotracker carriers as well as their 

respective speeds, DRG neurons (wild type, siControl, siDynlrb1) were transfected with 

EGFP-FMRP (Addgene plasmid #87929, [121]) using JetPEI (Polyplus, #101-10N) 

according to the manufacturer’s instructions. On DIV3, 150 nM of lysotracker red DND-99 

(Invitrogen, #L7528) was added to the cells for 30 min at 37°C and 5% CO2. The medium 

was washed out to remove the excess dye and replaced with Tyrode’s solution (Sigma-

Aldrich, #T2397). Neurons were transferred to a stage-top incubation chamber (P-set2000, 

Pecon, #133-800 261) on an LSM 900 confocal microscope and imaged with a 63X oil 

immersion objective. Hundred and twenty frames (frame duration of 2.53 sec) were 

consecutively acquired for every time series. To analyze mitochondrial dynamics, DRG 

neurons transfected with siControl or siDynlrb1 were incubated with 100 nM of mitotracker 

deep red FM (Invitrogen, #M22426) for 20 min at 37°C and 5% CO2. Cultures were washed, 

incubated in Tyrode’s solution, and transferred to a stage-top incubation chamber on an LSM 

900 confocal microscope and imaged with a 63X oil immersion objective. Hundred and 

ninety-five frames (frame time of 1.27 sec) were consecutively acquired for every time series. 

The percentage of stationary vs moving carriers was manually calculated on kymographs 

generated using Zen Blue software (Zeiss, version 3.2.). Statistical analysis was performed 

with two-way ANOVA using the software GraphPad Prism. Lysotracker and FMRP transport 

movies were tracked manually using the Manual Tracking plugin of the Fiji software. 

Mitotracker movies were tracked using a MATLAB script designed in-house [116] and 

archived here.   

 

2.22. Statistical analysis  

All experiments were performed in at least three biological replicates. Analysis of multiple 

groups was performed using ANOVA. The choice between one or two-way ANOVA was 

based on the requirements for identification of specific factors’ contribution to statistical 

differences between groups and was followed by Tukey’s and Sidak’s post hoc analysis tests 

respectively. For two groups analyses, unpaired Student’s t-test was used. All statistical 

analyses were performed using GraphPad Prism (GraphPad Software, CA, USA). Data are 

presented as mean ± SEM. Statistical significance tests and the number of samples used are 

described in the figure legends. Significance values are indicated as * p<0.05, ** p<0.01, 

*** p<0.001; n.s. indicates not significant. 

 

 

 

 

 

 

 

https://groups.oist.jp/mnu/productalgorithmsoftware
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Chapter 3.    

Results  

This chapter is a modified version of the results section of “FMRP long-range transport and 

degradation are mediated by Dynlrb1 in sensory neurons [115]”, published under Creative 

Commons Attribution 4.0 international license (CC-BY 4.0). 

 

3.1. Design and optimization of Dynlrb1-miniTurbo fusion 
constructs for proximity labeling 

To identify Dynlrb1 interactome, we utilized a proximity-dependent biotinylation approach 

coupled with mass spectrometry. We fused the miniTurbo (MnT) enzyme and a flag tag to 

both the N- and C-terminus of Dynlrb1. A vector expressing only the miniTurbo enzyme was 

adopted as an internal control to allow for the exclusion of proteins that are randomly 

biotinylated in the cytoplasm, rather than being potential Dynlrb1 interactors. To reduce the 

number of animals in the study, we optimized the procedures for promiscuous protein 

biotinylation, purification, and identification in the 3T3 mouse cell line. To exclude the 

possibility that the fusion of the miniTurbo could affect the folding of Dynlrb1 or its 

integration into the dynein complex, flag immunofluorescence staining, and co-

immunoprecipitation (Co-IP) assays were performed in 3T3 cells. Expression of the C-

terminus fusion protein (Dynlrb1-MnT) in 3T3 cells resulted in its aggregation and reduced 

cell viability (Figure 3.1A). Additionally, while the flag IP efficiency was almost equivalent 

for both fusion proteins, dynein intermediate chain co-precipitated solely with the N-

terminus protein (MnT-Dynlrb1) (Figure 3.1B). Thus, we decided to use only the N-terminal 

fusion construct moving forward. We then tested the efficiency of biotinylation and pulldown 

in 3T3 cells transfected with miniTurbo control (MnT-control) or MnT-Dynlrb1 constructs 

and treated with 200 µM of biotin for 2 h. Following streptavidin-mediated pulldown, we 

could retrieve most biotinylated proteins (Figure 3.1C).  
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Figure 3.1. Optimization of miniTurbo fusion constructs in 3T3 cells. A) Representative images 
of 3T3 cells transfected with unconjugated miniTurbo (MnT-control) or miniTurbo fused to the C- 
(Dynlrb1-MnT) or N-terminus (MnT-Dynlrb1) domain of Dynlrb1. The distribution of the flag-tagged 
proteins in the cytoplasm of transfected cells was revealed by flag staining (in red). Cells were labeled 
via anti-tubulin staining (in gray). Dynlrb1-MnT protein clearly showed aggregation and toxicity. Scale 
bars 10 μm, 5 μm and 5 μm respectively. B) Immunoprecipitation of flag-tagged proteins from 3T3 
cells transfected with MnT-control, Dynlrb1-MnT or MnT-Dynlrb1. Dynein intermediate chain (IC74.1) 
was used to reveal incorporation in the dynein complex via western blot analysis. Non-transfected 
cells were used as a negative control. Only the N-terminal fusion protein (MnT-Dynlrb1) was able to 
pulldown dynein intermediate chain. C) Western blot analysis of the streptavidin pulldown of 
biotinylated proteins in 3T3 cells transfected with MnT-control or MnT-Dynlrb1. The expression is 
revealed using anti-flag antibody, while the extent of biotinylation is detected using streptavidin HRP. 
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We then transferred the MnT-control and the MnT-Dynlrb1 sequences to adeno-

associated virus (AAV) vector backbone (Figure 3.2A) to transduce cultured dorsal root 

ganglia (DRG) neurons. Western blot analysis confirmed efficient expression of the flag-

tagged proteins 6 days after infection (Figure 3.2B). The activity of the enzyme in 

transduced cultures was confirmed by revealing the extent of biotinylation via western blot 

analysis with streptavidin HRP (Figure 3.2B). We further validated the constructs' 

expression and ability to biotinylate proteins via immunofluorescence staining of transduced 

sensory neurons (Figure 3.2C).  

 

 

 

Furthermore, we took advantage of in situ proximity ligation assay (PLA), a 

technique that allows direct visualization of protein-protein close association  (40 nm range, 

[126]) with high specificity and sensitivity [127], to validate the interaction between MnT-

Dynlrb1 and the dynein complex in neuronal cultures. Indeed, robust association between 

MnT-Dynlrb1 and dynein heavy chain (Dync1h1) was detected in both neuronal cell bodies 

and axons (Figure 3.3.). Thus, we confirmed MnT-Dynlrb1 incorporation in the dynein 

complex in DRG neurons. 

Figure 3.2. Optimization of proximity labeling in cultured DRG neurons. A) Schematic 
representation of the miniTurbo constructs used to infect DRG neurons. B) Western blot analysis of 
the expression and biotinylation pattern of MnT-control and MnT-Dynlrb1 detected using anti-flag 
and streptavidin HRP respectively. A non-transduced sample is included as a negative control. C) 
DRG neurons were transduced with MnT-control or MnT-Dynlrb1 and subjected to biotinylation. Non-
transduced cells were also added as a control. Neurons are labeled with bIII-tubulin (green). The 
expression is revealed using an anti-flag antibody (red), while the extent of biotinylation is detected 
using streptavidin Alexa 647 (magenta). Scale bar 10 μm.  
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3.2. Identifying Dynlrb1 interactors in DRG neurons via 
mass spectrometry  

To identify Dynlrb1 interactors, cultured DRG neurons transduced with either MnT-control 

or MnT-Dynlrb1 constructs were treated with 200 µM biotin for 2 h to initiate labeling. 

