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Abstract

Neurons are highly polarised cells, typically comprising a somatodendritic compartment
and an axon that can extend for a meter or more. Their extreme morphology challenges
neurons to establish an efficient communication system between the axonal terminal and
the soma, a mechanism known as axonal transport. Axonal transport is required for the
maintenance of neuronal homeostasis, and is impaired in many neurodegenerative
diseases, such as Amyotrophic Lateral Sclerosis (ALS). Mutations in TANK-binding
kinase-1 (TBK1) have been described as causative for familial ALS. TBK1
phosphorylates Rab7, a small GTPase regulating the endolysosomal pathway. We have
previously shown that the retrograde transport of signalling endosomes carrying
neurotrophic receptors relies on Rab7, and that deficits in retrograde axonal transport
can be detected at early symptomatic stages during ALS pathogenesis.

In this work, we address whether TBK1 loss-of-function or Rab7-S72 phosphorylation
alters the retrograde transport of signalling endosomes. We transfected Rab7 WT, S72A
(phospho-deficient) and S72E (phospho-mimetic) in primary motor neurons and
assessed the trafficking of signalling endosomes. Our results show that the directionality
of transport is affected upon transfection of Rab7-S72E, whilst neuronal polarity remains
unaltered. Axonal microtubule polarity also remains unchanged. We then characterised
a set of shRNAs against TBK1 and showed that reduced TBK1 expression phenocopies
the S72E condition. This alteration in transport is specific for signalling endosomes, as
lysosomes and mitochondria were not affected. Altogether, these results suggest an
involvement of TBK1 in the regulation of axonal transport of signalling endosomes and
suggest that deficits in TBK1 activity determines retrograde transport dysfunction, which

may be causative in ALS pathogenesis.



Impact statement
Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease,
characterised by motor neurons loss which leads to muscle paralysis and death. About
90% of cases are sporadic, whilst the remaining 10% correspond to familial cases.
Recent advances in next generation sequencing have expanded the range of genes
mutated in familial ALS. One of these genes is TANK-binding kinase 1 (TBK1), a
serine/threonine kinase part of the NF-kB pathway, with roles on innate immune
response and autophagy. In this work, we have shown that TBK1 is also relevant for the
axonal transport of signalling endosomes carrying neurotrophic signalling. This is, to the
best of our knowledge, the first evidence linking TBK1 function to axonal transport.
Therefore, we have extended the phenotypes associated to TBK1 loss-of-function to
disruption in signalling endosome retrograde trafficking, and at the same time, reinforced

the contribution of axonal transport defects to ALS pathology.

TBK1 inhibitors have been used in research as tools to modify the inflammatory response
against viruses and pathogenic bacteria. Nevertheless, their use in neuronal cells is not
widely extended. Surprisingly, we found conflicting results regarding TBK1 activation and
catalytic inhibition in motor neurons, highlighting the necessity of generating more
specific inhibitors which can be applied safely across different cell types. This will be a
crucial requirement for the design of new TBK1 inhibitors aimed to be employed in animal

models of ALS, as well as in translational medical approaches.

From the mechanistic perspective, our group and others have previously reported TBK1
phosphorylates Rab7 at Ser72. This phosphorylation impacts Rab7 functions during
mitophagy, as well as EGFR destination to degradative compartments. Here we have
shown that a Rab7 mutant mimicking TBK1 phosphorylation (Rab7-S72E) also impairs
the retrograde transport of signalling endosomes. Despite its cytosolic intracellular

4



distribution, Rab7-S72E mutant retains the ability to interact with some effectors, hence
it may uncouple the tightly associated relationship between Rab GTPase activity and
Rab GTPase subcellular localisation. This result challenges the conventional Rab cycle
and is likely to drive further research projects aimed to characterise the interplay between

Rab7 phosphorylation and function.

In conclusion, we have described a new function for TBK1, regulating retrograde
transport of signalling endosomes in motor neurons, whose alteration may impact in

neurodegeneration during ALS.
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Chapter 1

Introduction

1.1 ALS: an overview

Amyotrophic lateral sclerosis (ALS), also known as motor neuron disease (MND), is a
progressive neurodegenerative disease characterized by both upper and lower motor
neuron loss, leading to muscle weakness and wasting, paralysis and death (Hardiman
et al., 2017). It has a median survival of 2-4 years, although current efforts are being
made in order to predict prognosis at a personalised level (del Aguila et al., 2003;
Westeneng et al., 2018). ALS annual incidence in the European population is 2-3 cases
per 100,000 individuals (Logroscino et al., 2010), however, global studies suggest a non-
uniform distribution. For instance, the incidence in South East Asia is lower
(~0.8/100,000), whilst regions with relatively homogeneous populations, such as
Scandinavia, Scotland and Ireland have a high incidence (~ 2.6/100,000) (Al-Chalabi
and Hardiman, 2013; Chio et al., 2013; Joensen, 2012). ALS incidence is expected to
increase by almost 70% in the next 20 years, as a consequence of population aging,
especially in developing countries (Arthur et al., 2016).

About 90% of ALS cases are of unknown aetiology, therefore they are classified as
sporadic (SALS). The remaining ~10% belong to the familial ALS (fALS) group, since
they are related to inherited mutations in genes with a wide spectrum of functions
(Renton et al., 2014). In this regard, the characterisation of ALS genetics, as well as
modern advances in neuropathology and imaging have demonstrated an involvement
outside the motor system of the central nervous system (CNS) during ALS pathogenesis.
In fact, up to 50% of patients exhibit cognitive symptoms and 5%-15% also develop
frontotemporal dementia (FTD), to a point where both conditions are currently considered
as the extremes of a disease spectrum (van Es et al., 2017).

In this introduction, we will briefly describe ALS clinical characteristics, present its genetic

features, and the molecular mechanisms involved in the disease.
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1.2 ALS: clinical manifestations

The clinical hallmark of “classical” ALS is the involvement of both upper motor neurons
(UMN, located in the primary motor cortex) and lower motor neurons (LMN, located in
the bulbar region and spinal cord). Patients present a progressive motor deficit that
develops within weeks or months, and death most often result from respiratory failure.
There is great variability regarding the region of onset, pattern of spreading, population
of motor neurons affected and genetic factors involved, making this disease highly
heterogenous (Swinnen and Robberecht, 2014).

In the classical manifestation, ALS starts in the fifth or sixth decade of life. Affected
individuals can present predominantly UMN signs (pseudobulbar affect, hyperreflexia,
hypertonia (resistance to passive movement) or spasticity (resistance to passive
movement that is velocity dependent, higher resistance is exerted against faster passive
movements)) or LMN signs (weakness, atrophy, fasciculation or hyporeflexia/areflexia).
The disease onset is focal; however, it spreads locally or to neuroanatomically linked
regions. Nevertheless, the oculomotor nuclei and Onuf's nucleus remain unaffected,
hence eye movement and sphincter control are preserved (van Es et al., 2017; Ravits
and La Spada, 2009).

From the site of onset perspective, ALS can be classified as follows:

- Bulbar onset: About 1/3 of patients present bulbar onset, which starts with dysarthria
(difficulties on articulation of speech), and that may be followed by dysphagia, tongue
fasciculations and in some cases emotional lability. Bulbar-onset ALS used to be
considered a different disease, termed “progressive bulbar palsy”, but since that
denomination refers to a phenotypic description already present in ALS, rather than a
diagnostic, the term bulbar onset became widely accepted (Al-Chalabi et al., 2016).
Bulbar onset ALS associates with shorter survival (2-3 years), and patients are prone to

earlier respiratory disfunctions (Turner et al., 2010).
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- Spinal onset: It affects around 60% of patients. UMN and LMN signs are usually
present asymmetrically in the upper or lower limbs. This focal onset might seem patchy,
however the disorder inevitably spreads in a fashion that hypothetically mirrors the
progression at cellular level (Ravits and La Spada, 2009). Spinal onset ALS is a predictor

of longer survival, compared to bulbar onset (Talbot, 2009).

- Respiratory onset: A small proportion of patients (3-5%) present with respiratory
problems such as dyspnoea (shortness of breath) and weakness of diaphragm and neck

flexors. The prognosis is poor, with a mean survival of 1.4 years (Shoesmith et al., 2007).

ALS diagnosis requires involvement of both UMN and LMN, however, there are restricted
phenotypes affecting ~ 10% of patients, where just one population of motor neurons
seems to be implicated. In this regard, from the motor neuron involvement perspective
ALS can be considered as a spectrum disorder, with primary lateral sclerosis (PLS, pure
UMN) on one end and progressive muscular atrophy (PMA, pure LMN) on the other

(Kiernan et al., 2011). Below, some PLS and PMA features are presented:

- Primary lateral sclerosis: Patients present with slowly progressive spasticity, usually
beginning in the lower limbs, which ascends and eventually reaches the arms and bulbar
region. The boundary between PLS and ALS is diffuse, since it is not clear at disease
onset whether the patient will develop LMN symptoms or not, but in general it is
considered PLS if LMN signs are absent for more than 4 years (Gordon et al., 2006,
2009). PLS prognosis is significantly better than classical ALS, with patients having
survival ranges of more than 10 years, and reduced mortality rates (Tartaglia et al.,

2007).
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- Progressive muscular atrophy: On the other end of the spectrum, PMA patients
develop LMN signs (mainly weakness, atrophy, fasciculations and hyporeflexia)
asymmetrically in distal limb muscles, which spread within months or years. Similar to
the PLS-ALS distinction, the differentiation between pure LMN presentations and ALS is
not straightforward, however, UMN features usually appear in the first 2 years during
ALS progression. PMA patients have a slightly better prognosis than classical ALS cases

(Liewluck and Saperstein, 2015).

Since the original description of ALS during the XIX century, the disease was considered
a neurodegenerative disorder with pure motor neuron involvement. Nevertheless, over
the last 20 years there has been increasing evidence regarding cognitive impairment, as
well as clinical signs of frontotemporal dementia in ALS patients, consequently, ALS and
FTD are currently considered part of the same pathological spectrum (Grad et al., 2017).

Here, we briefly introduce some of the features from the ALS-FTD continuum:

- ALS-FTD: Around 50% of ALS patients have some degree of cognitive or behavioural
symptoms, whilst the diagnostic criteria for FTD are met in ~ 15% of cases. On the other
hand, up to 40% of FTD patients have a mild motor involvement and 12.5% develop ALS
(Burrell et al., 2011; Lomen-Hoerth et al., 2002; Phukan et al., 2012).

In FTD, frontal and temporal areas of the brain show reduced volume and spongiform
degeneration (vacuolation and gliosis) due to neuronal loss (Cairns et al., 2007). In
addition, ALS-FTD patients also present degeneration in the substantia nigra, amygdala
and subcortical gliosis (Strong et al., 2009). From the clinical perspective, FTD is divided
in three categories: a behavioural (behavioural-variant frontotemporal dementia, or bv-
FTD) and two language variants. ALS-FTD patients mostly present the behavioural

variant, with marked changes in personality and behaviour, such as executive
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dysfunction, apathy and disinhibition (Lillo and Hodges, 2009; Rabinovici and Miller,

2010).

Interestingly, neuropathological evidence about the ALS-FTD relationship has also been
found, supporting the clinical manifestation of the spectrum. For instance, more than
95% of ALS cases and 50% of FTD cases present aggregates of TAR DNA-binding
protein 43 (TDP-43) (Arai et al., 2006; Neumann et al., 2006). Additionally, the most
common genetic cause of ALS and FTD, an expansion in the gene C9ORF72, can result
in either disease separately, or the combination of both (Dedesus-Hernandez et al.,
2011; Renton et al., 2011). This highlights the importance of characterising the genetic
factors linked to ALS pathology, not only to expand the disease description, but also to
understand the molecular mechanisms and propose further effective therapeutics
targets. As a summary, the regions of the nervous system involved in ALS are depicted

in Figure 1.1.
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Figure 1.1. Preferential regions of the CNS involved in ALS. The main location of
neuronal degeneration in the brain and spinal cord are depicted, as well as unaffected
regions (oculomotor nuclei and Onuf’s nucleus). Main signs derived from UMN and LMN
dysfunction are also given. Image from: (Swinnen and Robberecht, 2014).

1.3 ALS: genetics

Our ability to understand the clinical features of ALS and to develop treatments crucially
depends on our knowledge of the genetic causes and the molecular mechanisms they
affect. The first ALS-associated mutation reported was found on SOD17 in 1993 (Rosen
et al., 1993), however the identification of new gene variants was rather slow, until next

generation sequencing techniques were widely available. There are currently >30 ALS-

linked genes, and their analysis shows the disease is a complex genetic disorder
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associated with rare variants, some of them with incomplete penetrance, which might
mask them as sporadic cases (Murphy et al., 2017). Additionally, there is evidence for
oligogenic inheritance (phenotypic traits determined by more than one gene), and for
gene variations in untranslated regions, making them undetectable in whole exome
sequencing (Mejzini et al., 2019; Morgan et al., 2017). Despite these difficulties, we
currently know the genetic cause of ~70% of fALS, but only ~10% of the sporadic cases.
Interestingly, pathogenic variants in four genes (SOD1, TARDBP, FUS and C90RF72)
account for the majority of fALS-linked causing mutations (Renton et al., 2014; Zou et
al., 2017). Here, we will present the main ALS-associated genes, before discussing the

molecular pathway affected by their genetic products.

- SOD1: This was the first ALS-linked gene described, opening the way to a molecular
characterisation of the disease (Rosen et al., 1993). SOD7 encodes superoxide
dismutase 1, a homo-dimeric metalloenzyme that catalyses the conversion of the radical
superoxide to hydrogen peroxide and molecular oxygen, therefore it is relevant for the
oxidative stress response (McCord and Fridovich, 1969). Up to date, there are more than
180 different SOD1 mutations distributed throughout its sequence, accounting for ~15%
of fALS in European populations (~30% in Asian populations) and ~2% of sALS (Zou et
al., 2017). There is great variability on the disease severity linked to each mutation, for
instance, the most common North American SOD7 variant, A4V, is associated to
aggressive limb-onset ALS, with death within 12-18 months, whilst the D90A variant, the
most common worldwide, can be inherited as a dominant or recessive trait, although it
is mostly recessive, in which case it associates to slow progression and extended
survival (Juneja et al., 1997; Pansarasa et al., 2018).

Shortly after the SOD1 mutation was reported, a Sod7 knockout mouse model was
generated. Strikingly, it did not display any ALS-related phenotype, suggesting SOD1

pathology is a toxic gain of function, rather than a loss of function (Reaume et al., 1996).
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Additional mice models have been designed, with Sod7 G93A being one of the most
studied. Albeit carrying an uncommon mutation, the G93A model was the first one
exhibiting a motor neuron phenotype (Gurney et al., 1994), hence the wide interest.

One of the hallmarks of SOD7 ALS is the formation of insoluble SOD1 aggregates in
motor neurons. Nevertheless, other protein aggregates commonly found in familial and
sporadic ALS cases, such as TDP-43 and FUS (Fused in sarcoma), are absent. In
addition, SOD1 inclusions are not detected in sALS. Based on this, SOD7 ALS is now
considered a particular form of the disease, distinct from all other ALS types (Da Cruz et

al., 2017; Mackenzie et al., 2007).

- TARDBP: This gene encodes the DNA/RNA binding protein TDP-43. Dominant
mutations appear in ~5% of fALS and ~1% of sALS (Ingre et al., 2015; Sreedharan et
al., 2008). Crucially, ubiquitinated TDP-43 inclusions are found in >95% of ALS cases
and in ~50% of FTD cases without ALS involvement. Other post-translational
modification also associate with pathogenic TDP-43 (Buratti, 2018). These aggregates
appear even when TARDBP is not mutated, and constitute a hallmark of ALS (Arai et al.,
2006; Neumann et al., 2006). TDP-43 shuttles between the nucleus and the cytoplasm,
and participates on the regulation of gene expression at many levels, such as gene
transcription, RNA splicing, synthesis of non-coding RNAs, and RNA stability, transport
and translation (Ederle and Dormann, 2017). TARDBP mutations cluster in the C-
terminal region, which is involved in ribonucleoprotein binding and splicing. Since TDP-
43 intracellular localisation is mostly nuclear, it is still debatable whether its pathogenic
effect arises from a nuclear loss of function or a cytoplasmic toxic gain or function (or a
combination of both). In this regard, the characterisation of TDP-43 mice models showed
that overexpressing human wild-type (WT) TDP-43 is sufficient to trigger motor neuron
degeneration (Mitchell et al., 2015). On the other hand, TDP-43 loss of function effect

has been addressed using heterozygous models, since its complete ablation, either
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constitutive or inducible, is lethal. The evidence from TDP-43 heterozygous mice showed
these animals display motor deficits, but without motor neuron loss or reduction in TDP-
43 expression (Kraemer et al., 2010). This highlights the fine-tuned regulation of TDP-
43 expression levels, as the protein expression is self-regulated (Avendafio-Vazquez et

al., 2012).

- FUS: Pathogenic variants of FUS, which encodes fused in sarcoma (FUS), account for
~6% of fALS cases and ~1% of sALS cases (Kwiatkowski et al., 2009; Vance et al.,
2009). FUS is an RNA binding protein which shares several functions with TDP-43
(although targeting different RNAs), highlighting the relevance of RNA metabolism in
ALS. FUS mutations cluster near its RNA-binding domain and nuclear localisation signal
(Vance et al., 2013), and some mutations associate with early onset/juvenile ALS
(Gromicho et al., 2017). FUS ALS is characterised by pathological FUS aggregates,
without TDP-43 inclusions, although FUS mislocalisation in the cytoplasm seems to be
a widespread phenomenon during ALS (Tyzack et al., 2019).

FUS regulates gene transcription, pre-mRNA splicing, mRNA transport and translation,
therefore, just like TDP-43, it is not clear if the disease mechanism involves a loss or
gain of function (Birsa et al., 2019). Whilst FUS knock out mouse does not display an
ALS phenotype, knocking down the Drosophila homologue (Cabeza) induce neuronal
degeneration and motor defects (Kino et al., 2015; Sasayama et al., 2012). On the other
hand, overexpressing WT FUS in mice is sufficient to generate motor
neurodegeneration. Besides, aggregation prone FUS induce neuronal toxicity even
when it is unable to bind RNA, further supporting a toxic gain of function (Mitchell et al.,

2013; Shelkovnikova et al., 2013).

- C90RF72: The most common genetic cause of ALS, an intronic hexanucleotide repeat

(GGGGCC) in C90ORF72 was discovered almost ten years ago (Dedesus-Hernandez et

26



al., 2011; Renton et al., 2011). In most people the number of repeats range between 5-
10, whilst ALS patients have from hundreds to thousands. Recent evidence shows
carrying >24 repeats is enough to exert pathogenicity (lacoangeli et al., 2019). The
expanded repeats, located between exons 1a and 1b, are the cause of ~40% of fALS
cases and ~7-9% of sALS cases in European populations (Goldstein et al., 2018). As
mentioned before, C9ORF72 intronic expansion links ALS to FTD at the molecular level.
In fact, ~25% of familial FTD patients carry this mutation (Majounie et al., 2012).

At least three hypotheses have emerged to explain the consequences of C9ORF72
intronic expansion. Since the protein carries a DENN (differentially expressed in normal
and neoplastic cells) domain, which is commonly present in guanine nucleotide
exchange factors (GEFs) for Rab GTPases (Marat et al., 2011), it was proposed that
C90ORF72 loss of function could impact on intracellular trafficking. However, COORF72
knock out mice do not develop a motor phenotype, although there is an abnormal
immune response (Koppers et al., 2015). Alternatively, it has been proposed that
CI90RF72 mRNA containing the expanded repeats accumulates in the nucleus forming
RNA foci, and itis possible that these foci sequester additional essential RNAs and RNA-
associated proteins, inducing a more general defect (Todd and Petrucelli, 2016). Lastly,
the hexanucleotide expansion has been shown to undergo repeat-associated non-AUG
(RAN) translation, in which the sequence is translated in all reading frames and from
both the sense and antisense strands. C9ORF72 RAN translation generate five different
dipeptide repeats: GA, GR, PR, PA and GP (Gendron et al., 2013; Mori et al., 2013). In
particular, dipeptide repeats containing arginine induce neuronal toxicity (Mizielinska et
al., 2014). One of the possible downstream effects from arginine-containing dipeptide
repeats is a deleterious effect on components of the nuclear pore complex, suggesting
a negative impact on nucleocytoplasmic transport (Freibaum et al., 2015; Jovici¢ et al.,

2015).
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There is a growing list of ALS-related genes that appear with a lower frequency than the
four genes previously mentioned. However, they are crucial to understand the disease
mechanisms, and to highlight the molecular pathways involved. Some of the ALS
causative genes involved in RNA metabolism are:

- ANG: it encodes Angiogenin, a ribonuclease which stimulates cell growth through the
promotion of ribosomal RNA (rRNA) transcription. Angiogenin is sequestered in the
cytoplasm during stress conditions, and its activity is downregulated in ALS pathology
(Greenway et al., 2006; McLaughlin et al., 2010).

- MATR3: it encodes Matrin 3, a DNA and RNA binding protein with functions related to
transcription, RNA processing, mRNA transport and stability. Matrin 3 interacts with TDP-
43, FUS, and forms cytoplasmic inclusions in the spinal cord of some ALS patients
(Johnson et al., 2014; Yamaguchi and Takanashi, 2016).

- HNRNPAT: it encodes heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1), an
RNA-binding protein with roles in transcription, mRNA stabilisation, transport and
translation. Mutations in the low complexity domain of hnRNPA1, as well as in the closely
related hnRNPA2/B1, increase their incorporation into membraneless organelles, such
as stress granules (Fifita et al., 2017; Kim et al., 2013).

- SETX: It encodes Senataxin, a DNA/RNA helicase associated with juvenile-onset, slow
progressing ALS, which overlaps with certain types of ataxia and hereditary motor
neuropathy (Chen et al., 2004; Hirano et al., 2011). Despite lacking a low complexity
domain, SETX ALS mice models show mislocalised cytoplasmic TDP-43 and increased
number of stress granules (Bennett et al., 2018).

- TAF15: it encodes TATA-box binding protein associated factor 15, an RNA-binding
protein which shares common RNA targets with FUS (Kapeli et al., 2016). Normally
located in the nucleus, it mislocalises to granular cytoplasmic aggregates in TAF15 ALS

and sALS (Ticozzi et al., 2011).
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- EWSR1: it encodes Ewing sarcoma breakpoint region 1, and similar to TAF15, it is an
RNA-binding protein whose ALS mutant variants accumulate in cytoplasmic inclusions

(Couthouis et al., 2012).

Some of the ALS causative genes involved in cytoskeletal dynamics and intracellular
transport are:

- DCTNT1: it encodes the p150¢¢ subunit of dynactin, a component of the retrograde
motor complex dynein-dynactin. DCTN1 mutations have been reported in ALS and FTD
cases (Munch et al., 2005; Puls et al., 2003). The expression of the ALS variant G59S,
which reduced p150°¢"e affinity for microtubules, inhibited vesicular transport in neurons
and induced distal axonal degeneration (Laird et al., 2008).

- KIF5A: It encodes the anterograde motor kinesin family member 5A (KIF5A). KIF5A
mutations had been reported previously in hereditary spastic paraplegia (HSP) and
Charcot-Marie-Tooth (CMT) disease. However, in these pathologies the mutations affect
the motor domain, whilst ALS-linked variants cluster in the C-terminal region, which is
involved in cargo binding (Brenner et al., 2018; Nicolas et al., 2018).

- TUBA4A: this gene encodes Tubulin a4a, a structural component of microtubules.
Functional experiments suggest the mutations destabilise the microtubule network
(Smith et al., 2014).

- PFNT1: it encodes the actin-binding protein Profilin-1. PFN1 mutations identified in ALS
patients highlight the involvement of the actin cytoskeleton in the disease (Wu et al.,
2012). The mechanism remains largely unknown.

- SPG11: mutations in this gene, encoding Spatacsin, are linked to juvenile-onset ALS,
as well as HSP and CMT (Montecchiani et al., 2016; Orlacchio et al., 2010). SPG11
mutations reduce anterograde vesicular trafficking, and interestingly, also disrupt
cholesterol trafficking and ganglioside clearance from lysosomes (Boutry et al., 2018,

2019; Pérez-Branguli et al., 2014).
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- ANXA11: this gene encodes the calcium-dependent phospholipid-binding protein
Annexin A11. Mutations in this gene cluster in its N-terminal region, which is an
hydrophobic and disordered low complexity domain that binds several partners (Smith
et al., 2017)

- ALS2: it encodes alsin, a GEF for Rab5. Mutations in ALS2 are associated with juvenile-
onset ALS (Hadano et al., 2001; Yang et al., 2001), and disrupt endosomal motility and
AMPA receptor trafficking. Alsin mutations phenocopy the overactivation of the small
GTPase Rab5, which regulates early endosome formation and trafficking (Lai et al.,
2006, 2009).

- CHMP2B: it encodes charged multivesicular body protein 2b (CHMP2B), a member of
the endosomal complex required for transport-lll (ESCRT-III). This complex exerts
membrane deformation functions in many intracellular trafficking processes, such as
multivesicular bodies (MVB) formation and autophagy (Odorizzi, 2015). CHMP2B
mutations found in ALS and FTD disrupt the endolysosomal pathway and induce the
accumulation of autophagosomes containing ubiquitinated proteins (Krasniak and
Ahmad, 2016; Parkinson et al., 2006).

- PRPH: this gene encodes the type Il intermediate filament peripherin. Peripherin is
found with other neurofilament proteins forming inclusion in motor neurons of ALS
patients (Corbo and Hays, 1992). Peripherin expression is upregulated during ALS, and
mice overexpressing peripherin display motor neuron death (Beaulieu et al., 1999), whilst
peripherin knockdown inhibits TDP-43 and FUS accumulation at distal neurites (Muresan
and Ladescu Muresan, 2016). Interestingly, Rab7 is a peripherin binding partner which

regulates its soluble/insoluble ratio (Cogli et al., 2013).

Some of the ALS causative genes involved in protein homeostasis are:
- VCP: it encodes valosin-containing protein (VCP/p97), an AAA-type ATPase involved

in a multi-systemic proteinopathy known as inclusion body myopathy with Paget disease
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of bone and frontotemporal dementia (IBMPFD), as well as ALS (Johnson et al., 2010).
VCP facilitates the proteasomal degradation of large ubiquitinated complexes, and is
required for intracellular clearance by autophagy (van den Boom and Meyer, 2018; Ju et
al., 2009).

- OPTN: this gene encodes the autophagy receptor Optineurin, involved in the clearance
of protein aggregates, nuclear factor kappa B (NF-kB) signalling, and mitophagy among
other functions (Ryan and Tumbarello, 2018; Wong and Holzbaur, 2014). ALS mutations
in OPTN negatively affect these processes, as well as the crosstalk between them
(Markovinovic et al., 2017; Maruyama et al., 2010).

- SQSTM1: it encodes the autophagy receptor p62/SQSTM1 (Sequestosome-1). p62
mutations have been described in ALS and FTD (Fecto et al., 2011; Rubino et al., 2012),
where they impair p62 association to autophagosomes (Goode et al., 2016).

- UBQLNZ2: it encodes Ubiquilin-2, a member of the ubiquitin-proteasome system which
delivers ubiquitinated proteins to the proteasome for degradation (Zhang et al., 2014). In
UBQLN2 ALS cases, Ubiquilin-2 inclusions that are also positive for TDP-43, FUS,
optineurin and p62 are detected (Deng et al., 2011; Williams et al., 2012).

- DNAJC7: The most recent ALS-related gene discovered (at the time of writing), it
encodes the heat-shock protein DNAJC7, which is involved in protein quality control and
protein clearance. Fibroblast from ALS patients show reduced DNAJC7 expression,
suggesting a loss of function (Farhan et al., 2019).

- TBK1: it encodes TANK-binding kinase 1 (TBK1), also known as NAK or T2K. This
kinase phosphorylates p62, Optineurin, and participates in the NF-kB pathway (Ahmad
et al., 2016). TBK1 pathogenic variants have been reported in both ALS and FTD (Cirulli
et al., 2015; Freischmidt et al., 2015; Pottier et al., 2015). Given its relevance for the

project, we will discuss TBK1 in more detail later.
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Here we have presented most ALS-related genes up to date. For a complete list of ALS
genes and risk factors, we refer the reader to recent reviews (Hardiman et al., 2017;

Mejzini et al., 2019).

1.4 ALS: molecular mechanisms

The wide range of clinical manifestations and the variety of genes involved exemplify the
heterogenicity of ALS. There is, however, a degree of convergence on the cellular
mechanisms underlying ALS pathogenesis, which culminate in neuronal death. As
suggested by the list of genes presented in section 1.3, the main ALS molecular
mechanisms proposed can be classified as dysregulation of RNA metabolism,
alterations in proteostasis, and defects in axonal transport, as well as the contribution of
glial cells in a non-cell autonomous manner. A scheme of these mechanisms is depicted

in Figure 1.2.
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Figure 1.2. Molecular mechanisms of ALS. The main cellular processes affected
during ALS are shown. This includes disturbances in proteostasis, alteration in RNA
metabolism, cytoskeletal/axonal transport dysfunctions, as well as the contribution of
non-neuronal cells. Image from: (Taylor et al., 2016)

The contribution of glial cells to ALS pathogenesis is relevant to fully understand the
disease, however their involvement has been studied to a lesser extent than the other
mechanisms. Therefore, we will discuss non-cell autonomous mechanisms first, and

then we will approach disruption in RNA metabolism, disruption in proteostasis and

defects in axonal transport.

Non-cell autonomous mechanisms

Despite being a pathology characterised by motor neuron death, the role of glial cells
during ALS is now widely recognised. Evidence from a chimeric mouse in which all motor
neurons express high levels of mutant SOD1¢%R, but only a proportion of non-neuronal

cells does, showed that the presence of non-neuronal WT cells delays disease onset
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and progression (Yamanaka et al.,, 2008a). In addition, reducing the expression of
SOD1%%R either in microglia or astrocytes slows late disease progression (Boillée et al.,
2006; Yamanaka et al., 2008b). These observations have been complemented by graft
experiments, for instance, the transplantation of WT human induced pluripotent stem
cells (iPSC)-derived glial-rich neural progenitors in the spinal cord of SOD1¢%* mice
improves motor function and survival (Kondo et al., 2014). Conversely, transplanting
SOD1%%A glial-restricted precursor cells (which differentiate to astrocytes) into the spinal
cord of WT rats induce ubiquitin-positive aggregates and motor neuron death (Papadeas
et al., 2011). Graft experiments on mice using iPSC from sALS patients show they not
only differentiate to astrocytes, but also replace the endogenous astrocytes, induce
ubiquitin-positive aggregates and motor dysfunction (Qian et al., 2017). This is intriguing,
since it suggests the fibroblast from sporadic patients used to generate the iPSCs
already had pathological features, which were retained during the differentiation process.
Microglial role during ALS are closely linked to neuroinflammation. Microglia expressing
mutant SOD1 exhibit a neuroprotective (M2/alternatively-activated) phenotypic state at
disease onset, whilst end-stage microglia show a toxic (M1/classically-activated) profile,
releasing more neurotoxins and less insulin-like growth factor-1 (IGF-1) (Liao et al., 2012;
Xiao et al.,, 2007). In fact, mutant SOD1 binds Rac1, a GTPase member of the
nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase) complex,
leading to enhanced production of superoxide radical and glial toxicity (Harraz et al.,
2008).

Oligodendrocytes myelinate axons in the CNS and provide neurons with energy support
through the transport of lactate. In this regard, SOD1%* mice and sALS patients show
reduced expression of the lactate transporter monocarboxylate transporter 1 (MCT1),
which induces motor neuron toxicity and axonopathy in this mouse model (Lee et al.,

2012). Oligodendrocyte precursor cells are also affected during ALS, as they fail to
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complete their differentiation process, resulting in progressive demyelination (Kang et
al., 2013).

Astrocytes support motor neurons in a wide range of homeostatic functions, such as
neurotrophic factor secretion, ion buffering, and neurotransmitter recycling, among many
others (Yamanaka and Komine, 2018). Astrocytic expression of excitatory amino acid
transporter 2 (EAATZ2, also known as glutamate transporter 1 (GLT-1)) is reduced in
SOD1 murine models and sALS patients, therefore, surplus glutamate accumulates in
the synapse and triggers excitotoxicity (Bruijn et al., 1997; Howland et al., 2002;
Rothstein et al., 1995). Additionally, astrocytes expressing SOD1¢% |ose the ability to
promote AMPA receptor subunit GIuR2 expression in motor neurons, consequently,
those receptors become permeable to Ca?*, enhancing the excitotoxic effect (Van
Damme et al., 2007). Lastly, astrocytes derived from ALS mouse models or sALS
patients exert a toxic effect on motor neurons in co-cultures in vitro, however the toxic
factor remains elusive (Di Giorgio et al., 2007; Haidet-Phillips et al., 2011; Marchetto et

al., 2008; Nagai et al., 2007).

Disruption in RNA metabolism

Many ALS-related genes encode proteins involved in RNA metabolism, including three
of the most frequently mutated genes (C9ORF72, FUS and TARDBP). Whilst
dysfunctions in this process are recognised as an important ALS mechanism, the
dichotomy “gain vs loss of function” remains, due to the plethora of effects carried out by
these proteins.

One crucial mechanism regulating RNA metabolism is the formation of membraneless
organelles containing RNA and associated proteins, such as processing bodies (P-
bodies) and stress granules (Spector, 2006). Stress granules are constituted by pools of
messenger ribonucleoproteins (MRNPs) stalled in translation initiation, establishing a

reversible way to preserve energy during stress conditions by limiting translation
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(Anderson and Kedersha, 2008). Stress granules contain an internal stable substructure
referred as “core”, and a surrounding, more dynamic shell (Souquere et al., 2009). They
assemble through conventional protein-protein interactions between mRNA binding
proteins, and through dynamic interactions between protein low complexity domains.
These promiscuous low complexity domain interactions form a network which
concentrate the granule in a separate phase, a phenomenon termed liquid-liquid phase
separation (Protter and Parker, 2016). In this regard, ALS-mutations in the low
complexity domain of TDP-43, FUS, hnRNPA1 and hnRNPA2/B1 promote their
localisation into stress granules, altering their assembly/disassembly dynamic (Bosco et
al., 2010; Liu-Yesucevitz et al., 2010; Molliex et al., 2015). For example, mutant TDP-43
reduces stress granules disassembly, whilst mutant FUS increases their number and
size (Birsa et al., 2019). At least three models have emerged to explain the impact of
persisting stress granules (Li et al., 2013): 1) increased TDP-43 and FUS concentration
on granules promote their aggregation into toxic beta-amyloid fibrils. 2) many mRNAs
and translation initiation factors are sequestered on stress granules, reducing their
availability at specific locations which rely on local translation, for instance, TDP-43
regulates translation of Futsch, the Drosophila homologue of microtubule associated
protein 1B, at the neuromuscular junction (NMJ), hence, Futsch neuroprotective effect
on NMJs is lost after mutant TDP-43 expression in motor neurons (Coyne et al., 2014).
3) persistent assembly of stress granules might act as a cytoplasmic sink, mobilising
nuclear RNA binding proteins to the cytosol. This nuclear depletion, together with ALS-
linked mutation on TDP-43 and FUS nuclear localisation signal, point towards a nuclear
loss of function. Since many ribonucleoproteins sequestered in stress granules
participate on transcription, alternative splicing and synthesis of regulatory microRNAs,
the motor neuron transcriptome becomes significantly altered. For example, up to one-
third of the transcriptome is altered in an ALS mouse model carrying TDP-43%33'K (Arnold

et al., 2013). Thus, many factors required for neuronal survival are expected to be
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affected. One example of this is the premature polyadenylation of STATHMIN-2 mRNA,
which emerges from a cryptic site deregulated in TDP-43 knockdown conditions.
Stathmin-2 regulates microtubule dynamics and promotes axonal regeneration in vitro,
hence, reduced TDP-43 nuclear function result in a truncated, non-functional Stathmin-
2 variant which exacerbates neuronal vulnerability to degeneration (Melamed et al.,
2019).

C90RF72 roles in RNA metabolism were presented in section 1.3. They follow a similar
pathological pattern, i.e. RNA sequestration into aggregates (in nuclear RNA foci) and
disruption of nucleocytoplasmic transport, in this case by alterations in components of
the nuclear pore (Kim and Taylor, 2017). The nuclear pore complex is a ~ 110 MDa
structure composed of 30 different proteins termed nucleoporins (Nups), which are
present in multiple copies. According to their position within the pore, Nups are classified
in seven categories: 1) cytoplasmic filament Nups, 2) nucleocytoplasmic and cytoplasmic
ring Nups, 3) inner ring complex Nups, 4) transmembrane Nups, 5) central/channel
phenylalanine-glycine rich (FG) Nups, 6) nuclear basket Nups and 7) adaptor Nups.
Nucleocytoplasmic and cytoplasmic ring Nups, together with inner ring Nups form a
scaffold that supports the central channel pore (Hoelz et al., 2016). FG-Nups forming the
central pore contain low complexity domains projected towards the channel inner
surface. Recent evidence shows FG-Nups undergo liquid-liquid phase separation,
forming liquid droplets which retain the pore filtering properties (Celetti et al., 2020).
Nucleocytoplasmic transport is regulated by nuclear transport receptors from the
karyopherin 3 family, known as importins and exportins, and by RanGTPases interacting
with these receptors. C9ORF72 arginine-containing dipeptide repeats proteins (R-DPRs)
bind importin B, inhibit its cargo loading, and impair the nucleocytoplasmic transport of
importin a/B in HelLa cells (Hayes et al., 2020). In addition, R-DPRs bind FG-Nups and
accumulate in the central channel of the nuclear pore, blocking nuclear import and export

(Shi etal., 2017).
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Disruption of proteostasis

Given the propension of many ALS-associated proteins to form insoluble aggregates,
alterations in protein quality control are not completely unexpected. In fact, endoplasmic
reticulum (ER) stress is recognised as a transversal mechanism implicated in ALS
(Rozas et al., 2017). Pioneering studies showed SOD1%%*A expression inhibits ER-
associated degradation (ERAD), and reported ER stress as one of the earliest
pathological ALS signatures (Nishitoh et al., 2008; Saxena et al., 2009). In agreement
with this, the two main protein clearance pathways, autophagy and the ubiquitin-
proteasome system (UPS), are also disrupted in ALS.

Ubiquitination is used in both clearance pathways as a degradation signal, although in
different ways. In the UPS system, ubiquitinated proteins are recognised and degraded
by the proteasome, a multi-catalytical protease complex formed by a core 20S particle
and a regulatory 19S particle (Dikic, 2017). ALS-mutated SOD1 expression reduces
proteasome activity in motor neurons, as well as the levels of 20S subunit in mouse
lumbar spinal cord (Kabashi et al., 2004; Urushitani et al., 2002). Besides, proteins
facilitating the delivery of ubiquitinated proteins to the proteasome, such as VCP and
Ubiquilin 2, are also affected in ALS. VCP is a ubiquitin-dependent segregase which
extract proteins from membranes and large complexes to target them for proteasomal
degradation. The ALS-associated VCP mutation in Asp®®? impairs its interaction with the
20S subunit of the proteasome, reducing degradation of substrates (Barthelme et al.,
2015). Similarly, ALS-mutated Ubiquilin 2 retains the ability to bind polyubiquitinated
proteins, but fails to associate with the proteasome, resulting in impaired degradation of
its cargoes (Chang and Monteiro, 2015).

Whilst the UPS mostly degrades short-lived, misfolded and damaged proteins,
autophagy deals with long-lived proteins and larger components, such as protein
aggregates and organelles (Kocaturk and Gozuacik, 2018). The material targeted for

degradation eventually reach the lysosome, where it is hydrolysed by resident enzymes.
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The route towards lysosomal degradation is not unique, as cargoes might be either
engulfed into a double membrane autophagosome that then fuses with the lysosome
(macroautophagy), or enter the lysosome directly through invagination in its membrane
(microautophagy), or even be targeted to degradation by a chaperone complex,
translocating into the lysosome assisted by a Lysosome-associated membrane
glycoprotein 2A (LAMP2A) complex, in a process termed chaperone-mediated
autophagy (Mizushima and Komatsu, 2011). The most frequently studied mechanism,
and the one that has been described as affected during ALS pathology is
macroautophagy, which here we refer to as autophagy. With the exception of one report
studying chaperone-mediated autophagy in blood cells from ALS patients, the
involvement of this process, as well as microautophagy in ALS remain largely unexplored
(Vicencio et al., 2020).

Autophagy can be classified as non-selective or selective. Non-selective autophagy is a
cellular response to nutrient deprivation, where components of the cytoplasm are taken
up by the nascent phagophore (the precursor of the autophagosome) in a non-specific
way. In contrast, selective autophagy removes defined cellular material by physically
linking the autophagosome membrane to cargoes through autophagy receptors (Gatica
et al., 2018). Several selective autophagy pathways has been characterised and named
up to date, such as protein aggregate degradation (aggrephagy), pathogen degradation
(xenophagy) and mitochondrial degradation (mitophagy) among many others (Stolz et

al., 2014).

From the molecular perspective, autophagy is a tightly controlled mechanism
coordinated by a set of core autophagy-related proteins (ATGs), initially characterised in
yeast (Mizushima et al., 2011). Briefly, autophagosome initiation starts when stress
signals such as starvation, hypoxia or ER stress activate the ULK complex, which is

formed by Unc-51-like kinase 1 (ULK1), FAK Family Kinase-Interacting Protein Of 200
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KDa (FIP200), ATG13 and ATG101. Activated ULK1 triggers phagophore nucleation by
phosphorylating components of the Beclin1-VPS34 complex. VPS34 (vacuolar sorting
protein 34) is a class Il phosphatidylinositol 3 kinase (PI3K), which promotes the
production of phosphatidylinositol 3 phosphate (PtdIins(3)P) in a special structure on the
ER membrane, called the omegasome. PtdIins(3)P recruit its effectors WD repeat domain
phosphoinositide-interacting proteins (WIPIs) and zinc-finger FYVE domain-containing
protein 1 (DFCP1), which in turn binds the ATG12-ATG5-ATG16L1 complex to the
omegasome, initiating the phagophore expansion. The ATG12-ATG5-ATG16L1 complex
act as an E3-Ubiquitin ligase-like in a pathway initiated by ATG7 (E1-like enzyme). This
pathway, instead of ubiquitin, conjugates ATG8 family proteins to
phosphatidylethanolamine resident in the phagophore membrane. There are 6 ATG8
family proteins in mammals, three from the microtubule-associated protein light chain 3
(LC3) family and three from the gamma-aminobutyric acid receptor-associated protein
(GABARAP) family. The presence of LC3/GABARAP in the phagophore membrane is
required for membrane elongation and closure. In addition, during selective autophagy,
LC3/GABARAP bind autophagy receptors such as p62, optineurin and nuclear dot
protein 52kDa (NDP52), which are associated to poly-ubiquitin chains in cargoes
destined for degradation, hence sequestering the cargo into the elongating
autophagosome (Alers et al., 2012; Dikic and Elazar, 2018; Lamb et al., 2013).