Biotinylated proteins were captured by streptavidin magnetic beads, eluted, and subjected to 

liquid chromatography-tandem mass spectrometry (LC-MS/MS). Subsequent MaxQuant 

analysis identified 90 Dynlrb1 interactors significantly enriched over MnT-control (FC≥2; 

p≤0.05), including subunits of the dynein and dynactin complex (Figure 3.4A & Table 1.). 

Bioinformatic analysis using the g:Profile server [128], highlighted an enrichment of 

proteins involved in protein transport as expected (Figure 3.4B), confirming the successful 

pulldown of Dynlrb1-related dynein complexes. mRNA translation and RNA binding were 

also represented in the proteomics hits (Figure 3.4B). 

Figure 3.3. Validation of recombinant Dynlrb1 association with the dynein complex in sensory 
neurons.  A) PLA analysis between dynein heavy chain (Dync1h1) and flag-tagged proteins (MnT-
Dynlrb1 and MnT-control). Non-transduced cells were included as a control. Neurons are labeled 
with bIII-tubulin (green). The PLA signal is in red. Scale bar 10 μm. B) Quantification of the PLA 
experiment in A. PLA signal in the cell bodies and axons was quantified separately. Mean ± SEM, ** 
p<0.01, *** p<0.001, ns, not significant, n=3, one-way ANOVA followed by Tukey’s HSD post hoc 
correction for multiple comparisons. 

https://biit.cs.ut.ee/gprofiler/gost
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Figure 3.4. Mass spectrometry (MS) analysis of Dynlrb1 interactors. A) Volcano plot of the MS 
analysis of DRG neurons transduced with MnT-control or MnT-Dynlrb1 AAV constructs. Red and blue 
circles represent putative interactors. Vertical and horizontal dashed redlines mark two-fold change 
(log2(2)=1) compared to MnT-control and p-value of 0.05 (-log10(0.05)=1.3) respectively. B) 
Manhattan plot of the candidate hits from the MS analysis. Functional enrichment analysis was 
performed using the g:Profile server. GO categories associated with the MS hits are plotted vs the -
log10 of the adjusted p-values (Padj). Circles represent functional terms that are grouped, and color 
coded by data source (GO: gene ontology; MF: molecular function, BP: biological process, CC: 
cellular component). A few chosen categories are highlighted in the plot and table below the chart.  
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We selected three candidates for validation based on their role in intracellular 

trafficking and neuronal homeostasis: the vacuolar protein sorting associated protein 29 

(Vps29), the vacuolar protein sorting-associated protein VTA1 homolog (Vta1), and FMRP. 

We used PLA to visualize the association between Dynlrb1 and the selected candidates as 

well as the subcellular localization of said interaction. Due to the lack of reliable antibodies 

against Dynlrb1, the PLA analysis was performed between the endogenous candidates and 

the flag-tagged MnT-control or MnT-Dynlrb1 proteins. Semi-endogenous PLA signal was 

previously shown to represent a valid protein interaction [129]. Reassuringly, all the 

candidate hits showed interaction with Dynlrb1 when compared to the miniTurbo control 

(Figure 3.5., Figure 3.6.). While Vps29-Dynlrb1 interaction was mainly axonal (Figure 

3.5A&B), Vta1 and FMRP showed significant association with Dynlrb1 across both the 

somatic and axonal compartments (Figure 3.5C&D, Figure 3.6.). Because of the relevance 

of FMRP to neuronal pathology and the relative lack of data regarding its interaction with 

the dynein complex, we selected this candidate for further investigations. 
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Figure 3.5. Validation of Dynlrb1-Vps29 and Vta1 interaction in DRG neurons. A) 
Representative images of PLA between Vps29 and flag-tagged proteins in neurons transduced with 
miniTurbo or MnT-Dynlrb1 AAVs. Non-transduced cells were included as a control. Neurons are 
labeled with bIII-tubulin (green). The PLA signal is in red. Scale bar 10 µm. B) Quantification of the 
PLA experiment in A. PLA signal in the cell bodies and axons was quantified separately. Mean ± 
SEM, * p<0.05, *** p<0.001, ns not significant, n≥3, one-way ANOVA followed by Tukey’s HSD post 
hoc correction for multiple comparisons. C) Representative images of PLA between Vta1 and flag-
tagged proteins in neurons transduced with MnT-control or MnT-Dynlrb1. Non-transduced cells were 
included as a control. Neurons are labeled with βIII-tubulin (green). The PLA signal is in red. Scale 
bar 10 µm. D) Quantification of the PLA experiment in C. PLA signal in the cell bodies and axons 
was quantified separately. Mean ± SEM, ** p<0.01, *** p<0.001, ns not significant, n=3, one-way 
ANOVA followed by Tukey’s HSD post hoc correction for multiple comparisons. 



34 
 

 

 

3.3. FMRP associates with dynein and endolysosomes in 
wild type sensory axons  

Interestingly, FMRP has been reported to interact with BicD, a dynein activating adaptor, 

driving its molecular transport into Drosophila’s neurons [27]. In addition, recent work 

demonstrated that RBPs complexed within RNA granules can gain indirect access to long-

range transport by associating with already-motile Lamp1-positive endolysosomes, a 

process known as hitchhiking [62, 69]. Our previous data indicates that Dynlrb1 is crucial 

for lysosomal transport in DRG neurons [43], thus we decided to characterize FMRP's 

association with dynein and its axonal trafficking in relation to lysosomes in sensory axons. 

To obtain enough axonal lysate for a Co-IP assay, we isolated axoplasm from mouse sciatic 

nerve and immunoprecipitated FMRP. Indeed, we could recover dynein intermediate chain 

(IC74.1) in the FMRP pulldown (Figure 3.7.), confirming the association of FMRP with the 

dynein complex in axonal cytoplasm and suggesting the possibility of dynein-based axonal 

transport of FMRP.  

 

 

Figure 3.6. Validation of Dynlrb1-FMRP association in DRG neurons. A) Representative images 
of PLA between FMRP and flag-tagged proteins in DRG neurons transduced with MnT-control or 
MnT-Dynlrb1. Non-transduced cells were also added as a control. Neurons are labeled with bIII-
tubulin (green). The PLA signal is in red. Scale bar 10 µm. B) Quantification of the PLA experiment 
in A. PLA signal in the cell bodies and axons was quantified separately. Mean ± SEM, * p<0.05, ** 
p<0.01, *** p<0.001, ns not significant, n=3, one-way ANOVA followed by Tukey’s HSD post hoc 
correction for multiple comparisons. 



35 
 

 

 

 

We then expressed EGFP-FMRP in cultured DRG neurons and performed time-lapse 

imaging together with lysotracker DND-99, a dye that allows for live labeling of lysosomes. 