Monitoring starvation-induced autophagy through GFP-LC3B in different mouse tissues
revealed to be organ-dependent, since autophagy was significantly upregulated in liver
but not in brain (Mizushima et al., 2004). In agreement with this, recent evidence suggest
that whilst starvation successfully induces autophagy in primary astrocytes in vitro, the
effect in cultured hippocampal neurons is much milder, requiring starvation for longer
periods, and reaching a less pronounced induction (Kulkarni et al., 2019). Despite
starvation-induced autophagy seems to be ineffective in neurons, they do exhibit

constitutive autophagy. Autophagosomes form in the distal axonal compartment of
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dorsal root ganglion (DRG) neurons, in close proximity to DFCP1-positive subdomains
of the ER. After their biogenesis, autophagosomes move retrogradely towards the cell
body, concomitantly with their progressive acidification and maturation into

autolysosomes (Maday and Holzbaur, 2014, 2016; Maday et al., 2012).

Several ALS-associated genes encode proteins involved in autophagy, and since one of
the hallmarks of the disease is the presence of ubiquitinated protein aggregates in motor
neurons, autophagy is considered to have a central role during ALS pathogenesis (Evans
and Holzbaur, 2019). For instance, C9ORF72 binds the ULK1 complex and promotes its
translocation to the nascent phagophore via Rab1, hence COORF72 depletion inhibits
autophagy and induces p62 accumulation. This was supported by reduced basal levels
of autophagy in induced neurons (iNeurons) from C9ORF72 ALS patients (Webster et
al., 2016). A second mechanism by which COORF72 impacts on autophagy initiation
involves its interactor partner Smith-Magenis syndrome chromosomal region candidate
gene 8 (SMCRS8). The CI90ORF72-SMCR8 complex acts as a guanine nucleotide
exchange factor (GEF) for Rab8 and Rab39, which in turn interact with p62 and
Optineurin, in what might be a mechanism for membrane delivery during phagophore
elongation (Sellier et al., 2016; Yang et al., 2016). C9ORF72 roles on autophagy are not
restricted to phagophore initiation, as it has been shown that symmetrically methylated
FUS present in stress granules is recognised by a complex formed by survival of motor
neuron (SMN), C9ORF72 and p62. This complex targets the stress granule for
degradation by associating to LC3 in the autophagosome membrane (Chitiprolu et al.,
2018). How this COORF72 loss of function impacts on in vivo ALS models remains to be
explored, since C9ORF72 knockout mouse lacks a motor phenotype (Koppers et al.,
2015; O’Rourke et al., 2016).

ALS-associated mutations on autophagy receptors further support a role for this pathway

in the disease. In this regard, p62 binds ALS-mutated SOD1 in an ubiquitin-independent
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manner, targeting SOD1 for autophagy (Gal et al., 2009). Besides, ALS-linked p62-341V
is defective in LC3B recognition (Goode et al., 2016), whilst p62 genetic depletion
worsens SOD1"46R disease progression (Hadano et al., 2016). Similarly, the ALS-
associated mutation optineurinf478¢ abolish its recruitment to damaged mitochondria
during selective mitophagy in HEK cells (Wong and Holzbaur, 2014). Several other
optineurin mutations cluster on OPTN ubiquitin-associated domain (UBA), suggesting
impaired binding to cargoes poly-ubiquitinated chains as a mechanism for inhibited
delivery to autophagosomes (Nguyen et al., 2019). Interestingly, both p62 and optineurin
are TBK1 substrates, with shared roles during induced mitophagy, which we will discuss
later.

Altogether, this evidence points towards an involvement of autophagy during ALS
pathology, however, its exact role is still unclear. This is better exemplified by the
unexpected results obtained from autophagy inhibition through genetic ablation of ATG7
on SOD1%%A mouse motor neurons. In this model, autophagy inhibition accelerates
muscle denervation and the onset of tremor, but extends lifespan and reduces glial
inflammation. In contrast, depletion of ATG7 in motor neurons of WT mice does not affect
survival nor innervation, except for a small subset of vulnerable NMJs in the tibialis
anterior muscle (Rudnick et al., 2017). This suggests a temporally regulated dual role for
autophagy, i.e. protective at disease onset, but detrimental at later stages, with a clear

non-cell autonomous component.

Defects in axonal transport

Their peculiar morphology challenges neurons to maintain an efficient communication
system between the cell body and the axonal terminal. In this regard, axonal transport
emerges as a mechanism for the delivery of intracellular component to the distal portion
of the axon and vice versa. Axonal transport has been linked to many neurodegenerative

diseases, and ALS is no exception (De Vos and Hafezparast, 2017; Sleigh et al., 2019).
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We will describe the main components of axonal transport and then discuss evidence of

their disfunction during ALS.

1.5 Axonal transport: the machinery

Supporting long distance intracellular transport underlies a network of microtubules, who
provide the structure allowing movement of molecular motors and their associated
cargoes.

Microtubules are long polymers formed by a- and B-tubulin heterodimers, which are
incorporated into the microtubule growing end. Soluble heterodimers contain B-tubulin
bound to guanosine triphosphate (GTP), and following binding to the microtubule end,
GTP is hydrolysed, generating guanosine diphosphate (GDP) tubulin. This hydrolysis
occurs with a delay, hence a cap of GTP-tubulin forms at the microtubule tip (Brouhard
and Rice, 2018). This GTP cap has stabilising properties, and its loss leads to a rapid
depolymerisation and shrinkage of microtubules, known as catastrophe. Nevertheless,
this shrinking can be rescued, switching to microtubule growth. Therefore, microtubules
exist in an equilibrium between catastrophe and growth, a property termed dynamic
instability (Brouhard, 2015; Mitchison and Kirschner, 1984). Microtubules have a plus-
end, where B-tubulin is exposed, and a minus-end, at which a-tubulin is exposed. The
plus-end grows faster than the minus-end, whilst the minus-end undergoes catastrophe
less frequently (Desai and Mitchison, 1997). The existence of these two ends is crucial
for intracellular ftrafficking, since recognising the microtubule orientation allows for
vectorial transport. This is especially relevant in neurons, where axonal and distal
dendritic microtubules form an array with their plus-ends facing distally, whereas in
proximal dendrites the polarity is mixed (Baas and Lin, 2011; Baas et al., 1988).
Microtubule organisation is regulated by a group of proteins called microtubule-
associated proteins (MAPs). Based on their function, MAPs can be classified as

molecular motors, severing/depolymerising MAPs, microtubule nucleator, end-binding
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proteins and structural MAPs (Bodakuntla et al., 2019). Structural MAPs promote
microtubule polymerisation and stabilisation (Sloboda et al., 1976), although the
molecular mechanism is still unclear, since their disordered structure makes
crystallisation difficult. Cryo-electron microscopy techniques have been used just
recently, and only on the most studied structural MAP, the protein Tau (Kellogg et al.,
2018). End-binding MAPs can be divided into microtubule minus-end targeting proteins
and microtubule plus-end tracking protein (+TIPs), with the former being the group most
frequently studied (Akhmanova and Hoogenraad, 2015; Akhmanova and Steinmetz,
2015). Some +TIPs recruit soluble tubulin dimers and increase microtubule
polymerisation, whilst others remove tubulin from the microtubule end. One remarkable
+TIP group is constituted by End-binding proteins (EBs), which are considered the main
regulator of the +TIP network, as they recognise the GTP-cap autonomously and recruit
additional factors to the microtubule tip (Nehlig et al., 2017). EB proteins are also an
useful tool for determining microtubule orientation, as they form comet-like

accumulations on plus-tips when studied in live cells (Mimori-Kiyosue et al., 2000).

Whilst microtubules provide the tracks for long-distance axonal transport, ultimately the
movement of cargoes along the axons is carried out by molecular motors from the dynein
and kinesin superfamilies. Actin-based myosins will not be discuss here, however,
detailed information can be found elsewhere (Svitkina, 2018).

Kinesin superfamily comprises 45 genes in mammals (also known as KIFs), organised
into 15 subfamilies, with kinesin-1, kinesin-2, kinesin-3 and kinesin-4 showing the highest
involvement in axonal transport (Hirokawa et al., 2009; Lipka et al., 2016). Kinesins can
be classified according to the position of their motor domain as N-terminal KIFs, middle-
region KIFs and C-terminal KIFs. There are 3 M-KIFs and 3 C-KIFs in mammals, with all
the rest corresponding to N-kinesins, which exert plus-end directed transport (Hirokawa

and Tanaka, 2015). Hence, kinesins are the main anterograde molecular motor.

44



In general, the motor domain binds to microtubules and moves along their lattice by
coupling ATP hydrolysis, whilst the C-terminal tail binds to cargoes, but since kinesins
are such an heterogeneous family, there is space for diversification in terms of structure
and cargo recognition (Hirokawa and Noda, 2008). For instance, kinesin-1 (encoded by
KIF5A, KIF5B, and KIF5C) is formed by a dimer of kinesin heavy chains (KHC), and a
dimer of kinesin light chains (KLC) that bridge KHC tail to cargoes, although there is
evidence for efficient KIF5 KHC transport without KLC association (Sun et al., 2011). On
the other hand, kinesin-2 can form homodimeric or heterotrimeric complexes, whilst
kinesin-3 exists as a monomer that dimerises after binding its cargo (Sweeney and
Holzbaur, 2018). Notably, kinesin-1 heterotetrameric complex (two KHC and two KLC)
takes a folded, autoinhibited conformation that can be reverted by kinesin adaptors

(Cross and Dodding, 2019).

In contrast to the extended kinesin superfamily, neurons rely on a single molecular motor,
cytoplasmic dynein, to drive retrograde axonal transport. Cytoplasmic dynein is a large
1.4 MDa complex formed by six subunits, each one present in pairs. Dynein heavy chain
(DHC) contains the motor domain, and its N-terminal end forms a tail by which both DHC
homodimerize and recruit dynein intermediate chains (DIC), dynein light intermediate
chains (DLIC) and three pairs of dynein light chains (DLC): Roadblock, LC8, and Tctex
(Reck-Peterson et al., 2018). Most dynein functions in cells require an additional
complex, the dynein activator dynactin (Schroer, 2004). Dynactin consist of a ~ 37 nm
filament formed by 8 copies of the actin-related protein Arp1 and one copy of B-actin,
flanked by accessory proteins and a “shoulder” which emerge from the filament barbed
end. This shoulder is composed by two copies of p150¢¢d (150 K subunit, an orthologue
of Drosophila melanogaster Glued), four copies of p50 dynamitin and two p24 subunits
(Chowdhury et al., 2015). p150¢"e interacts with DIC and also binds microtubules in a

ATP-insensitive way (Waterman-Storer et al., 1995). The additional binding to
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microtubules by p150%“¢® increases processivity of the dynein-dynactin complex, and
has a role on the initiation of transport at the distal axon (Ayloo et al., 2014; Moughamian
and Holzbaur, 2012). Cytoplasmic dynein is regulated by an additional complex,
constituted by lissencephaly 1 (LIS1) and nuclear distribution E (NudE) or its paralogue
NudEL. The LIS1-NudE/NudEL complex acts as a clutch that uncouples ATP hydrolysis
from the microtubule binding domain, promoting a strongly bound state that result in an

increased ability to transport high loads (Vallee et al., 2012).

1.6 Axonal transport: regulators
Many different regulators have been described for different aspects of intracellular
transport. We will present factors controlling microtubule dynamics and regulators

involved in the recruitment of motors to their cargoes.

Tubulin post-translational modifications

Microtubules adapt to a variety of functions by regulating the combination of a- and B-
tubulin isotypes forming the polymer and by tubulin post-translational modifications,
asymmetrically distributed along the microtubule. The combination of both is referred as
the “tubulin code” (Gadadhar et al., 2017; Park and Roll-Mecak, 2018). Acetylation of a-
tubulin on Lys 40 is generally enriched in stable microtubules (Janke and Montagnac,
2017). This acetylation increases microtubule flexibility, and allows them to better resist
mechanical stress (Xu et al., 2017). a-tubulin acetylation also impact on transport, since
kinesin-1 shows a preference for acetylated microtubules (Reed et al., 2006). Strikingly,
recent evidence showed that the enzyme responsible for this acetylation, a-tubulin N-
acetyltransferase 1 (aTAT1), is transported on the cytosolic side of motile vesicles. This
vesicular pool of aTAT1 promotes microtubule acetylation and thereby, fast axonal

transport (Even et al., 2019).
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Additional post-translational modifications include the reversible removal of a-tubulin C-
terminal tyrosine (detyrosination and tyrosination), removal of the a-tubulin penultimate
glutamate (A2) or the last two glutamates (A3) following detyrosination, and the addition
of a glutamate chain (polyglutamylation) or a glycin chain (polyglycylation) to a- and 3-
tubulin C-terminal ends (Magiera et al., 2018a). Detyrosination protects microtubules
from certain types of depolymerisation, hence increases their longevity (Peris et al.,
2009). On the other hand, the +TIP CLIP170 and p150%“ specifically interact with
tyrosinated tubulin (Bieling et al., 2008; Peris et al., 2006). The interplay between
acetylated and tyrosinated microtubules fine tunes their spatial distribution and therefore,
has an impact on axonal transport. For example, after studying microtubule mixed
polarity in dendrites, it was reported that stable and acetylated microtubules are more
often oriented with their minus-ends towards the distal end, whilst dynamic and
tyrosinated microtubules are oriented on the opposite direction. Therefore, kinesin-1,
which prefers acetylated microtubules, moves out of the dendrites, whilst kinesin-3
(KIF1A), which prefers tyrosinated microtubules, is able to access into dendrites (Tas et
al., 2017).

Regarding the other modifications, excessive polyglutamylation reduces axonal transport
of mitochondria, lysosomes, bicd (LAMP1) positive endosomes and brain-derived
neurotrophic  factor  (BDNF)-containing  vesicles, causing cell-autonomous
neurodegeneration (Bodakuntla et al., 2020; Magiera et al., 2018b), suggesting
regulation of polyglutamylation might be a central mechanism for the regulation of

neuronal traffic.

Microtubule-associated proteins
The distribution of MAPs is an additional way to regulate microtubule dynamics and
intracellular transport. In an analogous way to the tubulin code, it has been referred as

the “MAP code” (Bodakuntla et al., 2019). Perhaps the most well documented case is
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the effect of Tau on axonal transport. Tau competes with dynein and kinesin for binding
to microtubules, exerting a stronger inhibition on kinesin. Therefore, neurons
overexpressing tau accumulate cargoes in their somas (Wang and Mandelkow, 2016).
However, the fact that in vivo axonal transport is not affected in mice overexpressing or
lacking tau, suggest compensatory mechanisms operate (Yuan et al., 2008). Studies
using in vitro reconstitution systems have shown MAP7 competes with Tau for
microtubule binding and displaces it from the microtubule lattice. MAP7 then recruits
kinesin-1 to microtubules, whilst inhibiting kinesin-3 (Monroy et al., 2018). Further in vitro
experiments support the MAP code model. For instance, dendrite-enriched MAP
doublecortin inhibits kinesin-1 but not kinesin-3. In addition, MAP9, which localises both
to dendrites and axons, enhances kinesin-3 motility, but inhibits dynein-dynactin
processivity by blocking p150¢¢? binding to microtubules (Monroy et al., 2020).

An interesting regulation of transport is carried out by MAP2 in sensory neurons. Since
the axon initial segment in these neurons is absent, MAP2 localises there and regulates
cargo filtering: it impairs “slow” KIF5 activity and promotes “fast” KIF1 entry into the axon,

allowing axonal transport of dense core vesicles (Gumy et al., 2017).

Motor adaptors

The recruitment of just one type of retrograde motor to a plethora of different cargoes
establishes another level of regulation on axonal transport, carried out by adaptor
proteins. Given that processivity of isolated dynein in vitro is poor, since dynein adopts
an autoinhibited conformation in this condition (Zhang et al., 2017), some of the adaptors
function also as activators, enhancing dynein interaction with dynactin (Olenick and
Holzbaur, 2019). There is no consensus sequence for identifying dynein
adaptors/activators, instead, they contain a long ~ 30 nm coiled-coil domain which aligns
along dynactin Arp1 filament, and bears a binding site for DLIC C-terminal end (Lee et

al., 2018; Reck-Peterson et al., 2018). Regarding this DLIC C-terminus binding region,
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Bicaudal D (BICD) family adaptors and Spindly use a “CC1 box” domain, Hook family
proteins use a “hook” domain, and Rab11 family-interacting protein 3 (Rab11-FIP3) binds
through a region containing EF hand motifs (Gama et al., 2017; Horgan et al., 2010;
Schroeder and Vale, 2016).

Bicaudal D was initially identified in Drosophila through the characterisation of BicD
mutations, which turns the anterior embryonic segments into posterior ones, generating
a “two tails” (bicaudal) phenotype (Mohler and Wieschaus, 1986). There are two BICD
orthologues in mammals (BICD1 and BICD2), as well as two BICD-related proteins:
BICDR1 and BICDR2 (Hoogenraad and Akhmanova, 2016). BICD2 and BICDR1 are
confirmed dynein activators, whilst BICD1 and BICDR2 are adaptors with proposed but
unconfirmed activator status (Olenick and Holzbaur, 2019). Interestingly, whilst BICD2
is able to recruit one dynein-dynactin complex, BICDR1 can recruit two dynein dimers to
one dynactin molecule, thus enhancing the force and speed generated by the motor
complex (Grotjahn et al., 2018; Urnavicius et al., 2018).

BICD proteins and Drosophila BicD are recruited to Golgi-derived exocytic carriers
(Grigoriev et al., 2007; Matanis et al., 2002; Schlager et al., 2010). In addition, BICD2
participates on nuclear migration and mitotic entry in brain progenitor cells (Hu et al.,
2013), and Drosophila BicD associates to Egalitarian, an RNA binding protein not yet
found in mammalian cells, that links mMRNA to the dynein-dynactin complex (Dienstbier

et al., 2009).

There are three members of the Hook family, with Hook1 and Hook3 acting as activating
adaptors (Olenick et al., 2016). They activate dynein in a similar way to BICD2, and just
like BICDR1, Hook3 is able to recruit two dynein dimers to one dynactin molecule
(Grotjahn et al., 2018; Urnavicius et al., 2018). Regarding their subcellular roles, Hook1
and Hook3 have been implicated in endosomal trafficking and Golgi positioning (Guo et

al., 2016; Walenta et al., 2001).
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Other dynein activator adaptors include Spindly, which recruit dynein to kinetochores
during mitosis (Griffis et al., 2007), Rab11-FIP3, which is involved on recycling
endosome transport towards pericentrosomal regions (Horgan et al., 2010), and Ninein
(NIN) and Ninein-like (NINL) proteins, two adaptors with EF hands motifs, similar to
Rab11-FIP3 (Redwine et al., 2017).

Some adaptors recruit the dynein-dynactin complex by different mechanisms, and they
are not considered dynein activators. This category includes Rab-interacting lysosomal
protein (RILP) and c-Jun N-terminal kinase (JNK)-interacting proteins (JIP) 1, 3 and 4
(Olenick and Holzbaur, 2019). RILP was identified as one of the factors required for
recruitment of the dynein-dynactin complex to late endosomes and lysosomes
(Cantalupo et al., 2001; Jordens et al., 2001). RILP interacts with both p150©“e and
DLIC, with the latter interaction being negatively regulated by a protein kinase A (PKA)-
dependent phosphorylation on DLIC T213 (Johansson et al., 2007; Scherer et al., 2014).
JIP family protein comprises four members (JIP1 to JIP4), and whilst all of them bind
kinesin-1, they can also act as dynein adaptors (Montagnac et al., 2009; Verhey et al.,
2001). For instance, during autophagosome transport in DRGs, LC3 recruits JIP1 to the
autophagosome membrane in the distal axon, JIP1 in turn binds simultaneously to
dynactin and kinesin-1 in a phosphorylation-dependent manner. Unphosphorylated,
LC3-bound JIP1 is unable to activate kinesin-1, allowing for autophagosome retrograde
transport (Fu et al., 2014). In addition, JIP3 interacts with both KLC and p150%"“ed, but
following mouse sciatic nerve injury, JIP3 and activated JNK are transported mainly
retrogradely, suggesting a differential regulation of dynein and kinesin (Cavalli et al.,
2005). JIP3 has also been linked to lysosomal transport, since JIP3 knockout mouse
neurons accumulate lysosomes in their axons (Gowrishankar et al., 2017). Lastly, JIP4
is recruited to lysosomes as well. In response to nutrient starvation, mammalian target

of rapamycin complex 1 (mTORC1) induces the expression of transmembrane protein
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55B (TMEM55B), which in turn recruits JIP4 and promotes minus-end directed lysosomal

transport (Willett et al., 2017).