Time-lapse imaging revealed that 56% and 63% of FMRP and endolysosomes respectively 

exhibited a processive directional movement in wild type neurons (Figure 3.8A&B), in 

agreement with previous observations  [43], [88]. Interestingly, while most antero- and 

retrograde motile EGFP-FMRP granules trafficked with lysosomes, not all lysosomes co-

trafficked with FMRP granules (Figure 3.8A).  EGFP-FMRP positive carriers exhibited 

preferential retrograde trafficking in sensory axons (Figure 3.8A&B). Frequency 

distribution of EGFP-FMRP speed showed a characteristic peak in each direction (Figure 

3.8C-F) with the anterograde peak closely aligning with that of lysotracker positive 

organelles (Figure 3.8C&D), whereas the retrograde peak revealed a selective association 

with a subpopulation of endolysosomes (Figure 3.8E&F). The observed retrograde bias in 

motility could support a model in which EGFP-FMRP is coupled with a subpopulation of 

lysotracker positive organelles for degradation in the soma. While local axonal degradation 

has been reported, the majority of enzymatically active degradative lysosomes reside in the 

soma [15], [21]. Retrograde shuttling, as opposed to the bidirectional transport described for 

EGFP-FMRP in dendrites of other neuronal types, could be more prominent in DRG, whose 

network is exclusively axonal. Indeed, unlike dendrites, axons are characterized by a uniform 

plus-ended microtubule polarity and dynein is a retrograde motor in this context [130]–[132].  

 

Figure 3.7.  FMRP co-precipitates with the dynein complex in sensory axons. A) Western blot 
analysis of FMRP immunoprecipitation from axoplasm extracted from mouse sciatic nerve. Co-IP of 
dynein intermediate chain is revealed by immunostaining with IC74.1 antibody. B) Quantification of 
the pulldown in A. Mean ± SEM, * p<0.05, n=3, unpaired t-test. 
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Figure 3.8. Analysis of FMRP trafficking in wild type sensory neurons. A) Representative 
kymograph of DRG neurons transfected with EGFP-FMRP construct (in green). Lysotracker was 
added to track lysosomal transport (in red). The merge between the two channels is in yellow. Scale 
bar 5 μm. B) Percentage of anterograde and retrograde versus stationary carriers in the experiment 
described in A. C) Anterograde speed distributions from the experiment described in A. Mean ± SEM, 
n>14 movies per group over three independent biological repeats, two-way ANOVA, followed by 
Sidak's multiple comparisons test. D) Medians of the instantaneous anterograde speeds of moving 
carriers in the experiment described in A. Mean ± SEM, ns not significant, n>14 movies per group 
over three independent biological repeats, unpaired t-test. E) Retrograde speed distributions from 
the experiment described in A. Mean ± SEM, ** p<0.01, *** p<0.001, n>28 movies per group over 
three independent biological repeats. Two-way ANOVA, followed by Sidak's multiple comparisons 
test. F) Medians of the instantaneous retrograde speeds of moving lysotracker and FMRP carriers in 
the experiment described in A. Mean ± SEM, ** p<0.01, n>28 movies per group over three 
independent biological repeats, unpaired t-test. 
 



37 
 

Recently, Lippincott-Schwartz and Ward groups identified annexin A11 (Anxa11), a 

vesicular trafficking protein linked to ALS [29], [133], as the tethering adaptor for G3bp1 

granules association with motile Lamp1-positive vesicles [29]. Interestingly, Anxa11 was 

one of the hits identified in our proteomics screen (Table 1.). Thus, we examined the impact 

of Anxa11 silencing, using an siRNA pool, on the association of endogenous FMRP to 

Lamp1 positive organelles using PLA. The efficiency of the knockdown was confirmed by 

western blot analysis (Figure 3.9.). Remarkably, PLA analysis revealed reduced FMRP 

association with Lamp1 organelles upon Anxa11 depletion across the somatic and axonal 

compartments (Figure 3.10.) suggesting that Anxa11 could mediate the docking of at least 

a pool of FMRP granules onto Lamp1-positive vesicles for long-range transport. 

 

Figure 3.9. Efficiency of Anxa11 depletion in sensory neurons. A) Western blot analysis of Anxa11 
protein levels in DRG neurons transfected with siControl or siAnxa11. B) Quantification of the 
experiment described in A. Mean ± SEM, n=3, * p<0.05, unpaired t-test. 
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Figure 3.10. Depletion of Anxa11 reduces FMRP association with Lamp1 vesicles. A) 
Representative images of PLA between FMRP and Lamp1 in the somatic compartment of siControl 
and siAnxa11 DRG neurons. Neurons are labeled with βIII-tubulin (green). PLA signal is in red. Scale 
bar 10 µm. B) Quantification of the PLA spots in A. Mean ± SEM, *** p<0.001, n=4, unpaired t-test. 
C) Representative images of axonal Lamp1/FMRP PLA in siControl and siAnxa11 neurons labeled 
with βIII-tubulin (green). PLA signal is in red. Scale bar 10 µm. D) Quantification of the PLA spots in 
C. Mean ± SEM, ** p<0.01, n=4, unpaired t-test. E) Median of the PLA area described in A&C. Mean 
± SEM, * p<0.05, n=4, unpaired t-test. F) Relative frequency distribution of the PLA area for the 
experiment in A&C. ** p<0.01, n=4, two-way ANOVA followed by Sidak’s multiple comparisons test. 
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3.4. FMRP axonal trafficking depends on Dynlrb1 levels 

To test the role of Dynlrb1 in FMRP trafficking, we designed a small hairpin RNA (shRNA) 

against the coding sequence of Dynlrb1. Quantitative RT-PCR from cultured DRG neurons 

transduced with shDynlrb1 AAV showed 60% reduction in Dynlrb1 mRNA levels compared 

to a non-targeting shControl (Figure 3.11A). Given the critical role of Dynlrb1 in sensory 

neuron survival, we monitored our cultures for signs of toxicity. Six days after transduction 

with shDynlrb1, only minimal toxicity (8.5% reduction in the number of viable cells) was 

observed (Figure 3.11B&C).   

 

 

 

 

Figure 3.11. shRNA-mediated depletion of Dynlrb1 in DRG neurons. A) Quantitative RT-PCR 
analysis on RNA extracted from DRG neurons 8 days post-transduction with shControl or shDynlrb1. 
Mean ± SEM, * p<0.05, n=3, unpaired t-test. B) Representative images of DRG neurons transduced 
with shControl or shDynlrb1 for 6 days and stained with cytopainter dye for 45 mins. Cells with 
compromised plasma membranes show high cytopainter fluorescence intensity (in red). Transduced 
neurons are labeled by EYFP expressed by the viral constructs (in green). Nuclei are visualized by 
DAPI (in blue). Scale bar 100 µm. C) Quantification of the experiment described in B. Mean ± SEM, 
** p<0.01, n=3, unpaired t-test.  
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We then proceeded to test whether shRNA-mediated knockdown of Dynlrb1 affects 

FMRP pairing with the dynein complex. PLA analysis revealed that the interaction of FMRP 

with dynein heavy chain (Dync1h1) (Figure 3.12.) is greatly reduced upon Dynlrb1 

depletion suggesting that FMRP active transport could be dependent on Dynlrb1.  

 

 

 

Accordingly, we decided to test whether Dynlrb1 depletion would stall FMRP 

trafficking, inducing its axonal accumulation. Since our viral shRNA constructs express 

EYFP, we used an siRNA pool to test whether Dynlrb1 is required for EGFP-FMRP axonal 

motility. Dynlrb1 knockdown efficiency was confirmed by quantitative RT-PCR (Figure 

3.13.). 

 

Figure 3.12. Dynlrb1 silencing impacts FMRP association with the dynein complex. A) 
Representative images of PLA between FMRP and dynein heavy chain (Dync1h1) in DRG neurons 
transduced with shControl or shDynlrb1 constructs. Transduced neurons are labeled by EYFP 
expressed by the viral constructs. The PLA signal is in red. Scale bar 10 µm. B) Quantification of the 
PLA experiment in A. PLA signal in the cell bodies and axons was quantified separately. Mean ± 
SEM, ** p<0.01, n=5, unpaired t-test. 