Besides the current 8 dynein activator adaptors hitherto validated (BICD2, BICDR1,
Spindly, Hook1, Hook3, Rab11-FIP3, NIN and NINL) and the non-activator adaptors,
there are many candidates activators still unconfirmed (Reck-Peterson et al., 2018).
Some of them are at the same time kinesin adaptors too, such as mitochondrial motor
adaptors Trafficking kinesin-binding protein 1 and 2 (TRAK1 and TRAK2) and huntingtin-
associated protein 1 (HAP1) (Engelender et al., 1997; van Spronsen et al., 2013). Given
that the autoinhibited state of cytosolic kinesin-1 and kinesin-3 is overridden by their
adaptors (Guedes-Dias and Holzbaur, 2019) and the fact that many cargoes recruit
multiple motors simultaneously, these poses a fundamental question, not only for axonal
transport but for intracellular trafficking in general: how multiple motors are coordinated
on a single cargo? Although the picture is not complete yet, at least two models have
emerged: one proposes a tug-of-war mechanism where dynein and kinesin exert
opposing forces simultaneously. An alternative model suggests the coordinated
switching between motors, so they undergo successive activation and the force
generated against each other is minimised (Hancock, 2014; Soppina et al., 2009). A
scheme depicting the two models of bidirectional cargo transport regulation is shown in
figure 1.3. Strikingly, motors can regulate the axonal transport of opposing motors
directly. For example, kinesin-1 binds the JIP3 orthologue UNC-16 in C. elegans
neurons, and the complex recruit free dynein through a JIP3-DIC interaction, thereby
mediating dynein anterograde transport, and dynein delivery to the axon terminal
(Arimoto et al., 2011). This seems to be an evolutionary conserved mechanism, since in
mouse hippocampal neurons KIF5 directly binds dynein and mediates its constitutive

delivery to the axonal tip (Twelvetrees et al., 2016).
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Tug-of-war

Selective activation

Figure 1.3. Bidirectional models of cargo transport. In the Tug-of-war model,
opposing motors pull against each other. Under equally opposing forces the cargo is
paused and might have an elongated shape. Stochastic instability on motor binding to
microtubules result in advantages of one type of motor over the other type, and the cargo
starts moving. In the Selective activation model, a coordination complex determines
which group of motors are active, leading to directional movement for long distances.
However, the motors opposing the cargo movement are not completely inhibited. Image
modified from (Bryantseva and Zhapparova, 2012).

Rab GTPases

Ras-like proteins from rat brain (Rab) GTPases act as molecular switches regulating
every step of membrane trafficking, including membrane fission, transport, tethering and
fusion (Pfeffer, 2017; Zerial and McBride, 2001). Rab GTPases constitute an
evolutionary conserved family, with 11 members in yeast, 31 in Drosophila and almost
70 in humans (Klépper et al., 2012; Zhang et al., 2007b). They cycle between a GTP-
bound active state and a GDP-bound inactive state, the GTP-bound state is promoted
by guanine nucleotide exchange factors (GEFs) and the GDP-bound state by GTPase
activating proteins (GAPs) both of which are specific for single Rab GTPases or Rab
subfamilies (Barr and Lambright, 2010; Muller and Goody, 2018). Rab GTPases also

cycle between the cytosol and the membrane of their respective target organelle,

coupling their localisation and their nucleotide-bound state.
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After the Rab protein is translated, it binds Rab escort protein (REP), which presents it
to Rab geranylgeranyl transferase (RabGGT), the enzyme catalysing the addition of one,
or in most cases two, lipophilic geranylgeranyl groups to cysteine residues on the Rab
C-terminal region. The prenylated Rab is then delivered to its target membrane, in a
process that may be assisted by GDP dissociation inhibitor-displacement factor (GDF).
Once in the membrane a GEF acts on the Rab protein, converting it to the GTP-bound
state. In this active state, Rabs bind to their effectors and regulate intracellular traffic.
Eventually the Rab protein is converted to the GDP-bound state by a GAP, and extracted
from the membrane by GDP dissociation inhibitor (GDI), providing a pool of cytosolic
inactive Rab available for the next cycle (Hutagalung and Novick, 2011). A scheme of

the Rab cycle is presented in figure 1.4.
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Figure 1.4. The Rab cycle. The image shows the steps a Rab GTPase goes through
after its translation. These include the prenylation, targeting to the membrane, activation
by GEFs, binding to effectors, inactivation by GAPs and extraction from the membrane
by the GDI. Image modified from (Hutagalung and Novick, 2011).
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From a structural perspective, Rabs exhibit a similar conformation, therefore their unique
properties and function emerge from sequences that distinguish them from other
members of the family. In this regard, five sequences have been identified (F1-F5) which
are conserved among Rab GTPases but not on Rho or Ras GTPases, as well as four
Rab subfamily motifs (RabSF1-4) which allowed for the classification of Rabs in
subfamilies, and that are predicted to be relevant for effector binding (Pereira-Leal and
Seabra, 2000). One crucial structural feature for Rab GTPase function are the regions
that exhibit large conformational differences depending on what nucleotide is bound to
the Rab, called switch | and switch Il regions. These regions interact with effector when
GTP is bound (Pfeffer, 2005). Rab effectors are diverse, but most of them have functions
linked to membrane trafficking, such as tethering complexes, coiled-coil proteins and
motor adaptors, among other roles (Gillingham et al., 2014; Zhen and Stenmark, 2015).
Despite evidence showing that some protein bind Rabs in the GDP-bound state, such
as protrudin to Rab11, or VPS34 to Rab7, these are not considered bona fide “effectors”
(Shirane and Nakayama, 2006; Stein et al., 2003; Stenmark, 2009).

Many Rab effectors are GEFs, GAPs or effectors for other Rabs, or for members of the
ADP-ribosylation factor (ARF) GTPase family, establishing Rab cascades (Mizuno-
Yamasaki et al., 2012). One of the best described Rab cascade is the conversion from
Rab5 to Rab7 taking place in the endolysosomal pathway (Rink et al., 2005). Briefly,
endocytosed material transition from Rab5 positive early endosomes to Rab7 positive
late endosomes (Chavrier et al.,, 1990). Rab5 GEF Rabaptin-5-associated exchange
factor for Rab5 (Rabex-5) recruits and activates Rab5 on early endosomes. Rab5-GTP
then recruits VPS34, which generates Ptdins(3)P, and Rabaptin, which bind Rabex-5
and enhances its GEF activity, generating a positive-feedback loop (Horiuchi et al., 1997;
Lippé et al., 2001). Rabex-5 and high levels of PtdIns(3)P are required for the association
of Mon1, a member of the Mon1-Ccz1 complex which acts as a GEF for Rab7 (Nordmann

et al., 2010). Mon1-Ccz1 displaces Rabex-5 from the endosome, and together with the
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Rab5 effector homotypic fusion and sorting complex (HOPS) recruit Rab7, ending in this
way the Rab5 positive loop and promoting endosome maturation (Poteryaev et al.,
2010).

Besides C-terminal prenylation, Rab GTPases can also be regulated by other post-
translational modifications. Phosphorylation was one of the first modification detected
(Bailly et al., 1991). For instance, Rab4 phosphorylation on the C-terminal region (Ser
196) promotes its cytosolic localisation during mitosis (van der Sluijs et al., 1992). Rab
phosphorylation started dragging more attention recently, since Parkinson’s related
Leucine-rich repeat kinase 2 (LRRK2) was reported to phosphorylate a subset of Rab
GTPases, including Rab8 and Rab10, on a residue in the switch Il region (T72 for Rab8
and T73 for Rab10). This phosphorylation inhibits Rab8 binding to its GEF Rabin8 and
to GDlIs, increasing Rab8 accumulation in membranous fractions (Steger et al., 2016).
Interestingly, two enzymes derived from the pathogen Legionella pneumophila,
DrrA/SidD and AnkX/Lem3, can reversibly modify two residues located in the switch II.
DrrA attaches adenosin monophosphate (AMP) to Rab1b Tyr77, whilst AnkX attaches a
phosphocholine moiety to Rab1b Ser76 and Rab35 Thr76, inducing the dissociation of
the GDI (Mukherjee et al., 2011; Muller et al., 2010; Oesterlin et al., 2012). Rab GTPases
can also be ubiquitinated, like Parkin-dependent Rab7 ubiquitination (Song et al.,
2016b), palmitoylated (Modica et al., 2017) and sumoylated (Striz and Tuma, 2016). It is
likely that additional post-translational modification in other residues will be detected in
the future.

Many of the regulatory transport mechanisms described in this section can be regulated
by a member of the Rab GTPase family. For instance, BICD2 recruitment to Golgi-
derived exocytic vesicles depends on Rab6 (Grigoriev et al., 2007), and RILP recruitment
to late endosomes and lysosomes is controlled by Rab7 (Cantalupo et al., 2001; Jordens
et al., 2001). Given that a comprehensive understanding of the multiple regulatory facets

of axonal transport is better achieved appreciating the phenomenon as a whole, in the
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next section we present three examples of cargo transport: lysosomes, mitochondria and

signalling endosomes.

1.7 Axonal transport: putting the pieces together

Lysosomes

We have presented a glimpse of lysosomal transport regulation in previous sections, but
this is far from a comprehensive picture. Lysosomes move bidirectionally, therefore they
have mechanisms for the recruitment of both cytoplasmic dynein and kinesins. As
mentioned before, Rab7-GTP present in lysosomes recruits its effector RILP.
Interestingly, RILP homodimerises (Colucci et al., 2005), and the dimer interacts with two
Rab7 molecules, forming a dyad Rab7-RILP-RILP-Rab7 (Wu et al., 2005). Rab7 also
binds oxysterol-binding protein-related protein 1L (ORP1L) through a region different
from the switches, hence, independently from the Rab7 GTP/GDP state (Ma et al., 2018).
The Rab7-RILP-ORP1L complex interacts with p150%“*¢ and recruits the dynein-
dynactin complex, promoting retrograde transport (Johansson et al., 2007). This
mechanism is regulates by cholesterol levels, since ORP1L C-terminal oxysterol binding
protein-related domain (ORD) binds 25-hydroxycholesterol (Im et al., 2005). When
cholesterol levels in the lysosome are high, ORP1L ORD domain associates to the
lysosome membrane and dynein is recruited, but when cholesterol levels in the
membrane decrease, ORP1L exposes a FFAT motif which binds vesicle-associated
membrane protein (VAP) in the ER membrane, docking the lysosome to the ER and
displacing dynein from RILP (Rocha et al., 2009). A similar cholesterol-dependent
mechanism takes place during the regulation of autophagosome transport and fusion
with lysosomes (Wijdeven et al., 2016).

Lysosomal transport can be also regulated by calcium after starvation. During maturation
of late endosomes to lysosomes, Ptdins(3)P is converted to phosphatidylinositol 3,5

biphosphate (PtdIns(3,5)P:), which activate the calcium channel TRPML1 (Dong et al.,
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2010). TRPML1 induce Ca?* efflux from the lysosome, recruiting the calcium sensor
apoptosis-linked gene-2 (ALG-2) (Vergarajauregui et al., 2009). ALG-2 then recruits
dynein and directs lysosomal retrograde transport (Li et al., 2016). An additional
mechanism for lysosomal transport regulation during starvation or cholesterol depletion
include mTORC1 activation, which acting through transcription factor EB (TFEB)
upregulates TMEM55B expression. TMEMS5B then binds JIP4 and dynein, promoting
centripetal lysosomal transport (Willett et al., 2017).

Anterograde lysosomal transport involved the recruitment of the BLOC1-related complex
(BORC), an octameric complex which associates to lysosomal membranes and recruits
the small GTPase Arl8 (Pu et al., 2015). Arl8 binds SifA and kinesin-interacting protein
(SKIP), which in turn interacts with kinesin-1 (KIF5B) KLC and directs anterograde
transport (Rosa-Ferreira and Munro, 2011). The Arl8/SKIP complex also binds kinesin-
3 (KIF1BB and KIF1A), and their differential regulation is achieved at the microtubule
level, since kinesin-1 prefers acetylated microtubules and kinesin-3 tyrosinated (more
peripheral) microtubules (Guardia et al., 2016). The BORC/Arl8/SKIP/kinesin-1
mechanism is important for the axonal transport of lysosomes, but not for their transport
in dendrites, hinting at a contribution to neuronal polarity, since polarised transport to the
somatodendritic and axonal compartments is required for the maintenance of neuronal
polarity (Farias et al., 2017). The BORC complex has also been involved in the transport
of other organelles, such as synaptic vesicle precursors (Niwa et al., 2017) and has roles
unrelated to transport, such as the fusion of autophagosomes with lysosomes, through
the recruitment of the HOPS complex (Jia et al., 2017).

Lysosomes can use an additional mechanism for anterograde movement, which relies
on Rab7. FYVE and coiled-coil domain-containing protein 1 (FYCO1) is a Rab7 effector
which binds Rab7-GTP and PtdIns(3)P on the lysosomal membrane (Pankiv et al.,
2010). The ER membrane protein protrudin binds Rab7 and PtdIns(3)P, acting as a

detector coincidence, transfers kinesin-1 from protrudin to FYCO1 (Raiborg et al., 2015).
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The similarities of this mechanism with the docking of lysosomes on ER domains by
ORP1L suggest it might be a way to induce lysosomal anterograde transport after the

ER-lysosome contacts were formed.

Mitochondria

The axonal transport of mitochondria is bidirectional, however, it can be biased towards
one direction or another depending on whether the axons is growing, retracting, or
responding to stimuli (Saxton and Hollenbeck, 2012). Mitochondria dynamics alternate
between moving and docking states in areas of high energetic demand. In cultured
hippocampal neurons, about 20%-30% of mitochondria are motile, moving almost
equally in both directions (Hollenbeck and Saxton, 2005). /In vivo, about 10% of
mitochondria are motile in mouse sciatic nerve, and 2/3 of them move anterogradely
(Misgeld et al., 2007), confirming previous observations in Drosophila motor axons
(Pilling et al., 2006). Mechanistically, mitochondrial anterograde transport is mediated by
the Rho GTPase Miro (mitochondrial Rho) (Fransson et al., 2003; Guo et al., 2005). Miro
has two EF hand motifs which bind Ca?*, two GTPase domains, and associates with the
kinesin-1 adaptors TRAK1 and TRAK2, the orthologues of Drosophila Milton (Fransson
et al., 2006; Stowers et al., 2002). Increased levels of intracellular calcium, for example
from sustained synaptic activity, inhibit mitochondrial transport. Although it is clear this
depends on Miro, the mechanism is not fully understood. One model proposes that Ca?*
binding allows Miro to interact directly with kinesin-1 motor domain, preventing its
association with microtubules (Wang and Schwarz, 2009). An alternative model
suggests Ca?" binding dissociates kinesin-1 from Miro (Macaskill et al., 2009). Miro
acetylation state is also relevant for this function, since deacetylation on Lys105 by
histone deacetylase 6 (HDACG6) decreases mitochondrial axonal transport (Kalinski et
al., 2019). Additional evidence from cells double knock out for Miro 1 and Miro 2 showed

that in this condition, the motor adaptors TRAK1 and TRAK2 still localise to the
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mitochondria outer membrane, indicating that alternative recruitment mechanisms might
compensate for Miro loss of function (Lopez-Doménech et al., 2018). Other mechanisms
for the recruitment of kinesin-1 to mitochondria include the motor adaptor syntabulin (Cai
et al., 2005), Fasciculation and elongation protein zeta-1 (FEZ1) (Fujita et al., 2007) and
Ran-binding protein 2 (RanBP2) (Patil et al., 2013). Recruitment of kinesin-3 to
mitochondria has also been reported (Wozniak et al., 2005).

Mitochondrial retrograde transport has been less studied, but since TRAK1 and TRAK2
can also bind dynein, it is possible that the activity of anterograde and retrograde motors
is coordinated. For instance, TRAK1 binds both kinesin-1 and dynein, and its mostly
localised in axons, whilst TRAK2 preferentially binds dynein and is more abundant in
dendrites (van Spronsen et al., 2013). Regarding mitochondrial docking, synaptic activity
and high levels of calcium induce the recruitment of syntaphilin to axonal mitochondria,
where it interacts with KIF5 and inhibits its ATPase activity, arresting mitochondrial

transport (Chen and Sheng, 2013; Kang et al., 2008).

Signalling endosomes

Following endocytosis of activated receptors in the plasma membrane, some ligand-
receptor complexes can persist actively engaged in signalling generation from the
endosomal compartment. These “signalling endosomes” function as platforms for the
compartmentalised regulation of signalling pathways, with neurotrophic signalling being
one of the most frequently used as case study. In contrast to lysosomes and
mitochondria, which move bidirectionally, neurotrophic signalling endosomes move
preferentially towards the retrograde direction. Briefly, neurotrophins are a family of
target-derived growth factors that are essential for neuronal development and survival
(Segal, 2003). Members of the neurotrophic family include nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT-3) and neurotrophin-4/5

(NT-4/5). Neurotrophins bind two types of receptors: tropomyosin-related kinase
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receptors (Trks) and the p75 neurotrophin receptor (p75"™R), a member of the tumour
necrosis factor receptor superfamily (Deinhardt and Chao, 2014). TrkA binds
preferentially NGF, TrkB binds BDNF and NT-4/5, and TrkC binds NT-3. p75NR can bind
all members of the family, as well as regulate the affinity of Trk receptors for their ligands
(Chao and Hempstead, 1995). Neurotrophins regulate neuronal survival,
axonal/dendritic growth and branching, neuronal specification and synapse formation,
through the activation of three main pathway: PI3K/AKT pathway, mitogen-activated
protein kinases (MAPKS), in particular ERK1/2 and ERKS, and phospholipase C-gamma
(PLCy) (Reichardt, 2006).

The initial observation that target-derived factors promote the survival of neurons
innervating the tissue, made by Rita Levi-Montalcini and Viktor Hamburger (Hamburger
and Levi-Montalcini, 1949), together with findings showing that peripherally
administrated NGF accumulates in neuronal cell bodies, (Angeletti et al., 1972),
suggested that the neurotrophic signalling is retrogradely transported (Harrington and
Ginty, 2013; Zweifel et al., 2005). Further evidence showing that activated TrkA and TrkB
are transported from the axon terminal to the neuronal soma (Bhattacharyya et al., 1997;
Ehlers et al., 1995), as well as the engagement of Trk receptors with specific signalling
pathways from post-endocytic compartments (Zhang et al., 2000) prompted the
formulation of the “signalling endosome” hypothesis, which states that internalised
receptors bound to their ligands are transported in specialised endosomes which act as
platforms for initiating signalling transduction, and that account for the retrograde
transport of the neurotrophic signalling (Grimes et al., 1996, 1997).

Signalling endosomes are diverse, hence, the exact nature of the endosomal
compartment and the determination of its associated transport machinery have not been
straightforward (Villarroel-Campos et al., 2018). Some reports have shown NGF-TrkA is
transported in early endosomes positive for Rab5 and for its effector early endosome

antigen 1 (EEA1), in PC12 cells and DRGs (Delcroix et al., 2003). In agreement with this,
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TrkB and AKT transport has been detected in Rab5-positive endosomes which were also
positive for its effector Adaptor protein, phosphotyrosine interacting with PH domain and
leucine zipper 1 (APPL1) in cultured hippocampal neurons (Goto-Silva et al., 2019).
Other evidence indicate that in mouse cultured motor neurons, BDNF-TrkB is transported
in Rab7 positive endosomes (Deinhardt et al., 2006). Interestingly, TrkB is not targeted
for degradation during Rab7-dependent transport, since endosome acidification is
impaired (Bohnert and Schiavo, 2005). In support of the Rab7-positive nature of
signalling endosomes, recent evidence found NGF-TrkA being transported in
multivesicular bodies positive for Rab7, RILP, LAMP1 and CD63 in cultured sympathetic
neurons (Ye et al.,, 2018). Lastly, there is also evidence for TrkB transport in
autophagosomes (Kononenko et al., 2017).

From the transport perspective, it is not fully clear whether signalling endosomes employ
the same adaptors as other endosomes, and given their heterogeneity, it is likely that
mechanisms driving the recruitment of specific motor complexes co-exist. For example,
signalling endosomes containing BDNF-TrkB recruit dynein through the adaptor snapin
in cultured cortical neurons (Zhou et al., 2012). Given that snapin is a member of the
BORC complex (Niwa et al., 2017), it is possible that the entire complex participates on
dynein recruitment, however this remains to be elucidated. In addition, BDNF-TrkB
retrograde transport in sympathetic neurons is carried out at least in part by
multivesicular bodies, and relies on Rab7-dependent RILP recruitment (Ye et al., 2018).
Conversely, BDNF-TrkB signalling endosomes recruit dynein through the adaptor
Hook1, in rat hippocampal neurons (Olenick et al., 2019).

Here we have provided just a few examples of how intracellular trafficking and axonal
transport of specific organelles are regulated. More examples can be found in recent

reiews (Guedes-Dias and Holzbaur, 2019; Maday et al., 2014).
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1.8 Axonal transport defects during ALS

Early evidence linking axonal transport defects to ALS came from neuropathological
post-mortem studies in patients. These studies showed accumulation of phosphorylated
neurofilaments and organelles in the proximal axon of motor neurons (Hirano et al.,
1984a, 1984b). Consistent with a dysfunction of the transport machinery, those axonal
swellings (spheroids) were immunopositive for KHC, although cytoplasmic dynein was
not detected (Toyoshima et al., 1998). Additionally, mRNA profiles on the motor cortex
of sALS patients detected a reduction in the expression of KIF1AB and KIF1Bp
(Pantelidou et al., 2007). The advances in ALS genetics together with the generation of
animal models of the disease allowed to expand the axonal transport phenotype. For
instance, sciatic nerve ligation experiments carried out on SOD1%%* mice revealed
reduced kinesin-1 activity. Strikingly, the axonal transport deficit were observed even at
pre-symptomatic stages, suggesting they were not a consequence of
neurodegeneration, but may be involved in its onset (Warita et al., 1999; Williamson and
Cleveland, 1999).

One of the most frequently studied axonal cargoes are mitochondria, therefore, several
ALS-linked mitochondrial axonal transport dysfunctions have been reported (Granatiero
and Manfredi, 2019). Regarding this, anterograde mitochondrial transport is decreased
in cultured motor neurons derived from SOD1%%4 mouse (De Vos et al., 2007), whilst rat
primary motor neurons transfected with SOD1%* exhibit defects on retrograde
mitochondrial transport, as well as reduced mitochondrial fusion, length and density
(Magrané et al., 2012). Defects in mitochondrial shape and distribution along the axon
also appear at pre-symptomatic stages in SOD1%%"R and SOD1¢8R mice models (Vande
Velde et al., 2011). These mitochondrial axonal transport defects were corroborated in
vivo, in sciatic nerve from SOD1%%*A and TDP-43"3'ST mice (Bilsland et al., 2010;

Magrané et al., 2014).
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Defects in mitochondrial axonal transport are not limited to SOD1 models, as can be
concluded from the aforementioned in vivo studies. In fact, the overexpression of WT
TDP-43 is enough to induce a reduction in mitochondrial length and density, as well as
impaired mitochondrial transport, although this is exacerbated by ALS-linked mutations,
such as Q331K and M337V (Wang et al., 2013). Cabeza (FUS Drosophila orthologue)
P398L and C9ORF72 carrying the pathogenic hexanucleotide expansion (36 repeats)
also disrupt mitochondrial transport in Drosophila motor axons (Baldwin et al., 2016).
Interestingly, this defect can be rescued inhibiting HDACG, in an iPSC model derived
from FUS-ALS patients (Guo et al., 2017).

The molecular mechanisms underlying these defects are not fully clear, however, it has
been shown that mutant SOD1 directly interacts with the dynein-dynactin complex,
impairing its function (Ligon et al., 2005; Zhang et al., 2007a). In addition, mutant SOD1
accumulates in mitochondria, negatively affecting their function (Igoudjil et al., 2011).
ALS-linked axonal transport defects in other cargoes have been described as well. For
example, TDP-43 associates with mRNP granules which move bidirectionally in axons,
and ALS-associated TDP-43 mutations impair their transport (Alami et al., 2014).

ALS2 mutations reported in juvenile-onset ALS strongly suggest an involvement of the
endolysosomal pathway in disease pathogenesis, since ALS2 encodes a GEF for Rab5
(Hadano et al., 2001). In agreement with this, a mechanism combining RNA and
lysosomal transport was recently described. Annexin A11 acts as a tether between RNA
and LAMP1-positive organelles, since its N-terminal low complexity domain phase
separate into membraneless RNA granules, and its C-terminal domain binds to the
organelle membrane. In this way, RNA granule transport is coupled to late
endosome/lysosomal transport, a mechanisms disrupted by ALS-linked mutations in

annexin A11 (Liao et al., 2019).
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Impaired axonal transport of signalling endosomes is a good candidate to explain the
mechanisms leading to neuronal death during ALS, given the role of the neurotrophic
signalling on neuronal survival. In this regard, our group has taken advantage from the
fact that the C-terminal, non-toxic fragment of the tetanus toxin (termed HcT) is
internalised and sorted into neurotrophin signalling endosomes (Lalli and Schiavo,
2002), to track these organelles in motor neurons from ALS mouse models. In vitro
studies showed that primary motor neurons derived from SOD1¢%A mouse display a
disruption on retrograde axonal transport even at embryonic stages, manifested as
increased frequency of pausing and oscillatory movement (Kieran et al., 2005). This was
confirmed in vivo, in the sciatic nerve of pre-symptomatic SOD1¢%4 mice (Bilsland et al.,
2010), hinting at a defect that precedes neurodegeneration. As mentioned before, this
population of signalling endosomes is positive for Rab7 (Deinhardt et al., 2006),
therefore, in an attempt to further understand how these carriers are transported back to

the soma, we focused on the regulation of Rab7 activity.

1.9 Rab7 regulation

There are two Rab7 paralogues in mammals, Rab7a and Rab7b. Whilst Rab7b regulates
the transport between late endosomes and the trans-Golgi network (TGN) (Progida et
al., 2012), Rab7a regulates the trafficking from early to late endosomes, and from late
endosomes to lysosomes (Bucci et al., 2000). Since Rab7a is the isoform involved in
axonal transport of signalling endosomes, we will restrict to discuss the regulation of the
activity of this Rab (henceforth called Rab7).

As other Rab GTPases, Rab7 cycles through a soluble GDP-bound state, and a
membrane-associated GTP-bound state, which is regulated by GEFs and GAPs. Early
evidence suggested that Vps39, a member of the HOPS complex acted as a GEF for
Rab7 yeast homologue, Ypt7p (Wurmser et al., 2000). Nevertheless, studies carried out

in C. elegans showed that the Mon1-Ccz1 complex fulfils the role of Rab7 GEF (Cabrera
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et al., 2014; Nordmann et al., 2010). Interestingly, Mon1-Ccz1 acts as a Rab7 GEF only
on late endosomes, since the complex dissociates from lysosomes (Yasuda et al., 2016).
Given that Rab7 activity on lysosomes is Mon1-Ccz1-independent, this poses the
question about whether additional uncharacterised GEFs for Rab7 exist. Regarding
Rab7 activity during autophagosome-lysosome fusion, yeast Mon1-Ccz1 complex binds
ATG8 on the autophagosome membrane via the LC3 interacting region (LIR) motif in
Ccz1 (Gao et al., 2018). Mon1-Ccz1 association to LC3 in mammalian cells has not been
described yet, although the LIR motifs are conserved.

Rab GAPs carry a Tre-2/Bub2/Cdc16 (TBC) domain originally identified in yeast, and
present in more than 40 different proteins in mammals (Fukuda, 2011). The first Rab7
GAP reported, Armus/TBC1D2A, was identified as an effector of the rho GTPase Rac1
(Frasa et al., 2010), highlighting the coordination of GTPase cascades not only between
Rab GTPases, but also with members of other GTPase families. Armus contains LIR
motifs, and is able to bind LC3 and GABARAP on the autophagosome membrane
(Popovic et al., 2012). Its recruitment to late endosomes likely depend on Ptdins(3)P
recognition on the organelle membrane, via Armus pleckstrin homology (PH) domain
(Jaber et al., 2016). Armus autoinhibited state is released by Leucine-rich repeat kinase
1 (LRRK1) phosphorylation (Toyofuku et al., 2015), a kinase closely related to LRRK2,
which phosphorylates a subset of Rabs on the switch || domain.

TBC1D5 is another Rab7 GAP, which associates with the retromer complex (Seaman et
al., 2009). Briefly, the retromer is a heteropentameric complex formed by a cargo-binding
trimer composed of Vps35, Vps29 and Vps26, along with a membrane-binding dimer of
Vps5 and Vps17, the yeast homologues of mammalian sortin-nexins 1/2 and 5/6
(Seaman, 2012). The retromer complex promotes the recycling of cargo proteins from
endosomes to the TGN and the plasma membrane, (Gallon and Cullen, 2015). Rab7-
GTP recruit the retromer complex to late endosomes through a direct interaction with

Vps26 (Rojas et al., 2008), and TBC1D5 binds the complex via Vps29 (Jia et al., 2016).
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TBC1D5 also associates with LC3 and its activity is required during mitophagy, since
hyperactivated Rab7 impairs the correct sorting of membrane to the nascent
autophagosome (Jimenez-Orgaz et al., 2018).

TBC1D15 is also a Rab7 GAP, which is recruited to mitochondria by the mitochondria
outer membrane protein Fis1 (Onoue et al., 2013). TBC1D15 is required for mitophagy,
but seems to be irrelevant for constitutive bulk autophagy (Yamano et al., 2014). In
addition, TBC1D15-dependent Rab7 inactivation is required for mitochondria fission,

takin place at mitochondria-lysosome contact sites (Wong et al., 2018).

Rab7 functions can be affected by pathogenic mutations. It is worth mentioning that Rab7
is not an ALS-linked gene, however, it is mutated in CMT disease, the most frequent
hereditary peripheral neuropathy (Rossor et al., 2013). Specifically, Rab7 mutations are
causative of CMT type 2B. Five missense point mutations have been described up to
date (L129F, N161T/l, K157N and V162M), which lead to decreased nucleotide affinity,
especially for GDP, and unregulated nucleotide exchange, without affecting Rab7
catalytic activity. As these mutants are predominantly in the GTP-bound state, they
resemble constitutively active Rab7%""; since they show increased interaction with a
subset of effectors, and are abnormally retained on target membranes (De Luca et al.,
2008; McCray et al., 2010; Spinosa et al., 2008). CMT-related Rab7 mutations affect the
directionality of movement of Rab7-positive endosomes, as well as the transport of
signalling endosomes containing NGF-TrkA in DRG cultures (Zhang et al., 2013).
Deficits in transport have also been reported in animal models of the disease, for
example, a Drosophila model expressing Rab7 L129F in sensory neurons showed
reduced pausing of Rab7-positive endosomes, whilst tracking the same cargoes in
zebrafish larvae expressing CMT-related Rab7 mutants revealed decreased speed for
Rab7 K157N and reduced pausing for Rab7 N161T and V162M (Janssens et al., 2014;

Ponomareva et al., 2016).
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Rab7 is the target of post-translational modification which can affect its function (Modica
and Lefrancois, 2017). For instance, Rab7 can be palmitoylated on cysteine 83 and 84,
a modification required for the efficient recruitment of the retromer by Rab7 (Modica et
al., 2017). Rab7 can be ubiquitinated by the E3-ubiquitin ligase Parkin on Lys38, Lys191
and Lys194, with a preference for Lys38 (Song et al., 2016b). In addition, Rab7 is
deubiquitylated by ubiquitin-specific protease 32 (USP32) on Lys191 (Sapmaz et al.,
2019). Rab7 ubiquitination on Lys191 regulates the recruitment of Rab7 effectors, since
RILP binds preferentially to ubiquitination-deficient Rab7, whilst retromer-associated
functions require an intact Rab7 ubiquitination/deubiquitination cycle. Finally, Rab7 can
be phosphorylated on Ser72 and Tyr183, and phosphorylation at these sites impair the
binding of Rab7 to the GDI (Shinde and Maddika, 2016), and to Rab7 effectors. Different
studies assessing the effect of Ser72 phosphorylation have given conflicting results.
Whilst p-Ser72 seems to inhibit Rab7 association to RILP (Shinde and Maddika, 2016),
others have shown that p-Ser72 promotes RILP and dynein recruitment, facilitating the
retrograde transport of epidermal growth factor receptor (EGFR) towards degradative
compartments (Hanafusa et al., 2019). Regarding the identity of the enzymes mediating
these modifications, Rab7 p-Ser72 and p-Tyr183 are targeted by the phosphatase
phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-specificity protein
phosphatase (PTEN). Rab7 Tyr183 is phosphorylated by Src (Lin et al., 2017), and
Ser72 has been shown to be targeted by LRRK1 and Tank-binding protein 1 (TBK1)

(Hanafusa et al., 2019; Heo et al., 2018).

In an attempt to identify new Rab7 regulators that can impact on the axonal transport of
signalling endosomes, our group carried out a screening using in vitro kinase assay on
a library of kinases, and we identified two kinases which phosphorylate Rab7 in only one
site: TBK1 and Inhibitor of nuclear factor kappa-B kinase subunit epsilon (IKKg) (Wallace,

2014).
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1.10 TBK1

TBK1, also known as NF-kB-activating kinase (NAK), or T2K, is an ubiquitously
expressed serine/threonine kinase, part of the ‘noncanonical IkB kinases’ (IKKs), which
participate in the regulation of type-l interferon production during innate immunity
(Fitzgerald et al., 2003). TBK1 is also involved in the control of autophagy and cell
proliferation (Ahmad et al., 2016; Stolz et al., 2014).

TBK1 is formed by four domains: a serine/threonine kinase domain (KD, residues 1-307),
an ubiquitin-like domain (ULD, residues 308-383), a coiled-coil domain 1 (CCD1,
residues 407-657, also known as scaffold dimerisation domain (SDD)) and a coiled-coil
domain 2 (CCD2, residues 658-713, also known as C-terminal domain (CTD)) (Larabi et
al., 2013). TBK1 can forms homodimers or heterodimers with IKKe, which is mediated
by interaction between the CCD1 domains. TBK1 dimerisation is thought to be necessary
for activation, although recent evidence derived from ALS-mutants challenge this
concept (Tu et al., 2013; Ye et al., 2019). Regarding this, the kinase domain contains an
activation loop which includes the residue Ser172. This residue needs to be
phosphorylated to ensure TBK1 activation. Structural studies have shown that TBK1
phosphorylates S172 in trans (Ma et al., 2012), and that the polyubiquitination of Lys30,
Lys63 or Lys401 enhances TBK1 activity, possibly through a crowding effect that
facilitates its transautophosphorylation (Li et al., 2011; Song et al., 2016a; Wang et al.,
2009). TBK1 p-Ser172 is targeted by the phosphatase cell division cycle 25A (Cdc25A),
thereby decreasing TBK1 activation during antiviral immune response (Qi et al., 2018).

TBK1 function is regulated by a group of adaptor proteins that alter its subcellular
localisation and recruit TBK1 to specific signalling pathways. For instance, TRAF family
member-associated NF-kappa-B activator (TANK), NAP1, and TANK-binding kinase 1-
binding protein 1 (SINTBAD) all bind TBK1 CCD2 in a mutually exclusive manner

(Goncalves et al.,, 2011). This organised alternative TBK1 recruitment ensures, for
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example, that TBK1 activation during selective autophagy does not result in
phosphorylation of its targets of the NF-kB pathway (Heo et al., 2015).
In the following sections, we will briefly present TBK1 roles on inflammation and

autophagy, before discussing its involvement in ALS.

TBK1 roles in inflammation

The first function attributed to TBK1 after its discovery, consisted on a role during innate
immune response. TBK1 is activated downstream to pattern-recognition receptors
(PRRs), such as Toll-like receptor (TLR) 3 and TLR4, which initiate a signalling cascade
in response to conserved molecular patterns associated to pathogens (Wallet et al.,
2018). Specifically, TLR3 recognises double-stranded RNA (dsRNA), and TLR4 is
activated by lipopolysaccharide (LPS) (Alexopoulou et al., 2001a; Lu et al., 2008). TLR3
signalling can also be triggered by dsRNA analogues, for example, low molecular weight
polyinosinic:polycytidylic acid (LMW poly (1:C)) (Zhou et al., 2013). dsRNA also activates
the intracellular receptors retinoic acid-inducible gene 1 (RIG-I) and melanoma
differentiation-induced protein 5 (MDA5), which transduce the signalling through
mitochondrial antiviral-signalling protein (MAVS) (Kato et al., 2006; Yoneyama et al.,
2004). In addition, intracellular DNA is sensed by cyclic GMP-AMP synthase (cGAS),
which in turn activates stimulator of interferon genes (STING). After that, both MAVS and
STING activate TBK1 (Fang et al., 2017; Zhang et al., 2019). TLR3, TLR4, MAVS and
STING pathways converge on TBK1 activation, inducing the formation of TBK1 dimers
or TBK1/IKKe heterodimers which continue the signalling cascade, phosphorylating NF-
KB and interferon regulatory factor 3 and 7 (IRF3/7). These transcription factors promote
the expression of the interferon f (IFNB) gene (Bakshi et al., 2017; Pomerantz and
Baltimore, 1999). A scheme depicting TBK1 activation during innate immunity is

presented in figure 1.5
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TLR and NF-kB pathways are highly conserved through evolution. In fact, the first
member of the TLR family was originally identified in Drosophila, as an homologue of the
cytosolic domain of the transmembrane protein Toll (Gay and Keith, 1991). Toll promotes
dorsoventral polarisation during Drosophila embryonic development, highlighting a
feature also shared by the NF-kB pathway: these pathways emerged early during
evolution as regulators of embryonic development and cellular patterning. From an
evolutionary perspective canonical TLRs can be found in cnidaria, whilst TBK1
orthologues are present in porifera (Gilmore and Wolenski, 2012; Nie et al., 2018).

Consistent with the role of NF-kB during development, TBK7 knockout mice die at E14.5
due to liver degeneration, since TBK1-dependent NF-kB-directed transcription is

required for apoptosis inhibition in the liver at this stage (Bonnard et al., 2000).
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Figure 1.5. TBK1 activation during innate immunity. The figure shows the PRRs
acting upstream to TBK1 and the ligands that activate them. TBK1 targets and
transcribed responses are also presented. Modified from (Hasan and Yan, 2016).
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TBK1 roles in autophagy

The involvement of TBK1 in autophagy has been mainly studied using the paradigm of
mitochondria depolarisation with oligomycin A/antimycin A (OA), which induce
mitophagy. Nevertheless, examples of TBK1 activity during xenophagy have also been
reported (Minowa-Nozawa et al., 2017). Upon mitochondria depolarisation/damage, the
serine/threonine kinase PTEN-induced kinase 1 (PINK1) accumulates on the
mitochondrial outer membrane, phosphorylating the E3-ubiquitin ligase PARKIN, and
Ser65 of ubiquitin (Sekine and Youle, 2018). This initiates PARKIN-dependent
ubiquitination of many substrates on the mitochondria outer membrane, as well as the
recruitment of cytosolic PARKIN, establishing a positive feedback loop of
phosphorylation and ubiquitination (Harper et al., 2018). Those ubiquitin chains are
recognised by autophagy receptors, such as p62, optineurin and NDP52, which link the
damaged cargo to the autophagosome membrane via LC3 (Lazarou et al., 2015; Wong
and Holzbaur, 2014). Optineurin and p62 phosphorylation by TBK1 enhances their
affinity for ubiquitin, facilitating the autophagy process (Matsumoto et al., 2015). For
instance, TBK1 phosphorylates optineurin Ser472 and Ser513, increasing its association
with K63-ubiquitin chains (Richter et al., 2016). TBK1 also phosphorylates optineurin
Ser177, promoting its interaction with LC3 (Wild et al., 2011). Regarding other autophagy
receptors, TBK1 phosphorylates p62 Ser403, which is required for the elimination of
pathogenic bacteria (Pilli et al., 2012), and promotes the interaction between NDP52 and
the ULK1 complex, thereby facilitating the initiation of mitophagy (Vargas et al., 2019).
This is not the only role of TBK1 during autophagy initiation, as TBK1-dependent
phosphorylation on syntaxin 17 Ser202 has also been reported. This phosphorylation is
required for the formation of the ULK1 complex, specifically for the interaction between

ATG13 and FIP200 in the nascent autophagosome (Kumar et al., 2019).
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In addition to its roles during autophagy initiation and phosphorylation of autophagy
receptors, TBK1 also regulates autophagosome membrane expansion during
mitophagy. OA-induced mitochondria depolarisation promotes the recruitment of TBK1
to the mitochondrial outer membrane, where it phosphorylates Rab7 Ser72. Rab7 p-
Ser72 interacts with its effector folliculin (FLCN) and folliculin-interacting protein 1
(FNIP1). The FLCN-FNIP1 complex contains a DENN domain, hence it may act as a
GEF for downstream Rab GTPases, however, the identity of these Rab proteins has not
been elucidated yet. Rab7 p-Ser72 is also necessary for the recruitment of ATG9-
positive vesicles which support the expansion of the autophagosome membrane (Heo et

al., 2018).

TBK1 and ALS

TBK1 mutations leading to happloinsufficiency have been reported as disease-
causative, in a group of patients affected by fALS, sALS or FTD (Cirulli et al., 2015;
Freischmidt et al., 2015; Pottier et al., 2015). Additional studies have expanded the
disease spectrum, to include progressive cerebellar ataxia (Wilke et al., 2018). To date,
more than 90 TBK1 mutations have been described, distributed along the entire length
of the protein. Some TBK1 mutations are nonsense mutations, therefore they trigger
nonsense mediated RNA degradation, whilst others are missense, and impair
phosphorylation of IRF3 or optineurin (Oakes et al., 2017). For instance, ALS-linked
TBK1 E696K cannot interact with optineurin, hence OA-induced mitophagy is impaired
when this TBK1 mutants is expressed in HelLa cells (Moore and Holzbaur, 2016). A
scheme depicting the location of ALS-linked TBK1 mutations in the kinase structural

domains is presented in figure 1.6.
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Figure 1.6 TBK1 structural domains and ALS-linked mutations. TBK1 kinase domain
(KD), ubiquitin-like domain (ULD), scaffold dimerisation domain (SDD) and C-terminal
domain (CTD) are depicted. The mutations shown in A correspond to nonsense
mutation, including deletions, and frameshifts. The mutations shown in B are missense
mutations. Mutations in orange have been reported elsewhere, whilst mutations in blue
were reported in (de Majo et al., 2018), from where this image was modified.

Recent detailed analysis of ALS-linked TBK1 mutations has shown that TBK1 dimers
with just one catalytically active subunit can still phosphorylate downstream targets,
suggesting that TBK1 could be activated by any kinase targeting its S172 residue. In
addition, some TBK1 mutants which were unable to dimerise retained their kinase
activity, although protein stability was decreased (Ye et al., 2019). Finally, TBK1
heterozygosity on SOD1%%*A background accelerated disease onset, which was linked to

impaired autophagy, however, at later stages of the disease TBK1 deletion prolongs

survival due to reduced microglial activation and neuroinflammation. Notably, the TBK7*"
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mouse model with WT SOD1 background did not developed motor impairments, hinting
that TBK1 may cause ALS onset only in the presence of a “second hit” (Brenner et al.,
2019). It is worth noting, however, the similarities between this dual role on ALS
progression, and the phenotype obtained after autophagy inhibition (ATG7 knock out) in

the SOD1C%A strain (Rudnick et al., 2017).
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Aims
The retrograde transport of signalling endosomes is negatively affected during ALS
pathogenesis. The trafficking of these carriers relies on Rab7, a protein which can be
regulated by TBK1 phosphorylation on Ser72. In addition, TBK1 itself is mutated in
familial cases of ALS. Nevertheless, how Rab7 S72 phosphorylation impact on its
function is not fully understood. Therefore, we asked whether Rab7 S72 phosphorylation
or TBK loss of function affect signalling endosome retrograde transport.