Figure 3.13. siRNA-mediated depletion of Dynlrb1 in DRG neurons. Quantitative RT-PCR 
analysis on RNA extracted from DRG neurons 3 days post-transfection with siControl or siDynlrb1. 
Mean ± SEM, *** p<0.001, n=3, unpaired t-test. 
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As expected, depletion of Dynlrb1 via siRNA significantly increased the stationary 

pool of lysosomes at the expense of the mobile pool as previously described [43] (Figure 

3.14A&B). Comparably, Dynlrb1 depletion impaired FMRP retrograde transport by 

increasing the number of stationary particles (Figure 3.14A&B) and further reduced the 

speed of both lysotracker- (Figure 3.14C&D) and FMRP-positive residual retrogradely 

moving carriers (Figure 3.14E&F). Interestingly, EGFP-FMRP stationary particles 

colocalized with stationary lysosomes (Figure 3.14A), thus confirming that the long-range 

transport of lysosomes and FMRP is closely linked and suggesting association between the 

two.  
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Figure 3.14. Dynlrb1 depletion negatively impacts FMRP trafficking. A) Representative 
kymographs of siControl and siDynlrb1 DRG neurons transfected with EGFP-FMRP construct (in 
green). Lysotracker was used to track lysosomal transport (in red). The merge between the two 
channels is in yellow. Scale bar 5 µm. B) Percentage of moving versus stationary carriers in the 
experiment described in A for both FMRP and lysotracker positive axonal carriers. Mean ± SEM, *** 
p<0.001, n=3, two-way ANOVA, followed by Sidak's multiple comparisons test. 
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Figure 3.14. (continued) C) Medians of the instantaneous retrograde speeds of lysotracker-positive 
moving carriers in siControl and siDynlrb1 DRG neurons transfected with EGFP-FMRP from the 
experiment described in A. Mean ± SEM, *** p<0.001, n>46 movies per group over three independent 
biological repeats, unpaired t-test. D) Retrograde speed distributions of lysotracker-positive moving 
carriers from the experiment described in A. Mean ± SEM, * p<0.05, ** p<0.01, *** p<0.001, n>46 
movies per group over three independent biological repeats, two-way ANOVA followed by Sidak's 
multiple comparisons test. E) Medians of the instantaneous retrograde speeds of FMRP-positive 
moving carriers in the experiment described in A. Mean ± SEM, *** p<0.001, n>46 movies per group 
over three independent biological repeats, unpaired t-test. F) Retrograde speed distributions of 
FMRP-positive moving carriers from the experiment described in A. Mean ± SEM, ** p<0.01, *** 
p<0.001, n>46 movies per group over three independent biological repeats, two-way ANOVA 
followed by Sidak's multiple comparisons test. 
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In line with impaired FMRP trafficking, we observed a significant increase in the 

number of endogenous FMRP puncta in axons of shDynlrb1 transduced neurons (Figure 

3.15A&Bi). Dynlrb1 knockdown also perturbed FMRP axonal puncta size, inducing a 

statistically significant shift to larger puncta (Figure 3.15Bii&Biii).  

 

 

 

 

Super-resolution imaging of the enlarged FMRP puncta revealed them to be clusters 

of individual FMRP granules (Figure 3.16A-D). Further analysis confirmed a statistically 

significant increase in the number of puncta and a shift to a larger size (0.25 µm2 - 0.75 µm2) 

(Figure 3.16E) in Dynlrb1 knockdown neurons. The abnormally enlarged axonal pool of 

FMRP in Dynlrb1 depleted neurons could result from an impairment in trafficking and/or 

degradation.  

 

 

Figure 3.15. Dynlrb1 silencing induces intra-axonal accumulations of FMRP. A) Representative 
images of shControl or shDynlrb1 axons. FMRP axonal accumulation is revealed by staining with an 
anti-FMRP antibody (rainbow palette to highlight difference in intensity). Scale bar 5 µm. B) 
Quantification of the number (Bi), area (Bii) and relative frequency (Biii) of FMRP-positive puncta in 
the experiment described in A. Mean ± SEM, * p<0.05, *** p<0.001, n=3, unpaired t-test. 
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Figure 3.16. Super-resolution imaging of intra-axonal FMRP granules. A) Airyscan images of 
FMRP (in green) and βIII-tubulin (in red), and the 3D merge of FMRP 3D spot detection and surface 
rendering in DRG neurons transduced with shControl or shDynlrb1. Scalebar 3 µm. B) FMRP puncta 
detection from the zoom in area shown in panel A (red box). Scalebar 3 µm. C&D) Quantification of 
axonal FMRP clustering with the average distance between 3 spots and 9 spots respectively. E) 
Quantification of FMRP puncta number (Ei), area (Eii), and relative frequency (Eiii). * p<0.05, *** 
p<0.001, ns not significant, unpaired t-test, n = 10 images per group. 
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To investigate whether the axonal transport deficit found in Dynlrb1 depleted 

neurons is specific to lysosomes and FMRP granules, we monitored mitochondrial dynamics. 

Mitochondria are shuttled bidirectionally by molecular motors, and alterations of their 

axonal transport have been linked to neurodegenerative diseases [4]. DRG neurons 

transfected with siControl or siDynlrb1 were incubated with mitotracker deep red to 

visualize active mitochondria. Time-lapse imaging revealed a reduction in the motile pool 

of mitochondria from 32 to 23% upon Dynlrb1 depletion (Figure 3.17A&B) with slower 

movements occurring more frequently despite not impacting the overall median speed 

(Figure 3.17C-F). Interestingly, mutant FMRP was previously reported to negatively impact 

mitochondrial transport in Drosophila axonal network without disrupting their speed of 

transport [134]. Previous work from our group has also reported that Dynlrb1 genetic 

depletion negatively affects the percentage of retrogradely motile signaling endosomes, but 

not their speed [43]. Remarkably, while our data highlights how Dynlrb1 silencing affects a 

broad range of cargos, lysosomes are affected to a much greater extent (Figure 3.14.).   
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Figure 3.17. Dynlrb1 silencing negatively impacts mitochondrial trafficking. A) Representative 
kymographs of siControl and siDynlrb1 DRG neurons labeled with mitotracker (grayscale). B) 
Percentage of moving versus stationary carriers in the experiment described in A. Mean ± SEM, * 
p<0.05, n=3, two-way ANOVA, followed by Sidak's multiple comparisons test. C) Medians of the 
anterograde speeds of mitotracker-positive moving carriers in siControl and siDynlrb1 DRG neurons 
from the experiment described in A. Mean ± SEM, ns not significant, n>19 movies per group over 
three independent biological repeats, unpaired t-test. D) Anterograde speed distributions of 
mitotracker moving carriers from the experiment described in A. Mean ± SEM, ** p<0.01, n>19 
movies per group over three independent biological repeats, two-way ANOVA followed by Sidak's 
multiple comparisons test. E) Medians of the retrograde speeds of mitotracker-positive moving 
carriers in siControl and siDynlrb1 DRG neurons from the experiment described in A. Mean ± SEM, 
ns not significant, n=19 movies per group over three independent biological repeats, unpaired t-test. 
F) Retrograde speed distributions of mitotracker moving carriers from the experiment described in A. 
Mean ± SEM, ** p<0.01, n=19 movies per group over three independent biological repeats, two-way 
ANOVA followed by Sidak’s multiple comparisons test. 
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3.5. Dynlrb1 regulates FMRP protein levels and function  

As previously discussed, interaction between BicD and FMRP has been documented in 

Drosophila and absence of BicD has been reported to cause a significant reduction of FMRP 

protein levels in Drosophila’s larval brain [27]. However, mutations of the dynein motor, 

which might potentially alter FMRP trafficking, didn’t affect its protein levels in Drosophila 

[27], [135], suggesting that the non-catalytic subunits of the dynein machinery might play a 

direct role in regulating FMRP protein levels. Thus, we tested whether Dynlrb1 knockdown 

affects FMRP protein levels in DRG neurons. Indeed, Dynlrb1 genetic depletion increased 

the overall FMRP protein levels (Figure 3.18.) and further promoted the formation of FMRP 

granules in DRG neuron soma (Figure 3.18A). Since LLPS is facilitated by the local 

concentration of RBPs [136], the observed increase in FMRP levels could have promoted or 

enhanced its condensation into granules upon Dynlrb1 silencing.  