The specific aims of this project are:

1. To assess the effect of Rab7 phosphorylation on axonal transport.

2. To investigate the role of TBK1 loss-of-function on axonal transport and neurotrophin

signalling.
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Chapter 2

Methods

2.1 Animals

All experiments were carried out following the guidelines of the UCL Institute of
Neurology Genetic Manipulation and Ethic Committees, and in accordance with the
European Community Council Directive of November 24, 1986 (86/609/EEC). Animal
experiments were undertaken under license from the UK Home Office in accordance
with the Animals (Scientific Procedures) Act 1986 (Amended Regulations 2012) and the
GSK Policy on the Care, Welfare and Treatment of Animals. Wild-type (WT) mice from

a C57BL/6 x SJL background were used in all experiments.

2.2 Reagents and DNA constructs

Canine Rab7 WT cloned in the mammalian expression vector pEGFF-C1 was kindly
provided by Cecilia Bucci (Bucci et al., 2000). Site-directed mutagenesis was used by
former members in our laboratory to generate the S72A and S72E mutants (Wallace,
2014). The three vectors were sequences before the start of this project (Source
BioScience, UK). EB3-mCherry was a gift from Michael Davidson (Addgene plasmid #
55037). A set of four shRNAs directed against TBK1 plus a control sequence were
purchased from GeneCopoeia (# MSH101526-LVRUGMP, with an U6 promoter and
mCherry as reporter gene. Control sequence: GCTTCGCGCCGTAGTCTTA, shRNA 1:
CCAGAATCAGAATTTCTCATT, shRNA 2: CCAGTTCTTGCAAACATACTT, shRNA 3:
GGGTGAGATTTCAGACATACA, shRNA 4: GCTTATAATGAAGAACAGATC).
LysoTracker Red DND-99, LysoTracker Deep Red and TMRE (T669) 1 mM stock were
purchased from ThermoFisher. Poly I:C LMW was bought from Invitrogen and

MRT67307 from Sigma.
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2.3 Antibodies

The antibodies used are presented in table 2.1:

Clone: YL 1/2

Antigen Supplier/Clone Species Dilution
Acetylated tubulin Santa Cruz sc-23950 mouse IF: 1:400
Clone: 6-11 B-1
a-tubulin Abcam ab6161 rat WB: 1:2,000
BllI-tubulin (Tuj1) Covance MMS-435P mouse IF: 1:1,000
Caspase-3 active R&D systems rabbit IF: 1:750
GM-130 BD Transduction mouse IF: 1:100
laboratories
LAMP2 DSHB rat IF: 1:1,000
Clone: ABL-93
MAP2 Chemicon AB5622 rabbit IF: 1:1,000
p-Rab7 (S72) Home-made rabbit IF: 1:600
p-TBK1 (S172) Cell Signaling mAb #5483 rabbit WB: 1:1,000
Clone: D52C2 IF: 1:200
Rab7 Abcam ab50533 mouse IF: 1:250
RFP GenScript A00682 rabbit WB: 1:2,000
SMI-31 Covance SMI-31R mouse IF: 1:1,000
TBK1 Abcam ab40676 rabbit WB: 1:3,000
Clone: EP611Y IF: 1:200
Tyrosinated tubulin Millipore mab1864 rat IF: 1:500

Table 2.1. Details of the antibodies used, and dilutions for western blotting (WB) and

immunofluorescence (IF).
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2.3 HcT labelling

3.3 mg of purified HcT were incubated in reducing buffer (150 mM NaCl, 20 mM HEPES,
pH = 7.4 plus 14.4 pl of tris(2-carboxyethyl)phosphine (TCEP) 10 mM to a final volume
of 100 pl) for 30 min at 4°C. 1 mg of AlexaFluor 555 C, Maleimide (ThermoFisher) was
reconstituted in 30 ul water-free dimethyl sulfoxide (DMSO). 5.5 pl of the fluorescent dye
were added to the HcT/TCEP mix, slowly but continuously under constant mild agitation.
The reaction mixture was incubated at 4°C overnight protected from light. Next day, the
reaction was stopped by adding 12.5 ul of STOP solution (40 mM reduced glutathione,
10 mM Tris-HCI, 100 mM NaCl, pH = 8.0) and incubated at 4°C, protected from light for
20 min. Labelled-HcT was separated from free dye by loading the reaction product onto
a PD-10 desalting column (GE Healthcare, 17-0851-01). Several eluted fractions were
collected (~40 fractions) and tested for the presence of proteins by Ponceau staining.
The fractions containing AlexaFluor 555-conjugated HcT were combined and injected
into a 10K dialysis cassette (Slide-A-Lyzer Dialysis cassette, 10000 MWCO, 3 ml), and
dialysed against dialysis buffer (100 mM NaCl, 10 mM HEPES, pH = 7.4) at 4°C for 2
days (the dialysis buffer was changed after one day). Labelled HcT was then
concentrated using an Amicon Ultra-0.5 filter (50K), and its presence was checked by
loading an aliquot onto a polyacrylamide gel and staining the gel with Coomassie blue
staining, or by loading the aliquot onto a Mini-PROTEAN TGX Stain-Free gel (BioRad)
and detecting protein bands with a ChemiDoc MP Imaging System (BioRad). Labelled
HcT concentration was measured with a nanodrop spectrophotometer. 2 ul aliquots were

snap frozen and stored at -80°C.

2.3 Cell culture
Cell culture and primary motor neuron culture reagents were purchased from
ThermoFisher, unless otherwise stated. Mouse neuroblastoma N2a cells and Lenti-HEK

cells where maintained in DMEM 10% FBS supplemented with 1% GlutaMAX at 37°C
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and 5% CO.. Transfection of N2a cell was carried out using Lipofectamine 3000
(Invitrogen) following the manufacturer’s instructions. Briefly, cells were seeded onto 13
mm coverslips and transfected at 70%-80% confluency. 500 ng of DNA and 0.75 pl of
Lipofectamine were used per well. In experiments studying Rab7 intracellular
distribution, transfection was carried out for 18 h.

Mouse NSC-34 cell line were differentiated as follows: 10,000 — 15,000 cells were
seeded onto collagen coated coverslips and maintained in differentiation medium
(DMEM 1% FBS, non-essential amino acids and penicillin/streptomycin). On day one,
medium was changed to differentiation medium plus retinoic acid 1 yM. On day 3,

medium was topped up and on day 6 cells were fixed as described in 2.6.

2.4 Primary motor neuron culture

Cultured primary motor neurons (MN) were obtained as previously described (Arce et
al., 1999). Briefly, ventral spinal cords were dissected from E12.5 mice embryos, treated
with trypsin 2.5% w/v (0.025% final concentration) for 10 min at 37°C, mechanically
dissociated, treated with DNAse | 1 mg/ml (Sigma, 50 ug/ml final concentration),
collected under a bovine serum albumin (BSA) cushion, and centrifugated at 380 x g for
5 min. Cells were resuspended in motor neuron medium (Neurobasal, 2% heat-
inactivated horse serum, 2% B27 supplement, 1X GlutaMax, 25 uM B-mercaptoethanol,
1% penicillin/streptomycin, recombinant rat CNTF (R&D Systems, 10 ng/ml),
recombinant rat GDNF (R&D Systems, 0.1 ng/ml) and recombinant human BDNF (R&D
Systems, 1 ng/ml)). Cells were seeded onto poly-D-ornithine/laminin coated plates or
coverslips. Magnetofection (NeuroMag, OZ Biosciences) was carried out following the
manufacturer’s instructions. Briefly, motor neuron medium was collected, stored at 37°C,
and replaced with magnetofection medium (Neurobasal, 2% B27 supplement, 1X
GlutaMAX, 25 uM B-mercaptoethanol, GDNF 10 ng/ml, CNTF 10 ng/ml and BDNF 10

ng/ml) for 1 h. The DNA-magnetic beads complexes were prepared as follows: for 24-

79



well plates, 500 ng of DNA and 1.75 ul of beads per well were separately dissolved into
50 pl of minimum essential medium (MEM). DNA-containing MEM was added to the
beads-containing MEM, mixed and incubated at room temperature for 20 min. After this,
the mix was added dropwise to the wells with motor neurons, the plate was returned to
the incubator and was placed on a magnet for 20 min. Then, the magnet was removed
and motor neurons were kept in the incubator for 40 min. Following this, transfection
medium was discarded and replaced with a mix of the previously stored motor neuron
medium and fresh motor neuron medium 1:1. Magnetofected neurons were incubated

for 18-24 h and used for further experiments.

2.5 Western blotting

N2a cells and primary MN cultures were lysed in RIPA buffer: 50 mM Tris-HCI pH 7.5, 1
mM EDTA, 2 mM EGTA, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate and 0.1%
sodium dodecyl sulfate containing protease and phosphatase inhibitor cocktail (HALT,
ThermoFisher), for 30 min at 4°C. Lysates were centrifugates at 14,000 rpm for 15 min
at 4°C and protein concentration was determined using the BCA Protein Assay
(ThermoFisher). Between 10 and 20 ug of total protein extract were loaded on 4-15%
Mini-PROTEAN TGX precast gels (BioRad) and transferred into polyvinylidene difluoride
(PVDF) membranes (BioRad). Membranes were blocked in Tris-buffered saline (TBS)
containing 0.05% Tween-20 and 5% bovine serum albumin (BSA) for 1 h at room
temperature, and then incubated with primary antibodies overnight at 4°C. Membranes
were washed and incubated with horseradish peroxidase (HRP)-conjugated secondary
antibodies (GE Healthcare) for 1 h at room temperature. Immunoreactivity was detected
using Immobilon Classico ECL substrate (Millipore) and the ChemiDoc MP Imaging

System (BioRad).
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2.6 Immunofluorescence

N2a cells and cultured primary motor neurons were fixed in 4% paraformaldehyde/4%
sucrose in phosphate-buffered saline (PBS) for 30 min at room temperature. Cells were
washed three times with PBS, permeabilised with Triton X-100 0.2% in PBS for 5 min,
washed again three times and blocked in 5% BSA in PBS for 1 h at room temperature.
Primary antibodies were incubated overnight at 4°C in blocking solution. Coverslips were
washed three times, incubated with AlexaFluor-conjugated secondary antibodies for 1 h
at room temperature, washed again three times, stained with 4',6-diamidino-2-

phenylindole (DAPI) when indicated, washed once with water and mounted on Mowiol.

2.7 Live cell imaging and tracking

Cultured primary MN were transduced with viral particles on day in vitro (DIV) 3, or
magnetofected on DIV 5, as specified earlier. On DIV 6, neurons were labelled with either
30 nM AlexaFluor-conjugated HcT for 45 min, 50 nM Lysotracker Red for 30 min or 20
nM Tetramethylrhodamine, ethyl ester (TMRE) for 20 min. Cells were washed and
imaged in motor neuron medium supplemented with 20 mM HEPES pH = 7.4 (for
mitochondrial transport experiments, the imaging medium also contained 20 nM TMRE).
Images were acquired every 500 ms, for a total of 400 images per time-lapse (300 frames
for mitochondria experiments). Endosomes and lysosomes were tracked using the Fiji
ImagedJ plugin TrackMate (Tinevez et al., 2017) in manual mode. Mitochondria were
tracked using the Fiji ImagJ plugin KymoAnalyzer (Neumann et al., 2017) with the
following parameters: pixel size: 0.1 ym, frame rate: 2 frames/second, multiplication
factor in “Segments” plugin (plugin 5): 2, threshold for the detection of mobile/stationary
and switching tracks: 0.5 nm and threshold for the assignment of segments/pauses: 0.1.
For the EB3-comets experiments, MN were magnetofected on DIV 2 and imaged after 6
h. Images were acquired every 500 ms, for a total of 100 images per time-lapse.

Kymographs were generated with the Multi Kymographs analysis option in Fiji Imaged.
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2.8 Tyrosinated/Acetylated tubulin analysis

Cultured primary MN were magnetofected on DIV 2. After 24 h, neurons were
simultaneously extracted and fixed, as previously described (Ahmad et al., 2000). Briefly,
MN were washed with PBS and then extracted/fixed with a solution containing PHEM
(60 mM PIPES, 25 mM HEPES, 10 mM EGTA and 2 mM MgCl,, pH 6.9), 4%
paraformaldehyde, 0.15% glutaraldehyde and 0.2% Triton X-100 for 15 min. After these
steps, the immunofluorescence protocol was carried out as mentioned above. The
analysis of fluorescence intensity profiles for both tyrosinated and acetylated tubulin was
done using Fiji Imaged. The profiles were measured starting at the axonal tip towards
the cell body, until obtaining a profile of at least 50 um in length. The ratio between both
channels on the proximal and distal axon was determined: average measurement from
segments of 5 uym in length, between 5 and 10 um from the axon tip (shown as distal)

and between 45 and 50 ym from the axonal tip (shown as proximal).

2.9 Viral particles preparation

Lenti-HEK cells were seeded onto 15 cm culture-treated plates and transfected with
second generation lentiviral constructs VSV-G and PAX, as well as one of the TBK1
shRNA plasmids per condition. After 48 and 72 h of expression, supernatants were
collected and centrifugated at 1,500 rpm (~ 500 x g) for 10 min at 4°C. LentiX
concentrator (Clontech) was added to the supernatant in a proportion of 1:3, mixed and
stored at 4°C for two days. Tubes were centrifugates at 3,000 rpm for 45 min at 4°C, the
supernatant was discarded, the pellet resuspended in ~ 400 pl of Optimem

(ThermoFisher), aliquoted and snhap frozen in liquid nitrogen.

2.10 Statistical analysis
Statistical analysis was performed using GraphPad Prism software. Data is shown as

mean + SEM. We compared multiple groups by one-way ANOVA with Tukey’s multiple
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comparison test and grouped conditions by two-way ANOVA with Sidak’s multiple
comparison test. For cases when variances were non-comparable, Kruskal-Wallis non-
parametric one-way ANOVA was used. We used D’Agostino-Pearson as a normality test.
Statistical significance was considered as follows: *, P < 0.05, **, P < 0.01, and ***, P <

0.001.
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Chapter 3

3.1 Rab7 intracellular localisation

The distribution of phosphorylated Rab GTPases has been addressed by subcellular
fractionation and immunofluorescence (Steger et al., 2016). However, whether the
consequences of Rab phosphorylation on the switch Il region are the same for different
Rab proteins is not clear. In addition, a cytosolic Rab7-S72E distribution has been
reported in cell lines, such as HEK and HelLa (Heo et al., 2018; Shinde and Maddika,
2016), as well as in primary B-cells and A20 murine B-cell lymphoma (Satpathy et al.,
2015). Nevertheless, its intracellular distribution in cells from neuronal lineages remains
unexplored. In this regard, our first approach consisted in transfecting undifferentiated
mouse neuroblastoma N2a cells with either GFP-Rab7 WT, GFP-Rab7 S72A (phospho-
deficient mutant) or GFP-Rab7 S72E (phospho-mimetic mutant). Transfected cells were
fixed after 8 h and stained for the late endosome and lysosome marker LAMP2 (Figure
3.1 A). Both GFP-Rab7 WT and GFP-Rab7 S72A show a vesicular pattern, which
overlaps with the LAMP2 positive organelles in the perinuclear region. In contrast, GFP-
Rab7 S72E exhibits a cytosolic distribution, suggesting that it is excluded from
membranous compartments. The quantification of LAMP2 positive vesicles distribution
(number and size) showed no difference between condition (data not shown). Next, we
magnetofected cultured primary motor neurons (MN) after six days in vitro (DIV) with the
three Rab7 constructs. Neurons were fixed after 8 h and imaged to assess GFP-Rab7
distribution (Figure 3.1 B). In agreement with the result obtained from N2a cells, both
GFP-Rab7 WT and GFP-Rab7 S72A display a vesicular pattern whilst GFP-Rab7 S72E

remains cytosolic.
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Figure 3.1. GFP-Rab7 distribution in neuronal cells. (A) Undifferentiated N2a cells
were transfected with GFP-Rab7 WT, GFP-Rab7 S72A or GFP-Rab7 S72E, fixed after
8 h and stained as indicated. Rab7 WT and S72A show a punctate pattern, whilst the
S72E mutant remains diffuse through the cytoplasm. Scale bar, 15 ym. (B) Primary
motor neurons in culture were magnetofected after 6 DIV with GFP-Rab7 WT, GFP-
Rab7 S72A or GFP-Rab7 S72E and fixed after 8 h. The Rab7 distribution pattern is
consistent with that shown for N2a cells. Scale bar, 15 ym.
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3.2 Rab7 effect on signalling endosomes axonal transport

The retrograde transport of signalling endosomes carrying neurotrophins and their
receptors relies on Rab7 (Deinhardt et al., 2006). In this regard, we asked whether the
phosphorylation state of Rab7 on S72 can alter the trafficking of these carriers. We
wanted to express GFP-Rab7 WT and the mutants GFP-Rab7 S72A and GFP-Rab7
S72E in primary MN in culture, however, transfection by physicochemical methods (e.g.
Lipofectamine, FUGENE, Calcium phosphate) are limited in this model due to the lack of
efficient techniques. Nucleic acid delivery using magnetic beads (magnetofection) has
emerged as an useful tool for inducing exogenous gene expression in cell types that are
hard to transfect (Plank et al., 2011). Therefore, we transfected MN using
magnetofection. Primary mouse MN in culture were magnetofected after 5 DIV, and one
day later, the transport of signalling endosomes was monitored with fluorescently
labelled HcT, which is retrogradely transported in neurotrophin signalling endosomes
(Lalli and Schiavo, 2002; Deinhardt et al., 2006). We detected two populations of
cargoes: a pool double-positive for Rab7 and HcT, and another single positive (labelled
with HcT but negative for Rab7), except upon expression of the Rab7 S72E mutant,
where no double-positive cargoes were found. Hence, both double and single positive
populations were analysed separately. First, we tested whether magnetofection itself has
a detrimental effect on axonal transport. We compared single positive cargoes (HcT
positive cargoes, which were Rab7 WT negative in neurons expressing Rab7 WT,
termed “No WT/HcT”, and HcT positive cargoes which were Rab7 S72A negative, in
neurons expressing Rab7 S72A, termed “No S72A/ HcT”) to HcT-labelled endosomes
from control neurons (no DNA or magnetic beads added). The speed profiles (Figure
3.2.1 A, retrograde transport is shown as positive) and the average speed per cargo,
considering every single speed as positive (Figure 3.2.1 B) remain unchanged, indicating

that axonal transport is not affected by magnetofection.
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Figure 3.2.1. Magnetofection does not affect the axonal transport of HcT-positive
signalling endosomes. (A) Speed profiles for HcT single positive carriers tracked in MN
from No WT/HcT, No S72A/HcT and no magnetofected conditions. (B) Average speed
per cargo, considering every displacement as positive. Magnetofection does not change
the cargoes speed profile, nor their average speed. Data shown as mean + SEM, n =
(No WT/HcT 43 cargoes and No S72A/HcT 62 cargoes from 4 different cultures, and no
magnetofected 169 cargoes from 3 independent cultures). One-way ANOVA with
Tukey’s multiple comparison test, n.s.= not significant.

Having confirmed that magnetofection does not affect axonal transport of signalling
endosomes, we continued with the analysis of double and single positive cargoes. A
representation of the movement of every cargo as a function of time (displacement
graph) is shown in Figure 3.2.2 A. The majority of HcT-positive cargoes move
retrogradely in every condition analysed, except in neurons expressing the S72E mutant,
where a subpopulation of carriers moves anterogradely. We also compared the average
speed of the organelles, considering every displacement as positive (Figure 3.2.2 B),
and observed that the speed of HcT positive cargoes does not differ between conditions.
The analysis of the cargoes speed profiles (Figure 3.2.2 C) shows that HcT axonal
transport is not affected by the expression of the S72A mutant, both for single and double
positive carriers. Conversely, the speed profile of cargoes in neurons expressing the
S72E mutant is shifted toward the left, in agreement with increased anterograde

transport.
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Figure 3.2.2. Rab7 S72E expression affects the transport of HcT positive signalling
endosomes. Primary MN were magnetofected with GFP-Rab7 WT, S72A or S72E after
5 DIV. 24 h later, the cells were labelled with AlexaFluor 555-conjugated HcT 30 nM for
45 min, washed and imaged. Cargoes were tracked and classified as double positives
for GFP-Rab7 and HcT or single positives (just HcT). (A) Displacement graphs for every
condition, with retrograde movement considered positive. HcT positive cargoes exhibit a
preference for movement towards the retrograde direction, however a subpopulation of
endosomes in the S72E condition moves anterogradely. (B) Average speed per cargo,
considering every displacement as positive, regardless of its directionality. The speed of
HcT positive cargoes is not affected. (C) Speed profiles for double and single positive
cargoes. The single positive cargo curve for the Rab7 S72E condition is shifted towards
the left, reflecting the increase in anterograde movement. Data is shown as mean + SEM,
n = (WT/HcT 59 cargoes, No WT/HcT 43 cargoes, S7T2A/HcT 45 cargoes, No S72A/HcT
62 cargoes, No S72E/HcT 85 cargoes) from 4 independent primary cultures, one-way
ANOVA with Tukey’s multiple comparison test, n.s.= not significant.
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3.3 GFP-Rab7 constructs are expressed at equivalent levels in axons

Our results show that the expression of GFP-Rab7 S72E changes the directionality of
transport of a subpopulation of HcT positive cargoes. Regarding this, we wanted to rule
out a possible adverse effect derived from differential over-expression of Rab7 variants.
In order to do that, primary MN from the same cultures used in live-cell imaging
experiments described in Figure 3.2.2, were fixed and immunolabelled for endogenous
Rab7 (Figure 3.3 A), with an antibody which recognises both endogenous and the
recombinant magnetofected Rab7 variant. Despite Rab7 signal in cell bodies from
transfected neurons is increased, and allows to distinguish them from untransfected cells
(Rab7 fluorescence signal is 2-3 times higher in the soma of transfected cells), the
intensity in the axon is similar between transfected and untransfected neurons.
Therefore, we measured Rab7 fluorescent intensity in axons of transfected MN and
compared them to untransfected MN in the same coverslip (Figure 3.3 B). This analysis
revealed that axonal Rab7 levels in transfected MN are comparable to untransfected

MN, and that all three constructs are expressed at similar levels.