 

 

 

FMRP has been reported to promote the formation of stress granules [136] and 

aberrant stress granules formation has been linked to neurodegeneration [137]. Thus, we 

examined whether the observed increase in FMRP levels could trigger the assembly and/or 

accumulation of stress granules in DRG neurons depleted of Dynlrb1. Stress granules were 

visualized by immunofluorescence staining of G3bp1, one of the most abundant RBPs that 

is crucial for stress granule formation [63]. Indeed, Dynlrb1 knockdown induced a 

significant increase in G3bp1 level (Figure 3.19A&B). Moreover, quantification of G3bp1 

intra-axonal signal revealed a significant increase in the number of G3bp1 granules without 

significantly impacting their size (Figure 3.19C).  

 

Figure 3.18. Genetic depletion of Dynlrb1 promotes FMRP granule formation. A) Representative 
images of cell bodies of DRG neurons transduced with shControl or shDynlrb1. Transduced neurons 
are labeled by EYFP expressed by the viral constructs (in green). FMRP granules are visualized by 
staining with an anti-FMRP antibody (grayscale). Scale bars 5 µm and 1 µm respectively. B) 
Quantification of FMRP intensity (Bi) and the number of FMRP-positive granules (Bii) in the 
experiment described in A. Mean ± SEM, * p<0.05, ** p<0.01, n=3, unpaired t-test. 
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We then tested whether the loss of Dynlrb1 impairs FMRP degradation by western 

blot analysis. Neuronal cultures transduced with shDynlrb1 or shControl were incubated for 

6 h with the proteasome inhibitor (MG132) or a cocktail of lysosomal inhibitors (leupeptin, 

pepstatin A and E-64d) before protein extraction. Interestingly, both proteasomal and 

lysosomal inhibition led to a 2- to 2.5-fold increase in the levels of FMRP in shControl 

neurons (Figure 3.20.). In contrast, MG132 failed to elicit any significant increase of FMRP 

levels in shDynlrb1 neurons, whereas lysosomal inhibitors induced a minimal but non-

significant increase in FMRP protein levels (Figure 3.20.). These data suggest that both the 

proteasomal and lysosomal pathways work hand in hand in adult sensory neurons to tightly 

control FMRP levels and that FMRP degradation capacity is saturated in DRG neurons 

depleted of Dynlrb1.  

Figure 3.19. Dynlrb1 silencing induces stress granules formation. A) Representative images of 
shControl or shDynlrb1 DRG neurons. Stress granules are visualized with anti-G3bp1 antibody 
(grayscale). Transduced neurons are labeled by EYFP (in green). Scale bars 10 µm, 1 µm and 1 µm 
respectively. B) Quantification of somatic G3bp1 intensity. Mean ± SEM, ** p<0.01, n=3, unpaired t-
test. C) Quantification of the number (Ci), area (Cii) and relative frequency (Ciii) of axonal G3bp1 
puncta. Mean ± SEM, ***p<0.001, ns not significant, n=3, unpaired t-test. 
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We next investigated whether the impaired FMRP degradation and the consequent 

dysregulation of its granule formation could affect the translation of its mRNA targets. We 

first assessed the localization of the microtubule-associated protein 1b (Map1b) mRNA, a 

well-known target of FMRP [138], with FMRP granules using RNA in situ hybridization 

(ISH) combined with immunofluorescence staining. Map1b mRNA exhibited a punctated 

staining pattern that colocalized with FMRP granules (Figure 3.21A). Interestingly, Map1b 

mRNA sequestration in FMRP granules was increased after Dynlrb1 depletion compared to 

shControl neurons (Figure 3.21A&B). The specificity of the Map1b signal was confirmed 

by the absence of the ISH signal upon hybridization of a negative control probe (Figure 

3.21C). 

 

 

 

 

 

 

 

 

Figure 3.20. Genetic depletion of Dynlrb1 impairs FMRP degradation. A) Western blot analysis 
of FMRP protein levels in shControl or shDynlrb1 DRG neurons after incubation with proteasomal 
inhibitor (MG132), lysosomal inhibitors (leupeptin, pepstatin A and E-64d) or vehicles for 6 h. β-actin 
immunostaining was used to normalize FMRP levels. Viral transduction efficiency was visualized by 
an anti-GFP antibody. B) Quantification of the experiment described in B. Mean ± SEM, n=5, * p < 
0.05, ** p<0.01, *** p<0.001, ns not significant, one-way ANOVA followed by Tukey’s HSD post hoc 
correction for multiple comparisons. 
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Subsequently, we examined the effect of Dynlrb1 depletion on Map1b translation. 

Direct visualization of newly synthesized Map1b by combining puromycin labeling and PLA 

revealed a significant reduction in Map1b translation in Dynlrb1 knockdown neurons 

(Figure 3.22A, C&D). The specificity of the PLA signal was determined by pre-treatment 

with 40 μM anisomycin, a protein synthesis inhibitor, as a negative control (Figure 3.22B, 

C&D). Collectively, these results are in accordance with previous literature correlating 

FMRP condensation with translation inhibition [65], [139], and could, at least in part, explain 

the impaired axonal outgrowth described in Dynlrb1 heterozygous mouse model [43].  

 

 

 

Figure 3.21. FMRP accumulations in Dynlrb1 depleted neurons sequester Map1b mRNA. A) 
Representative images of integrated in situ hybridization (ISH) for Map1b mRNA and FMRP 
immunostaining in DRG neurons transduced with shControl or shDynlrb1. Transduced neurons are 
labelled by EYFP expressed by the viral constructs (in green). ISH signal is in Turquoise. Scale bar 
5 µm. B) Quantification of the axonal colocalization between FMRP and Map1b mRNA in the 
experiment described in A. Mean ± SEM, n=3, ** p<0.01, unpaired t-test. RNAscope controls for 
Map1b mRNA detection in DRG neurons A) Representative images of in situ hybridization signal 
obtained with negative and positive RNAscope control probes (in Turquoise). Neurons are labelled 
with EYFP expressed by the viral constructs (in green). FMRP immunostaining signal is in red. Scale 
bar 5 µm. 
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Figure 3.22. Dynlrb1 silencing impairs Map1b translation. A) Representative images of newly 
synthesized Map1b in puromycin treated shControl or shDynlrb1 DRG neurons detected by PLA 
between anti-puromycin and anti-Map1b antibodies. Neurons were incubated with puromycin for 10 
min to label newly translated proteins. Transduced neurons are labelled by EYFP expressed by the 
viral constructs (in green). PLA signal is in red. Scale bar 10 µm. B) Representative images of newly 
synthesized Map1b in anisomycin treated shControl or shDynlrb1 DRG neurons. Neurons were 
incubated with 40 μM anisomycin for 30 min prior to incubation with puromycin for 10 min as a 
negative control for the PLA reaction in A. Transduced neurons are labelled by EYFP expressed by 
the viral constructs (in green). PLA signal is in red and detected by PLA between anti-puromycin and 
anti-Map1b antibodies. Scale bar 10 µm. C&D) Quantification of the puro-PLA signal for the 
experiment described in A&B in the somatic and axonal compartments respectively. Mean ± SEM, 
n≥3, * p<0.05, ** p<0.01, *** p<0.001, ns not significant, one-way ANOVA followed by Tukey’s HSD 
post hoc correction for multiple comparisons. 