Additional experimental methods, such as western blotting, cannot be used in this case,
given the low magnetofection efficiency and the heterogeneity of magnetofected cells,
which include neurons and glial cells. In conclusion, the effect of Rab7 S72E on axonal
transport is unlikely to be due to differential transfection efficiency or expression levels
in the axons. Nevertheless, we cannot rule out completely the effect the accumulation of

Rab7 in the soma may exert on Rab7-dependent mechanisms taking place in the axon.
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Figure 3.3. GFP-Rab7 WT, S72A and S72E are expressed at similar levels in axons.
(A) Primary MN in culture were magnetofected after 5 DIV with either GFP-Rab7 WT,
GFP-Rab7 S72A or GFP-Rab7 S72E, fixed 24 h later, and stained for Rab7. Whilst the
cell body of transfected neurons exhibits higher levels of Rab7 compared to
untransfected neurons, the axon (arroehead) is comparable to untransfected neurons
(arrows). Scale bar, 25 ym (B) Axonal Rab7 fluorescent intensity, expressed as the radio
between transfected and untransfected MN. Data is shown as mean + SEM, n = 21
neurons for the three conditions, from 3 independent primary cultures, one-way ANOVA
with Tukey’s multiple comparison test, n.s.= not significant.
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3.4 GFP-Rab7 S72E expression does not affect neuronal polarity

After showing that the different conditions of magnetofected MN express similar levels
of Rab7 WT or mutant, we sought to evaluate whether this phenotypic change is the
consequence of a general disruption on neuronal polarity. Given that the identification of
individual processes is less complex in low density primary MN cultures, we evaluated
changes in neuronal polarity at 2 DIV. Cultured primary MN were magnetofected with
either GFP-Rab7 WT or GFP-Rab7 S72E and fixed after 8 h. Neurons were stained with
the somatodendritic marker MAP2 and the axonal marker SMI-31 (Figure 3.4 A). In both
conditions MN exhibited a clearly identifiable polarisation, and their axons were
immunolabelled by a SMI-31 specific antibody, indicating that their axonal identity has

not been lost.

The retrograde transport of signalling endosomes relies on the polarised array of
microtubules in axons (Baas et al., 1988). Therefore, changes in the directionality of
transport might emerge not only from neuronal polarity defects, but also from microtubule
polarity rearrangements. In this regard, we tested if GFP-Rab7 S72E expression induces
loss of microtubule polarity in the axon, by monitoring the movement of end-binding (EB)
protein EB3. EB3 belongs to the group of plus-end tracking proteins (+TIPS), which
accumulate at the plus-end of growing microtubules (Akhmanova and Hoogenraad,
2005). Primary MN in culture were co-magnetofected with EB3-mCherry and either GFP-
Rab7 WT or GFP-Rab7 S72E at 2 DIV, and imaged 6 h later. Figure 3.4 B shows
selected frames from representative videos, as well as their respective kymographs for
the EB3-mCherry channel. We found that approximately 98% of EB3 comets move
anterogradely in axons from MN expressing GFP-Rab7 WT, and this percentage remains
unchanged in Rab7 S72E expressing neurons. Altogether, these results suggest that the
changes induced by GFP-Rab7 S72E on the axonal transport of HcT carriers, are not

due to an alteration of neuronal polarity.
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Figure 3.4. Neuronal polarity and axonal microtubule polarity are not affected in
MN expressing GFP-Rab7 S72E. (A) Primary MN were magnetofected at DIV 2 with
either GFP-Rab7 WT or S72E, fixed after 8 h and stained as indicated. Arrows show the
axon of the transfected neuron in the merged image. Scale bar, 20 ym. (B) Primary MN
were co-magnetofected with EB3-mCherry and either GFP-Rab7 WT or S72E on DIV 2
and imaged after 6 h. Number of retrogradely moving comets: WT first experiment =
1/39, S72E first experiment = 3/133, WT second experiment = 2/98, S72E second
experiment = 1/89. Scale bar, 5 um.
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3.5 Rab7 S72E expression does not alter the ratio of tyrosinated/acetylated
tubulin along the axon

Even though microtubule orientation along the axon appears unchanged, other
cytoskeletal dynamics alterations may still be responsible for the changes in directionality
of transport of HcT signalling endosomes. Microtubules are not uniform arrays of
polimerised tubulin, but mosaic polymers composed of a and B tubulin bearing several
different post-translational modifications, which are assymetrically distributed across
microtubules (Park and Roll-Mecak, 2018). These tubulin post-translational
modifications can control microtubule dynamics and interaction with microtubule
associated proteins, including the molecular motor cytoplasmic dynein (McKenney et al.,
2016). Regarding this, we asked whether GFP-Rab7 S72E expression modifies the
distribution of tyrosinated (Tyr) and acetylated (Ac) tubulin along axonal microtubules.
The analysis of tubulin post-translational modification distribution requires the extraction
of the soluble fraction of the cytoskeleton, hence, we first visualised of Tyr-tubulin and
Ac-tubulin staining in extracted neurons. Cultured primary MN at 2 DIV were
magnetofected with GFP-Rab7 WT and 24 h later, simultaneously extracted and fixed
as described in the methods section. Figure 3.5.1 A shows an unextracted neuron, where
the GFP-Rab7 WT fluorescent signal can be detected in both the somatodendritic and
axonal compartments. On the other hand, extracted neurons lose the GFP-Rab7 signal
in the axon, although it is still detectable in the soma (Figure 3.5.1 B, arrow). Using this
protocol, we were able to see a pattern of enriched Tyr-tubulin at the axon tip, as
previously described in the literature (Witte et al., 2008). Next, we magnetofected primary
MN in culture at 2 DIV, with either GFP-Rab7 WT, GFP-Rab7 S72A or GFP-Rab7 S72E,
and used the simultaneous extraction/fixation protocol after 24 h of expression (Figure
3.5.2 A). Fluorescent intensity profiles along the axon were measured for both Tyr-tubulin
and Ac-tubulin staining, starting at the axon tip towards the cell body, until obtaining a

profile of at least 50 pym in length. Fluorescent intensity profiles show that Ac-tubulin is
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enriched in the proximal region, whilst Tyr-tubulin predominates in the distal axon. This
pattern is conserved among the three conditions. We also compared the ratio of Tyr/Ac
tubulin in the proximal and distal axon for these conditions (Figure 3.5.2 B), and found

no statistically signficant differences between GFP-Rab7 WT and Rab7 mutants.

A GFP-Rab7 B GFP-Rab7 Ac-Tub/Tyr-Tub

Figure 3.5.1. Testing the extraction of the soluble fraction of the cytoskeleton.
Cultured primary MN at 2 DIV were magnetofected with GFP-Rab7 WT and 24 h later,
neurons were fixed (A) or simultaneously extracted, fixed and stained as indicated. (B)
Arrow shows the GFP-Rab7 WT signal that remains in the cell body, arrowhead shows
Tyr-Tub enrichement on the distal axon. Scale bar, 50 ym. Images in A and B were
acquired under the same conditions.
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Figure 3.5.2. Tyr/Ac-tubulin distribution along the axon is not modified by Rab7
S72E expression. (A) Cultured primary MN at 2 DIV were magnetofected with GFP-
Rab7 WT, GFP-Rab7 S72A or GFP-Rab7 S72E, simultaneously extracted and fixed after
24 h of expression, and stained. Fluorescence intensity profiles were measured starting
at the axon tip until collecting profiles of at least 50 pym in length. In the fluorescence
intensity profiles, the cell bodies are on the left. Arrows indicate the axon corresponding
to the magnetofected neuron. Scale bar, 25 ym. (B) The ratio between Tyr-tubulin/Ac-
tubulin on the proximal and distal axon was determined (average measurement from
segments of 5 um in length, between 5 and 10 um from the axon tip (distal) and between
45 and 50 pym from the axonal tip (proximal)). Data shown as mean + SEM, n = (WT 21
neurons, S72A 21 neurons, S72E 22 neurons, from 3 independent primary cultures).
One-way ANOVA with Tukey’s multiple comparison test, n.s.= not significant.
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3.6 Rab7 S72E expression does not affect lysosomal transport

Our results show that the change in directionality of transport of HcT positive cargoes is
not linked to alterations in neuronal polarity or to modifications in microtubule orientation.
We then asked whether this is a global effect on axonal transport or a specific change in
signalling endosome dynamics. In addition to mediate signalling endosome transport,
Rab7 also regulates late endosome and lysosome trafficking (Cabukusta and Neefjes,
2018; Guerra and Bucci, 2016), hence, we monitored the effect of GFP-Rab7 S72E
expression on lysosomal transport. Cultured primary MN were magnetofected on DIV 5
with either GFP-Rab7 WT, GFP-Rab7 S72A or GFP-Rab7 S72E, and after 24 h of
expression, labelled with LysoTracker Red for 30 min, washed and imaged. Figure 3.6
A shows the displacement graph for every condition, including the untreated group (Unt).
Lysosomes move bidirectionally in control conditions, although with a bias towards the
retrogarde direction. This remain unchanged upon expression of GFP-Rab7 WT, S72A
and S72E (Figure 3.6 A). The analysis of the average speed per cargo, considering every
speed as positive (Figure 3.6 B) indicates that this parameter is also unaffected. In
agreement with this, the speed profiles for all conditions (Figure 3.6 C) overlaps,
confirming that lysosomal transport is not altered by GFP-Rab7 S72E expression. Lastly,
we quantified the percentage of cargoes moving on each direction (Figure 3.6 D), and
found that about 80% of LysoTracker positive carriers moves retrogradely, a fraction that

remained unchanged upon expression of Rab7 WT and its variants.
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Figure 3.6. Lysosomal transport is not affected by Rab7 S72E expression. Cultured
primary MN were magnetofected with either Rab7 WT, S72A or 72E on DIV 5 and 24 h
later, labelled with LysoTracker Red (50 nM, 30 min), washed and imaged. (A)
Displacement graphs for the untreated (Unt) and magnetofected conditions, with
retrograde transport shown as positive. Despite lysosomal bidirectional movement,
carriers exhibit biased retrograde trajectories, which are not modified by Rab7 WT or the
mutant forms. (B) Average speed per cargo, considering every speed as positive. No
statistically significant differences were observed for this parameter. Data shown as
mean + SEM, n = (Unt 127, WT 89, S72A 117, S72E 111, from 3 independent primary
cultures), one-way ANOVA with Tukey’s multiple comparison test, n.s.= not significant.
(C) Speed profiles for the untreated and magnetofected conditions. Speed profiles
overlap and confirm that lysosomal transport is not affected by Rab72E expression. (D)
Quantification of the directionality of transport. About 80% of LysoTracker positive
carriers move retrogradely, and this remains constant for all conditions. Data shown as
mean = SEM, n = 3 for each condition, two-way ANOVA with Sidak’s multiple comparison
test, n.s.= not significant.
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3.7 Rab7 S72E expression does not affect mitochondrial transport

Since GFP-Rab7 S72E expression did not affect lysosomal trafficking, we decided to
expand the analysis to an additional cargo, in order to further rule out a global defect on
axonal transport. In particular, we chose to include mitochondria, because their
bidirectional movement relies on the recruitment of motors through mechanisms which
do not involve Rab7 (Mandal and Drerup, 2019; Saxton and Hollenbeck, 2012). Given
the nature of mitochondrial transport, where a high proportion of organelles are not
motile, we decided to analyse their trafficking with a kymograph-based protocol, instead
of frame-to-frame tracking. We adopted the Fiji ImageJ plugin KymoAnalyzer (Neumann
et al., 2017). Primary MN in culture were magnetofected on DIV 5 with either GFP-Rab7
WT, GFP-Rab7 S72A or GFP-Rab7 S72E, and after 24 h of expression, labelled with
tetramethylrhodamine ethyl ester (TMRE) for 20 min, washed and imaged in medium
containing TMRE. This cationic probe accumulates as a function of the mitochondrial
membrane potential, allowing us to track polarised mitochondria (Scaduto and
Grotyohann, 1999). This is relevant, since the proportion of motile and non motile
mitochondria changes as a result of physiological stimuli, such as calcium influx (Chen
and Sheng, 2013). Figure 3.7.1 A shows the distribution of the cargo population. In our
experimental conditions, about 75% of mitochondria are static, whilst the rest are split
almost equally between anterograde and retrograde transport. The expression of GFP-
Rab7 WT or the two mutants does not alter the proportion of mitochondria moving, or
their directionality. The speed profiles for each condition are depicted in Figure 3.7.1 B.
Compared to HcT-positive signalling endosomes and lysosomes, mitochondria move
slower, with a maximum speed well below 2 pm/s in both directions. In addition, the
speed profiles for every condition overlap, suggesting that mitochondrial transport is not
affected. The average speeds for retrograde and anterograde transport are shown in
Figures 3.7.1 C and 3.7.1 D, respectively. In agreement with the speed profiles, the

average mitochondrial speed is between 0.4 — 0.6 ym/s, around half of the average value
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for signalling endosomes and lysosomes. Despite a variation on the dispersion of the
samples for the retrograde transport (untreated and GFP-Rab7 WT conditions in Figure
3.7.1 C), no statistically significant change was detected for any condition, neither on the

retrograde nor the anterograde mitochondrial speeds.

Given the emerging role of Rab7 during Parkin-mediated mitophagy (Heo et al., 2018;
Jimenez-Orgaz et al.,, 2018), we also checked whether GFP-Rab7 S72E affects
mitochondrial axonal density. Figure 3.7.2 A shows representative images, with GFP-
Rab7 fluorescent signal in green and TMRE in red. Mitochondrial density (expressed as
mitochondria/uym, Figure 3.7.2 B) remains unchanged in every condition analysed.
During this quantification, we noted an increased frequency for elongated mitochondria
upon expression of Rab7 S72A (arrows in Figure 3.7.2 A). Therefore, we measured
mitochondrial length (Figure 3.7.2 C) and found a significant increase of this parameter
upon expression of GFP-Rab7 WT and S72A, whilst GFP-Rab7 S72E-expressing MN
were unaffected. This change can be also appreciated in the cumulative frequency graph
for mitochondrial length (Figure 3.7.2 D), where the untreated control and S72E groups
behaves similarly and reach the pleateu faster, indicating a reduction in mitochondrial

length, which is suggestive of a change in fusion and fission dynamics.
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Figure 3.7.1. Mitochondrial axonal transport is not affected by Rab7 S72E
expression. Primary MNs in culture were magnetofected with either Rab7 WT, S72A or
72E on DIV 5 and 24 h later, labelled with TMRE (20 nM, 20 min), washed and imaged
in medium containing 20 nM TMRE. (A) Cargo population distribution. Between 70% -
80% of mitochondria are static, whilst the rest is split equally between retrograde and
anterograde movement. No significant changes were detected in any condition. Data
shown as mean + SEM, n = (Unt 21, WT 20, S72A 18, S72E 20 neurons from 3
independent primary cultures), two-way ANOVA with Sidak’s multiple comparison test,
n.s.= not significant. (B) Speed profiles for every condition. The overlapping speed
profiles shows that mitochondrial axonal transport is not affected by Rab72E expression.
(C) Average retrograde speed per experiment. Average speeds remain unchanged
between conditions, although there is a reduction on the dispersion of the samples for
S72A and S72E, hence, a non-parametric test was used. Data shown as mean + SEM,
n = 3, Kruskal-Wallis one-way ANOVA with Dunn’s multiple comparison test, n.s.= not
significant. (D) Average anterograde speed per experimental replica. No statistically
significant differences were detected between conditions. Data shown as mean + SEM,
n = 3, one-way ANOVA with Tukey’s multiple comparison test, n.s.= not significant.
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Figure 3.7.2. Rab7 increases mitochondrial length in axons. (A) Representative
images from live-cell imaging experiments, with cultured MN expressing the indicated
Rab7 constructs. GFP-Rab7 fluorescent signal is depicted in green and TMRE in red.
Arrows show elongated mitochondria in the S72A condition. Scale bar, 5 um. (B)
Mitochondrial axonal density for every condition. No statistical changes were detected
between conditions. Data shown as mean + SEM, n = (Unt 21, WT 20, S72A 18, S72E
20 neurons from 3 independent primary cultures), one-way ANOVA with Tukey’s multiple
comparison test, n.s.= not significant. (C) Mitochondrial length in axons. Rab7 WT
induced a significant increase in length, which was even more evident in the S72A
condition, whilst the S72E group remained indistinguishable from the untreated control.
Data shown as mean + SEM, n = (Unt 21, WT 20, S72A 18, S72E 20 neurons from 3
independent primary cultures), one-way ANOVA with Tukey’s multiple comparison test,
** P < 0.01, ™ P < 0.001, n.s.= not significant. (D) The cumulative frequency for
mitochondrial length shows similar distributions for S72E and the untreated control.
Conversely, both WT and S72A conditions are shifted toward higher length values.
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3.8 Summary of results

The results presented in this chapter suggest that the phosphorylation on Rab7 S72 is
mechanistically relevant for the axonal transport of signalling endosomes carrying
neurotrophins and their receptors, since the phospho-mimetic mutant Rab7 S72E affects
their directionality of transport. Interestingly, this effect is specific for these organelles,
as lysosomal and mitochondrial axonal transport is not compromised. It is worth noting
that Rab7 S72E does not transition through a Rab GTP-bound/Rab GDP-bound cycle
(Shinde and Maddika, 2016), and does not seem to exert the same effect as Rab7 WT,

at least for the phenotypic change on mitochondrial length.

With this in mind, we hypothesised that kinases responsible for the Rab7 S72
phosphorylation should also regulate the axonal transport of signalling endosomes. If
Rab7 S72E is in fact mimicking the phosphorylated Rab7 variant, then reducing the
upstream kinase activity will promote the retrograde transport of HcT carriers. On the
other hand, if Rab7 S72E is unable to engage on phosphorylation-dependent Rab7
pathways, a reduced upstream kinase activity should phenocopy Rab7 S72E

expression.

We focused on TBK1, since its phosphorylation on Rab7 S72 has been described
previously in other cell types (Heo et al., 2018; Ritter et al., 2020), and because defects
on both signalling endosomes axonal transport and TBK1 activity are relevant for the
pathogenesis of ALS. The experiments on axonal transport after TBK1 loss of function

are described in the next chapter.
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Chapter 4

4.1 TBK1 knockdown efficiency

Rab7 S72E expression modifies the directionality of transport of signalling endosomes,
in a manner that is independent from alterations in neuronal polarity and microtubule
orientation. This effect is specific, since the axonal transport of lysosomes and
mitochondria is unaffected. Since Rab7 S72 phosphorylation is carried out by the ALS-
related kinase TBK1 (Wallace., 2014; Heo et al., 2018; Ritter et al., 2020), we wanted to
address how TBK1 dysfunction might affect signalling endosome trafficking. Given that
some cases of fALS are caused by TBK1 haploinsufficiency (Cirulli et al., 2015;
Freischmidt et al., 2015), we proceeded with a loss of function strategy, using shRNAs
directed against TBK1. To test the efficiency of this approach, undifferentiated N2a cells
were transfected with a set of 4 shRNAs bearing mCherry as reporter gene, and TBK1
expression levels were determined by western blotting 48 h later (Figure 4.1.1 A). All
shRNAs had a similar knockdown efficiency (about 50%), whilst the control shRNA (shC)
did not alter TBK1 expression levels. We chose shRNAs 1 and 2 (sh1 and sh2) for further
testing, as they consistently achieved the highest knockdown levels. Undifferentiated
N2a cells were transfected with the selected shRNAs, fixed after 48 h of expression and
stained for endogenous TBK1. As shown in Figure 4.1.1 B, both shRNAs 1 and 2 reduce

the expression of endogenous TBK1.

Next, we tested shRNAs 1 and 2 knockdown efficiency in primary MNs in culture. We
packed the selected shRNAs plus the shRNA control shC into viral particles and
transduced primary MN at DIV 3. Neurons were fixed at DIV 6 and stained for
endogenous TBK1, as well as for the neuronal marker Tuj1 (Figure 4.1.2 A). In
agreement with the result obtained in N2a cells, shRNAs 1 and 2 reduce TBK1

expression whilst shC does not significantly alter TBK1. We quantified the endogenous
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TBK1 fluorescence intensity (Figure 4.1.2 B) and found a knockdown efficiency of ~ 65%.
TBK1 knockdown was also tested by western blotting (Figures 4.1.2 C and D), where we

found even higher knockdown levels (sh1 ~ 90%, sh2 almost a complete knockdown).
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Figure 4.1.1. Knockdown efficiency assessment for TBK1 shRNAs in N2a cells. (A)
Undifferentiated N2a cells were transfected with a set of 4 shRNAs against TBK1 plus a
control shRNA (shC), and TBK1 expression levels were determined by western blotting
after 48 h of expression. The bands quantification normalised to untreated levels, shows
50% knockdown. Data presented as mean + SEM, n = 3. (B) shRNAs 1 and 2 were
transfected in undifferentiated N2a cells. After 48 h, cells were fixed and stained for
endogenous TBK1, (mCherry expression is a reporter of transfection). We obtained
around 50% transfection efficiency. Scale bar, 20 um.
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Figure 4.1.2. TBK1 knockdown efficiency in MN. (A) Cultured primary MN were
transduced with viral particles containing either shC, sh1 or sh2 on DIV 3. Neurons were
fixed 72 h later and stained as indicated. Scale bar, 10 um. (B) Fluorescence intensity
quantification from transduced MN. We observed a knockdown efficiency of ~ 65% for
both shRNAs. Data shown as mean = SEM, n = (Unt 41 neurons, shC 40 neurons, sh1
43 neurons, sh2 44 neurons, from 3 independent cultures), one-way ANOVA with
Tukey’s multiple comparison test, ***P<0.001. (C) Cultured primary MN were transduced
as in A, and TBK1 expression leveles were determined by western blotting. (D) TBK1
knockdown quantification from C, normalised to untreated levels. We obtained ~ 90%
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knockdown with sh1 and almost complete silencing with sh2, whilst shC effect is not
significantly different from untreated cells. Data shown as mean + SEM, n = 3, one-way
ANOVA with Tukey’s multiple comparison test, ***P<0.001.