53 
 

Chapter 4.   

Discussion  

Cytoplasmic dynein is the main retrograde molecular motor thus it plays a crucial role in all 

eukaryotic cells, particularly in highly polarized cells such as neurons. Indeed, disruption of 

the function of dynein, or its co-factor dynactin, has been implicated in motor neuron 

degeneration, including ALS [3], [5], [50].  More than 30 missense heterozygous mutations 

within the dynein heavy chain were linked to neurological disorders in humans. The link 

between Dync1h1 mutations and disease was further reinforced by the motor and sensory 

deficits observed in the heterozygous Dync1h1 mutant mouse models [3]. Comparably, 

conditional Dynlrb1 depletion was shown to negatively impact proprioceptive neuronal 

survival, suggesting its involvement in dynein-dependent transport and signaling [43]. Two 

roadblock isoforms are expressed in mammalian cells, Dynlrb1 and Dynlrb2. Similar to 

other subunits, isoform diversity could define distinct dynein populations with unique 

functions [9], [140]. Previous interactome studies for Dynlrb1 yielded only a few hits [44]–

[47]. Nonetheless, the observed neuronal loss upon Dynlrb1 depletion cannot be fully 

explained by these interactions. Thus, we used a proximity labeling approach coupled with 

mass spectrometry to identify Dynlrb1 interactome in sensory neurons. 

 

To select candidates for further validation and characterization, the putative 

interactors list was refined through a literature review to highlight candidates involved in 

neuronal homeostasis (disruption of their interaction with Dynlrb1 could contribute to the 

neuronal loss observed upon its depletion). While the list includes candidates with high 

enrichment values and statistical significance, we opted to prioritize the potential 

physiological significance of the interaction over its frequency. The three candidates chosen 

for validation are involved in intracellular trafficking and translational regulation and thus 

are also representative of the enriched GO categories in the functional enrichment analysis 

(Figure 3.4B). Given FMRP’s implication in neurological disorders, its involvement in the 

proper functioning of the spinal sensory system as evident by the sensory deficits reported 

in patients afflicted with FXS and FXTAS [141], and the relative lack of data regarding its 

interaction with the dynein complex in mammalian systems, it was selected for further 

investigations. 

 

Increasing evidence shows how mRNA, miRNA, and RNA granules hitchhike onto 

membranous organelles for long-range transport [30], and that late endosomes can act as a 

platform for mRNA translation [28]. Utilizing live imaging and PLA analysis, I show how 

the long-range transport of endolysosomes and FMRP granules is closely linked (Figure 

3.8.) and dependent on Dynlrb1 (Figure 3.14.). Speed distribution showed that FMRP 

anterograde peak aligns with that of the lysotracker-positive organelles while the retrograde 

peak displays a selective association with a pool of lysotracker-positive vesicles. Lysotracker 

can incorporate into mildly acidic organelles (PH ≤ 6) thus labeling several organelles 

including lysosomes, late endosomes, and multivesicular bodies. It is possible that 

retrogradely trafficked FMRP only associates with one of these compartments. Whether 

FMRP pairing to endolysosomes is dependent on the degree of acidification requires further 

investigation. 
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Recently, Lippincott-Schwartz and Ward groups identified Anxa11 as an adaptor that 

tethers G3bp1 granules to Lamp1-positive organelles for long-range trafficking [29]. 

Anxa11 mutations impacting its propensity to phase separate and its association with 

lysosomal vesicles have been implicated in familial ALS pathogenesis [133]. Interestingly, 

Anxa11 was one of the candidates identified in our proteomics screen (Table 1.). And 

subsequent PLA analysis suggests that at least a population of FMRP granules utilize the 

same molecular adaptor to dock on Lamp1-positive organelles in sensory neurons (Figure 

3.10.). Endolysosomes represent an ideal platform for the tethering of FMRP granules given 

the speed and extent of their transport. Moreover, the pairing of FMRP granules to lysosomes 

could provide an opportunity for internalization and degradation by microautophagy [29], 

[142]. Indeed, overexpressed FMRP was found inside lysosomal compartments via electron 

microscopy [143], and our data suggests a block of FMRP lysosomal degradation upon 

Dynlrb1 depletion (Figure 3.20.). Furthermore, since FMRP-mediated translation is 

dependent on synaptic activity, retrograde transport of a pool of RNA granules could support 

a model in which mRNAs patrol different synaptic sites until being recruited by an active 

site rather than being permanently anchored at a specific synapse [65], [144]. Indeed, FMRP 

is a key regulator of the translation of critical proteins for synaptic signaling [59], [70]. 

Retrograde trafficking has been previously described for G3bp1 and La granules [25], [29]. 

And was also proposed to support the recycling of mRNAs back to the soma to regulate the 

copy number of specific axonal mRNAs [145].  

 

The data presented in this thesis together with earlier work from our group [43] 

suggests the involvement of Dynlrb1 in the retrograde trafficking of a broad range of 

organelles in sensory neurons. The extent to which these cargos are impacted is variable, 

with the mitochondria (Figure 3.17.) and the signaling endosomes [43] seemingly less 

affected than lysotracker-positive organelles, where both the speed profile and the frequency 

of mobile carriers are reduced to a greater extent (Figure 3.14). Thus, Dynlrb1 depletion 

could be impacting a specific pool of dynein recruited mostly to endolysosomes. Dynlrb1 

could be involved in directly linking cargos and/or adaptor proteins to dynein. Alternatively, 

it could play a role in regulating dynein localization and/or processive motility. Dynlrb dimer 

binding to dynein intermediate chain provides one of three tail contact sites between dync1h1 

dimer in phi (ɸ) conformation [11], [146]. While the ɸ conformation lacks processive 

motility, and structure-based mutation of the motor dimerization contact sites drives dynein 

into a more open conformation with higher affinity to both dynactin and MT, this 

conformation seems to play a significant regulatory role on account of the multiple mutations 

within the ɸ interface linked to SMA-LED and MCD [11]. Site-directed mutagenesis of the 

ɸ interface was shown to increase centrosomal dynein localization in mitotic cells [11]. 

Whether Dynlrb1, but not Dynlrb2, is required to stabilize the phi particle and thus regulate 

the axonal localization of at least a subpopulation of dynein remains to be assessed.  

 

The two main degradative pathways in eukaryotic cells are the UPS and the 

autophagy-lysosomal system with the former mediating the degradation of the individual 

proteins marked with ubiquitin tags including damaged and misfolded proteins and the latter 

mostly removing aggregated proteins as well as damaged organelles [14]. Perturbation of 

either proteolytic pathways have been linked to neurodegenerative disorders [147], [148]. 

Herein, I show that Dynlrb1 silencing impairs both the lysosomal and proteasomal 

degradation of FMRP (Figure 3.20.). The impaired lysosomal degradation could be, at least 

in part, explained by the impaired retrograde trafficking of acidic organelles. While some 

degradation can occur locally through degradative lysosomes being continuously delivered 
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to axonal tips [21], [149], the majority of enzymatically active degradative lysosomes reside 

in the soma which necessitate efficient dynein-dependent shuttling of mildly acidic 

organelles. Moreover, the proteomics data identified both Vps29 and Vta1 (Figure 3.5., 

Table 1.), two proteins involved in endosomal and multivesicular body sorting and 

lysosomal acidification [150]–[152]. It would be of interest to assess whether these 

associations pose any functional significance. In the context of proteasomal block, the N-

terminal domain of FMRP is prone to intrinsically fold into β-rich structures, promoting the 

formation of fibrillar aggregates [153], [154]. Pioneering work from Ron Kopito’s lab has 

shown that protein aggregation inhibits the UPS [155], with similar findings also reported 

from other groups [156], [157]. Upon the accumulation of aggregation-prone proteins 

beyond the capacity of the UPS, a state of proteostasis could be attained through dynein-

mediated transport and formation of aggresomes. FMRP granules, induced by controlled 

overexpression of FMRP in motor neurons, were reported to sequester HDAC6, a protein 

that facilitates aggresome-mediated clearance of misfolded proteins and is involved in 

promoting autophagosomes-lysosomes fusion events [39] [158]. Furthermore, an in silico 

model proposed that NAGK activates dynein processive motility, via association with 

Dynlrb1, and accordingly reduces mutant huntingtin (mHtt Q74) and α-synuclein (α-syn 

A53T) aggregation in mouse brain cells [159]. Our proteomics screen did not identify 

NAGK as a Dynlrb1 interactor in DRG neurons. This can be explained by the difference in 

neuronal subtypes, the developmental/maturation stage (embryonic cortical neurons vs adult 

sensory neurons), or the experimental conditions. Nevertheless, follow-up work would be 

necessary to confirm the proposed model. 

 

Alteration of RNA processing as a result of accumulation of RNP aggregates has 

been identified as a unifying mechanism underlying the pathogenesis of several 

neurodegenerative diseases, regardless of the underlying cause [160]. The data presented 

here shows that Dynlrb1 silencing in sensory neurons promotes aberrant FMRP 

accumulations (Figure 3.15., Figure 3.18.) that further trigger the formation of stress 

granule inclusions (Figure 3.19.). The extent of G3bp1 accumulation is lower compared to 

the one observed with FMRP, suggesting a secondary effect to FMRP accumulation. And 

that FMRP and G3bp1 granule populations might not completely overlap in sensory neurons. 

Nonetheless, Intra-axonal G3bp1 granule accumulation, reminiscent of the one observed in 

this work, was shown to negatively impact mRNA translation and axonal regeneration in 

sensory neurons [161]. A controlled FMRP overexpression paradigm in motor neurons was 

also shown to drive TDP43 accumulations [162].  

 

FMRP’s most studied functional role is translational regulation, where it interacts 

and represses the translation of hundreds of mRNAs [70]. One of its primary targets, 

distributed across neuronal sub-compartments, is Map1b [70]. Elevated Map1b levels were 

reported in FXS models as a consequence of the hypoassembly of FMRP granules [138], 

[163], [164]. The data presented here shows that FMRP accumulation and the enhanced 

granule formation upon Dynlrb1 depletion sequestered Map1b (Figure 3.21) and reduced its 

availability for translation (Figure 3.22). These findings are in line with the literature 

correlating FMRP condensation with translation inhibition [65], [139]. Map1b is involved 

in MT stabilization and axonal guidance [165]. Thus its impaired translation could, at least 

in part, explain the impaired axonal outgrowth described in Dynlrb1 heterozygous mouse 

[43]. 
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Chapter 5. 

Conclusion and Outlook 

In this study, I utilized a proximity-based proteomics approach to screen for Dynlrb1 

interactors in sensory neurons and identified FMRP as a Dynlrb1 interacting partner. Further 

analyses showed that FMRP undergoes axonal transport with endolysosomal organelles, 

likely utilizing Anxa11 as a hitchhiking adaptor. The data presented here supports a 

pathogenesis model whereby Dynlrb1 silencing stalls FMRP granule trafficking, a process 

intended to support FMRP clearance and potentially steer spatiotemporal mRNA translation. 

Moreover, Dynlrb1 depletion promotes FMRP granule formation, hence sequestering FMRP 

target mRNAs and reducing their availability for translation. Taken together, Dynlrb1 

depletion can alter the finely tuned translation dynamics in sensory neurons, ultimately 

impacting their survival. This work identifies a role for Dynlrb1 in regulating mRNA 

translation in sensory neurons and correlates axonal transport as another factor in defining 

the correct phase separation equilibrium thus having a significant impact on neuronal 

homeostasis and disease pathogenesis. Our findings also pave the road for future work that 

aims to further investigate Dynlrb1 involvement in dynein trafficking and survival signaling.  

 

 

5.1. Further investigation of the role of Dynlrb1 in dynein-mediated trafficking   

Dynlrb1 depletion was shown to impact a broad range of cargos to different extents, which 

raises the possibility of involvement of Dynlrb1 in promoting the localization or the motility 

of the dynein motor. Dynein localization to axonal tips upon Dynlrb1 depletion could be 

assessed through immunofluorescence staining for Dync1h1. Active dynein localization by 

kinesin to axonal tips could also be assessed as described before [166]. An inducible cargo 

trafficking assay in cells depleted of Dynlrb1 could offer some insight into dynein processive 

motility in the presence or absence of Dynlrb1. Additionally, a cryo-electron microscopy 

study of the dynein forms (Phi vs open dynein) as well as its association with dynactin in the 

absence of Dynlrb1 would shed additional light on the mechanisms involved. 

 

 

5.2. Investigation of the role of Dynlrb1 in regulating FMRP’s post-translational 

modifications   

The data presented in Figure 3.18. shows that Dynlrb1 depletion results in a significant 

increase in the number of FMRP granules. which could be, at least in part, attributed to the 

impairment of FMRP degradation. FMRP’s phase separation and degradation are finely 

tuned with post-translational modifications. Activity-dependent PP2A dephosphorylation 

promotes FMRP granule disassembly, release of mRNAs for translation, and further triggers 

FMRP ubiquitination and degradation [65]. An alternative analysis of our proteomics data 

identifies several subunits of the PP2A enzyme. Thus, it would be interesting to investigate 

whether Dynlrb1 could regulate FMRP post-translational modifications. To assess this 

aspect, the level of phosphorylated FMRP would be detected via western blotting and/or 

immunofluorescence staining upon Dynlrb1 depletion. Additionally, the association 
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between PP2A and FMRP could be assessed using a proximity ligation assay in the presence 

and absence of Dynlrb1. This would be also coupled with an assessment of PP2A activity 

using a PP2A immunoprecipitation phosphatase assay kit.  

 

 

5.3. Validation of Anxa11 recruitment as a hitchhiking adaptor for FMRP granules 

While our data linking FMRP granules and endolysosomal compartments (Figure 3.8., 

Figure 3.10.) is very intriguing, a few more aspects should be addressed in future work. For 

instance, an electron microscopy study would be essential to ensure that the bulk of FMRP 

granules is tethered to the endolysosomal membranes rather than being engulfed inside these 

organelles. In addition, time-lapse imaging of EGFP-FMRP and lysotracker-positive 

organelles co-trafficking upon Anxa11 depletion should be performed. A better, yet more 

technically challenging, alternative would be to monitor the co-trafficking of EGFP-FMRP 

granules and Anxa11 fused to a fluorescent reporter.  

 

 

5.4. The involvement of Dynlrb1 in neuronal homeostasis  

While the work presented in this thesis focuses on characterizing the functional significance 

of Dynlrb1-FMRP interaction, the proteomics data represents an array of interacting 

candidates for Dynlrb1 that will be useful for further investigations of Dynlrb1 involvement 

in neuronal homeostasis. One interesting interactor is Vps29, which associates with Dynlrb1 

within the axonal compartment (Figure 3.5.). Vps29 is one of three subunits of the retromer 

cargo recognition complex involved in the proper functioning of the autophagy-lysosomal 

pathway. The complex was shown to promote the autophagic-mediated clearance of tau 

[167]. A role in regulating lysosomal acidification, through regulating v-ATPase levels, was 

also recently proposed in a Vps29 mutant Drosophila model [152].  Moreover, the retromer 

is involved in sorting a variety of cargos including cation-independent mannose 6-phosphate 

receptors and metabotropic glutamate receptors [168]–[170]. Perturbations of the level or 

the function of the complex have been linked to neurodegenerative diseases and dynein 

dysfunction was shown to mimic the features of retromer loss [171]. It will be of interest to 

explore the involvement of Dynlrb1 with the retromer complex to sustain endocytic sorting 

and clearance pathways.  

 

 

5.5. Characterization of FMRP targets in sensory neurons 

An additional intriguing aspect would be the impact of FMRP granule accumulation on 

axonal RNA localization in sensory neurons. FMRP research over the last few decades 

focused almost solely on the neurodevelopmental defects associated with FMRP depletion 

within CNS neurons. Identification of FMRP target mRNA for translational repression and 

localization in sensory neurons could deepen our understanding of nociceptive control and 

plasticity and could potentially open new therapeutic avenues for the treatment of pain 

disorders in FXS, FXTAS as well as neuropathic pain.  
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5.6. Further insights into the link between FMRP granules and neurodegenerative 

pathologies 

Finally, this work raises interesting insights beyond the scope of dynein trafficking and 

signaling. Whereas hyperassembly of RNP granules and defects of RNA processing were 

described for a variety of RBPs and further linked to neurodegenerative disease pathogenesis, 

FMRP’s hyperassembly received little attention. FMRP does not function in isolation, it was 

shown to assemble with TDP43, a prominent RBP involved in ALS pathogenesis, into the 

same RNPs and cooperatively regulate the translation of specific mRNAs, Map1b for 

instance [172]. FMRP overexpression was also shown to drive the formation of TDP43 

inclusions in motor neurons [162]. Moreover, FMRP interacts with FUS (fused in sarcoma), 

another RBP implicated in ALS. FUS-ALS mutant was shown to sequester FMRP and 

reduce the translation of its target mRNAs [139]. These observations raise the possibility of 

the potential involvement of FMRP in ALS pathology. For instance, while FUS aggregation 

impairs FMRP function, could FMRP accumulations drive FUS aggregation as previously 

proposed for TDP43. Could FMRP hyperassembly and/or loss of function contribute to ALS 

pathogenesis. Fragile X proteins are involved in the processing of a subset of miRNAs that 

were downregulated in the serum of presymptomatic ALS patients [173] and were shown to 

aggregate in lumbar spinal cord samples from familial and sporadic ALS patients  [174].  
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Appendix 

Table 1. Dynlrb1 putative interactors in DRG neurons 

Gene ID Gene Name 

U2surp U2 snrnp-associated SURP domain containing 

Eif2s3y Eukaryotic translation initiation factor 2, subunit 3 

Dnajc2 Dnaj heat shock protein family member C2 

Mrpl21 Mitochondrial ribosomal protein L21 

Tecr Trans-2,3-enoyl-coa reductase 

Acsl5 Acyl-coa synthetase long-chain family member 5 

Dynlrb1 Dynein light chain roadblock-type 1 

Ssb Small RNA binding exonuclease protection factor La 

Mtfr1l Mitochondrial fission regulator 1-like 

C3ar1 Complement component 3a receptor 1 

Psmg1 Proteasome assembly chaperone 1 

Cog2 Component of oligomeric golgi complex 2 

Col3a1 Collagen, type III, alpha 1 

Nup133 Nucleoporin 133 

Dusp11 Dual specificity phosphatase 11  

Vac14 Vac14 homolog 

Actr1b ARP1 actin-related protein 1B, centractin beta 

Ppm1a Protein phosphatase 1A, magnesium dependent, alpha isoform 

Ppm1b Protein phosphatase 1B, magnesium dependent, beta isoform 

Acaa1a Acetyl-Coenzyme A acyltransferase 1A 

Acaa1b Acetyl-Coenzyme A acyltransferase 1B 

Pak1ip1 PAK1 interacting protein 1 

Cenpv Centromere protein V 

Setd3 SET domain containing 3 

Tmpo Thymopoietin 

Tmem65 Transmembrane protein 65 

Srp14 Signal recognition particle 14 

Pnpla6 Patatin-like phospholipase domain containing 6 

Epm2aip1 EPM2A (laforin) interacting protein 1 

Cops6 COP9 signalosome subunit 6 

Sacs Sacsin 

Efr3a EFR3 homolog A 

Pxn Paxillin 

Dgkh Diacylglycerol kinase, eta 

Atxn2l Ataxin 2-like 

Cmas Cytidine monophospho-N-acetylneuraminic acid synthetase 

Fam91a1 Family with sequence similarity 91, member A1 

Vta1 Vesicle (multivesicular body) trafficking 1 

Vps29 VPS29 retromer complex component 

Rab11fip5 RAB11 family interacting protein 5 (class I) 

Ubap2 Ubiquitin-associated protein 2 

Aldoc Aldolase C, fructose-bisphosphate 

Eif3k Eukaryotic translation initiation factor 3, subunit K 

Primpol Primase and polymerase (DNA-directed) 

Hip1r Huntingtin interacting protein 1 related 

Arhgef12 Rho guanine nucleotide exchange factor 12 

Ret Ret proto-oncogene 
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Fmr1 Fragile X messenger ribonucleoprotein 1 

Hnrnpll Heterogeneous nuclear ribonucleoprotein L-like 

Dnajb1 Dnaj heat shock protein family member B1 

Sec24c SEC24 homolog C, COPII coat complex component 

Stx8 Syntaxin 8 

Chordc1 Cysteine& histidine-rich domain containing zinc binding protein 1 

Map1s Microtubule-associated protein  

Nisch Nischarin 

Kifc1 Kinesin family member C1 

Kifc5b Kinesin family member C5B 

Gstm1 Glutathione S-transferase, mu 1 

Get4 Golgi to ER traffic protein 4 

Anxa11 Annexin A11 

Cplx1 Complexin 1 

Thop1 Thimet oligopeptidase 1 

Ubr4 Ubiquitin protein ligase E3 component n-recognin 4 

Ufm1 Ubiquitin-fold modifier 1 

Ddx19a DEAD box helicase 19a 

Ddx19b DEAD box helicase 19b 

Usp7 Ubiquitin specific peptidase 7 

Eef1a2 Eukaryotic translation elongation factor 1 alpha 2 

Dusp3 Dual specificity phosphatase 3  

Aacs Acetoacetyl-coA synthetase 

Myg1 Melanocyte proliferating gene 1 

Ola1 Obg-like Atpase 1 

Ckb Creatine kinase, brain 

Dync1li2 Dynein, cytoplasmic 1 light intermediate chain 2 

Rpl18 Ribosomal protein L18 

Glrx3 Glutaredoxin 3 

Otub1 OTU domain, ubiquitin aldehyde binding 1 

Aip Aryl-hydrocarbon receptor-interacting protein 

Rps19 Ribosomal protein S19 

Best2 Bestrophin 2 

G6pdx Glucose-6-phosphate dehydrogenase X-linked 

Faf1 Fas-associated factor 1 

Nrd1 Nardilysin, N-arginine dibasic convertase, NRD convertase 1 

Gdi1 Guanosine diphosphate dissociation inhibitor 1 

Pabpc4 Poly(A) binding protein, cytoplasmic 4 

Pitrm1 Pitrilysin metallepetidase 1 

Ap3b2 Adaptor-related protein complex 3, beta 2 subunit 

Gclm Glutamate-cysteine ligase, modifier subunit 

Adss Adenylosuccinate synthetase, non-muscle 

Nif3l1 Ngg1 interacting factor 3-like 1  

 

 

 

 

 

 

 