Recent studies uncovered an inhibitory role for TBK1 on receptor-interacting
serine/threonine-protein kinase (RIPK1)-mediated apoptosis, in MEFs and mouse fetal
liver (Xu et al., 2018). Therefore, we also tested whether TBK1 knockdown induces
apoptosis in our model. Cultured primary MN were transduced with viral particles
carrying either shC, sh1 or sh2 on DIV 3 and fixed after 72 h. As a positive control for
cell death, we treated neurons with staurosporine, a cell permeable alkaloid which
induces apoptosis (Kabir et al., 2002; Zhang et al., 2004). Figure 4.1.3 shows
representative images from this experiment. Whilst the cleaved caspase-3 fluorescent
signal is absent from cell treated with vehicle (DMSO), this apoptotic marker is visible in
MN treated with staurosporine. In agreement with this, blebbing can be seen on the
Tuj1/DAPI panel for this condition (arrowheads), confirming the detrimental effect.
Interestingly, we did not find evidence of cell death on MN transduced with the TBK1

shRNAs up to 3 days of expression.
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Figure 4.1.3. TBK1 knockdown does not induce cell death in MN. (A) Cultured MN
were transduced with viral particles containing either shC, sh1 or sh2 on DIV 3 and fixed
after 72 h. Alternatively, untransduced 6 DIV MN were treated with DMSO or
staurosporine 1 uM for 5 h and fixed. Cells were then stained for cleaved caspase-3 and
Tuj1, as depicted. MN expressing TBK1 shRNAs were negative for the apoptotic marker.
Scale bar, 10 ym. Arrowheads show blebbing in the staurosporine condition.
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4.2 TBK1 knockdown affects signalling endosomes transport

Having validated our shRNAs against TBK1, we proceeded to evaluate how reducing
TBK1 expression levels impact on signalling endosome trafficking. Cultured primary MN
were transduced with viral particles containing either shC, sh1 or sh2 on DIV 3. 72 h
later, MN were labelled with fluorescent HcT for 45 min, washed and imaged. Figure 4.2
A shows the displacement graphs for every condition, including the untreated control.
The vast majority of HcT-positive carriers move retrogradely in the untreated and shC
conditions, however a significant subpopulation of cargoes is transported anterogradely
in both the sh1 and sh2 groups. The analysis of the average speed per cargo,
considering every displacement as positive (Figure 4.2 B), reveals that neurons
expressing sh1 and sh2 display a similar behaviour. Additionally, untreated and shC
conditions were equivalent in terms of average speed. Interestingly, both sh1 and sh2
groups present increased average speeds per cargo when compared to the untreated
control. The speed profiles for the sh1 and sh2 conditions (Figure 4.2 C) is shifted
towards the left, reflecting the increased frequency in anterograde movement,

recapitulating the phenotype found after GFP-Rab7 S723E expression.
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Figure 4.2. TBK1 knockdown increases signalling endosome anterograde
transport. Cultured primary MN were transduced with viral vectors encoding shC, sh1
or sh2 on DIV 3. After 72 h, cells were labelled with 30 nM AlexaFluor 647-conjugated
HcT for 45 min, washed and imaged. (A) Displacement graphs for untreated (Unt) and
shC conditions, as well as sh1 and sh2, where retrograde transport is shown as positive.
A subpopulation of carriers moves anterogradely for both sh1 and sh2. (B) Average
speed per cargo, considering every displacement as positive. There is an increase on
the speed of movement for sh1 and sh2 when compared to the untreated condition. Data
shown as mean + SEM, n = (Unt 92, shC 79, sh1 92, sh2 103, from 3 independent
cultures), one-way ANOVA with Tukey’s multiple comparison test, **P<0.01, ***P<0.001.
(C) Speed profiles for each condition, both sh1 and sh2 curves are shifted towards the
left, indicating increased frequency of anterograde movement.
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4.3 Inefficient TBK1 activation by dsRNA analogue poly I:C in primary MN

Since reduced TBK1 expression alters the axonal transport of HcT positive cargoes, we
decided to activate TBK1 in primary MN, to test whether its activity is required for this
effect. TLR3 initiates type-l IFN response via IKKe and TBK1 during viral infection
(Fitzgerald et al., 2003). TLR3 recognises viral dsRNA and can also be activated by
dsRNA analogues, such as polyinosinic:polycytidylic acid (poly I:C, or p-I:C)
(Alexopoulou et al., 2001b). We checked the ability of MN to respond after poly I:C
stimulation and used the phosphorylation on TBK1 Ser 172 as a read out. 6 DIV cultured
primary MN were treated with poly I:C at a low (10 pg/ml) or high (100 pg/ml)
concentration for 2 h, and the levels of p-TBK1 and total TBK1 were determined by
western blotting. Figure 4.3 A shows a representative image of the results. We quantified
the levels of phosphorylated and total TBK1 (Figure 4.3 B) and found no TBK1 activation
in the range of poly I:C concentration used, despite previous results from our group
showing 10 ug/ml were effective for TBK1 activation in MEF cells (Wallace, 2014). We
also tested the effect of poly I:C on cultured MN by immunofluorescence. 6 DIV primary
MN were treated with poly I:C 100 pg/ml for 2 h, fixed and stained as indicated in Figure
4.3 C. The Golgi marker GM130 was included as it has been reported that following
TLR3 activation, TBK1 is recruited to the Golgi apparatus in HEK cells, a process that
promotes its trans-autophosphorylation and activation (Pourcelot et al., 2016). We
detected a punctuate pattern for p-TBK1, which was not altered by poly I:C treatment.
Interestingly, the antibody detected a high intensity pool of p-TBK1 associated to

centrosomes in dividing non-neuronal cells, as shown in Figure 4.3 D.

After the unsuccessful attempt to activate TLR3 and TBK1 in primary MN, we turned to
treatments with a TBK1 inhibitor as a complementary approach. Primary MN were
treated with the IKKe/TBK1 inhibitor MRT67307 at 2 uM for 3 h. We included one

condition where poly I:C 100 ug/ml was added 1 h after MRT67307 treatment, for 2 h. p-
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TBK1 and total TBK1 levels were determined by western blotting. Figure 4.3 A shows a
representative result, with lines 5 and 6 corresponding to the treatment with the inhibitor.
Unexpectedly, we obtained a trend toward TBK1 activation in MN treated with the
inhibitor. We reasoned this might be a cell-specific effect, hence we designed a pilot
study using a different cell type, to confirm or discard the result. Undifferentiated N2a
cells were treated with the same conditions than primary MN in Figure 4.3 A, and the p-
TBK1 and total TBK1 levels were assessed by western blotting (Figure 4.3 A, two bottom
panels). Our pilot experiment showed two main results: first, p-TBK1 levels in N2a cells
are considerably higher and less difficult to detect than in primary MN, and second, it

confirmed TBK1 activation induced by the inhibitor.

We also tested an antibody against phosphorylated Rab7 S72 (p-Rab7), previously
generated and characterised in our laboratory (Wallace, 2014). Supplementary figure
S4.1 A shows the p-Rab7 pattern on differentiated NSC-34 cells, a hybrid cell line
generated by fusion of MN from the spinal cord of mouse embryos with mouse
neuroblastoma cells N18TG2 (Cashman et al., 1992). We used NSC-34 cells since they
resemble MN better than N2a cells, when subjected to differentiation protocols. The
fluorescent signal shows a mix of punctuate and cytosolic patterns, equally distributed
around the cell body. The puncta are more evident on neurites (Figure S4.1 B) and are
also present in primary MN in culture (Figure S4.1 C). In agreement with these previous

results, p-Rab7 fluorescent signal also remains unaffected by poly I:C treatment.
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Figure 4.3. Poly I:C does not activate TBK1 in cultured primary MN. (A) 6 DIV
primary MN were stimulated with poly I:C 10 pyg/ml or 100 pg/ml for 2 h. An additional
group was treated with the TBK1 inhibitor MRT67307 2 uM for 3 h, or MRT67307 2 uym
for 1 h.and poly I:C 100 pg/ml for two more hours in the presence of the inhibitor. p-TBK1
and TBK1 levels were determined by western blotting. The same conditions applied to
MN were used to stimulate undifferentiated N2a cells (bottom two panels, n = 1). (B)
Quantification from MN treatments in (A) normalised to untreated control levels. No
statistically significant differences were observed. Data shown as mean £ SEM, n = 3,
one-way ANOVA with Tukey’s multiple comparison test, n.s. = not significant. (C) 6 DIV
primary MN were stimulated with poly I:C 100 pg/ml for 2 h, fixed and stained as
indicated. p-TBK1 fluorescent intensity levels are shown with a rainbow look up table
(intensity scale provided). Poly I:C did not change p-TBK1 levels, nor its distribution in
relation to the Golgi marker GM130. Scale bar, 10 ym. (D) An example of non-neuronal
cells undergoing mitosis in the same primary culture from (C). Centrosomes show a clear
p-TBK1 accumulation. Scale bar, 5 ym.

4.4 TBK1 knockdown does not affect lysosomal transport

After confirming that stimulation with the dsRNA analogue poly I:C is not a suitable way
to activate TLR3, and consequently TBK1 in primary MN, we examined the specificity of
the modulation of TBK1 knockdown on axonal transport. Reduced TBK1 expression
levels phenocopy GFP-Rab7 S72E expression, as both conditions change the
directionality of transport of a subpopulation of HcT positive signalling endosomes. The
Rab7 S72E effect is specific for that population of cargoes, since lysosomes and
mitochondria are not affected. In this regard, we checked whether TBK1 knockdown
impairs lysosomal transport. Cultured primary MN were transduced with viral particles
containing either shC or sh1 on DIV3. 72 h later, cells were labelled with LysoTracker
Deep Red for 30 min, washed and imaged. The displacement graphs for all conditions
are depicted in Figure 4.4 A. The untreated condition shows bidirectional transport, with
a bias towards the retrograde directions, just as in the experiment described on the
previous chapter (Figure 3.6). This was not modified by the control shRNA nor by sh1
expression. The speed profiles for all three conditions overlap, ruling out an effect of
TBK1 downregulation on lysosomal trafficking (Figure 4.4 B). This result is further
supported by the unaltered average speed per cargo, considering every displacement

as positive (Figure 4.4 C). Finally, we quantified the percentage of carriers moving in

113



each direction, finding that about 80% is transported retrogradely, a proportion that

remains unchanged for all conditions.
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Figure 4.4. TBK1 knockdown does not impair lysosomal transport. Cultured primary
MN were transduced with viral particles containing either shC or sh1 on DIV3. Three
days later, MN were labelled with LysoTracker Deep Red (50 nM) for 30 min, washed
and imaged. (A) Displacement graphs for every condition analysed. Cargoes move
bidirectionally, with a bias toward the retrograde direction (blue arrow). (B) Speed graphs
for each condition, showing overlapping profiles. (C) Average speed per cargo,
considering every displacement as positive. Statistically significant differences were not
detected. Data shown as mean + SEM, n = (Unt 207, shC 252, sh1 244 from 3
independent primary cultures), one-way ANOVA with Tukey’s multiple comparison test,
n.s.= not significant. (D) Quantification of the directionality of transport. Around 80% of
LysoTracker positive carriers move retrogradely, a percentage that remained constant
for all conditions. Data shown as mean + SEM, n = 3 for each condition, two-way ANOVA
with Sidak’s multiple comparison test, n.s.= not significant.
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4.5 TBK1 knockdown does not affect mitochondrial axonal transport

Hitherto, we have confirmed that Rab7 S72E expression and TBK1 knockdown modify
signalling endosome axonal transport, leaving lysosome trafficking unchanged. We
wanted to know if this specificity might extend to mitochondria, as is the case for Rab7
S72E. This constitutes an interesting case, as Rab7 WT and S72A expression changed
mitochondrial length, possible due to a differential regulation on mitochondrial fission
and/or fusion, therefore we analysed not only mitochondrial transport, but their
morphology as well. Cultured primary MN were transduced with viral particles containing
either shC or sh1 on DIV 3. After 72 h, MN were labelled with TMRE 20 nM for 20 min,
washed, and imaged in medium containing TMRE. The distribution of the cargo
population is depicted in Figure 4.5 A. In agreement with the experiments described
previously (Figure 3.7), around 75% of mitochondria were static, with the rest split equally
between retrograde and anterograde movement. This distribution was unaffected by
TBK1 knockdown. Additionally, we generated speed graphs for the three conditions,
which are shown in Figure 4.5 B. There is a slight shift towards the left for shC, however
TBK1 knockdown overlaps completely with the untreated samples, suggesting that
mitochondrial movement is in fact, not affected. We obtained a similar result for the
average speed per experiment, both in the retrograde and anterograde direction (Figures
4.5 C and 4.5 D respectively), confirming that shC and sh1 expression do not affect
mitochondrial axonal transport. Finally, we analysed mitochondrial density and length.
Representative images of axonal mitochondria for each condition are presented in Figure
4.5 E. Our results show a density of about 0.4 mitochondria/um, similar to what we
obtained in the previous chapter. As expected, the density was not affected by TBK1
knockdown (Figure 4.5 F). Regarding mitochondrial length, this parameter also remained
unchanged between conditions (Figure 4.5 G, and cumulative frequency in Figure 4.5
H). Altogether, these results show that TBK1 knockdown does not affect mitochondrial

axonal transport, nor their density and length.

115



c = 0.207

R e B === Il [J Retrograde £ . — Untreated
k= i e = Anterograde & ¢.151 shC

3 075 @ Statonary & — shTBK1
8 2 010

g— 0.501 Hq-, .

2 0.251 -% 0.05-

S o e o - - —

ER Unt shC shTBK1 -2 1 0 1 2

n.s. n.s.
0.6 ¢ N
[ 19 1'{_ 0.6 2 '
=5 . F T
0.4 ] 0.4 » &

e
[

0.2

[=]

Unt shC shTBK1 Unt shC shTBK1

E TMRE F

Retrograde speed (um/s)
Anterograde speed (um/s)

€ 1.07 n.s.

= .

g 0.8 . .

T 0.6 . i

g ¥ :' A AA“
p [ ] L4 %

£ 041 3R N

Q02 ‘it sl

=

= 0

Unt shC shTBK1

L

£ -

£ =

=15 n.s <120

T g 100 — Unt
210 3 80 — sh1
| @

© & 60

= =

g 05 Z 40

S 5 2

£ =

g o § o+ T + . )

= Unt shC shTBK1 (5] 2 4 6 8

= Length (um)

Figure 4.5. TBK1 knockdown does not affect the axonal transport of mitochondria.
3 DIV cultured primary MN were transduced with shC and sh1. 72 h later, MN were
labelled with TMRE 20 nM for 20 min, washed and imaged in medium containing TMRE
20 nM. (A) Cargo population distribution. About 75% of mitochondria are static, whilst
the rest is split evenly between anterograde and retrograde movement. (B) Speed
profiles for the three conditions. The untreated and sh1 condition overlap almost
completely, whilst shC exhibits a slight shift towards the left. (C) and (D) Average
retrograde and anterograde speed per experiment, respectively. No statistically
significant changes were detected. Data shown as mean + SEM, n = 4, one-way ANOVA
with Tukey’s multiple comparison test, n.s.= not significant. (E) Representative images
showing axonal mitochondria labelled with TMRE. Scale bar, 5 ym (F) Mitochondrial
density for each group. No significant changes were detected. Data shown as mean *
SEM, n = (Unt 29, shC 27, sh1 26 neurons from 4 independent cultures), one-way
ANOVA with Tukey’s multiple comparison test, n.s.= not significant. (G) Quantification of
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mitochondrial length. No significant changes between conditions were detected. Data
shown as mean + SEM, n = (Unt 29, shC 27, sh1 26 neurons from 4 independent
cultures), one-way ANOVA with Tukey’s multiple comparison test, n.s.= not significant.
(H) Mitochondrial length cumulative frequency, showing similar distributions for all
conditions.

4.6 Summary of results

In this chapter we addressed the effect of TBK1 knockdown on axonal transport. We took
this approach since TBK1 haploinsufficiency cause fALS, therefore reducing TBK1
expression is relevant to the disease. We successfully knocked down TBK1 levels by ~
65% in primary MN in culture, which was detectable both by western blotting and
immunofluorescence techniques. We also ruled out a detrimental effect of TBK1
knockdown on cell survival in our model, as MN did not present evidence of apoptosis
upon TBK1 downregulation. Having validated our shRNAs, we checked whether TBK1
knockdown affects the axonal transport of HcT positive signalling endosomes. We found
that reducing TBK1 levels induce changes in the directionality of transport of these
endosomes, phenocopying the effect of Rab7 S72E described in Chapter 3. The
disruption in axonal transport observed in the TBK1 knockdown condition is not a general

phenomenon, since the trafficking of other organelles studied was not impaired.
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Chapter 5

Discussion

Throughout this work we have shown the phosphorylation state of Rab7 Ser72 is relevant
for the axonal transport of signalling endosomes. Now we will discuss the effect of this
modification on Rab7 localisation and function, the implications for the trafficking of
signalling endosomes, lysosomes and mitochondria, and will comment on further

questions that arise from these results.

5.1 The subcellular localisation of phosphorylated Rab7

Rab GTPase phosphorylation on the switch Il region modifies their association to
interactors and may alter their cellular distribution. In this work we found that Rab7-S72E
shows a cytosolic localisation in MNs, in contrast to Rab7 WT and S72A variants, which
exhibit a mixed cytosolic and membrane-bound pattern. This confirms previous reports
in cell lines, where Rab7-S72E was not found associated to membrane compartments
(Wallace, 2014; Heo et al., 2018; Shinde and Maddika, 2016).

Rab8-T72E and Rab10-T72E are correctly destined to their target membrane, however,
this is not the case for Rab7-S72E. The evidence indicates that these three Rab variants
cannot interacts with the GDIs, however Rab8 and Rab10 must be able to bind REP and
start the Rab cycle (introduced in figure 1.4), whilst Rab7 is probably defective in this
initial step as well. This suggest that Rab phosphorylation on this conserved residue
does not impact all Rab proteins equally. It would be interesting to analyse whether
phospho-mimetic Rabs from other subfamilies remain cytosolic or manage to reach their

target organelles.

Phospho-proteomic analyses from purified mitochondria after A/O depolarisation have
shown that about 0.06% of total Rab7 is phosphorylated in Ser 72 (Heo et al., 2018).

This suggest that although Rab7-S72E remains cytosolic, p-Ser72 Rab7 is found
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associated to membranes. In agreement with this, the antibody directed against p-Ser72
Rab7 generated in our group stains a punctuate pattern in NSC-34 cells and MNs,
indicating that endogenous p-Ser72 Rab7 is in fact, associated to membrane
compartments. A possible explanation for this localisation considers the phosphorylation
taking place after Rab7 reaches its target membrane. As discussed before, TBK1
signalling is modulated by localisation, for example, during Salmonella enterica infection
NDP52 recruits TBK1 to the autophagosome through its adaptors NAP1 and SINTBAD
(Thurston et al., 2009), and during Sendai virus infection, optineurin recruits TBK1 to the
Golgi apparatus (Pourcelot et al., 2016). Therefore, TBK1 might be recruited to signalling
endosomes by one of its adaptors, catalysing there the phosphorylation of Rab7 at
Ser72. The identity of the adaptor recruiting TBK1 to signalling endosomes and whether

this depends on neurotrophic signalling remains to be verified.

5.2 Rab7-S72E and TBK1 knockdown effect on axonal transport of signalling
endosomes

Signalling endosomes rely on Rab7 for their axonal transport in primary MNs. Here we
have shown Rab7 phospho-mimetic mutant disrupts the axonal transport of signalling
endosomes, increasing the frequency of anterograde displacement. A higher frequency
of oscillatory movements had been described for signalling endosomes in cultured MN
derived from SOD1%%*A mouse (Kieran et al., 2005), as well as for mRNA granules in
patient-derived iPS cells bearing ALS-linked TDP-43 mutations (Alami et al., 2014).
Interestingly, bidirectional displacement is also the effect observed on NGF-TrkA
signalling endosomes in DRGs expressing CMT-associated Rab7 mutants (Zhang et al.,
2013), therefore, disrupting the directionality of transport in cargoes which normally move
unidirectionally in neurons, might be a common pathogenic mechanism in in vitro models
of neurodegenerative diseases. It is relevant to make the distinction between in vitro and

in vivo systems for the study of axonal transport, since axonal transport defects in vivo
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frequently manifest as reduced cargo speed and increased pausing, rather than as
changes in directionality (Sleigh et al., 2019). In this regard, future studies addressing
the effect of Rab7 Ser72 phosphorylation on the axonal transport of signalling
endosomes in vivo, would shed light on the different mechanisms impairing their

retrograde trafficking.

TBK1 knockdown phenocopies Rab7-S72E effect on the axonal transport of signalling
endosomes. This is the first evidence linking TBK1 to a role on axonal trafficking, since
the vast majority of experiments reported in the literature focus on inflammation and
autophagy. The result is, however, counterintuitive: knocking down the kinase has the
same effect as mimicking the phosphorylation of its substrate. We have considered two
possible models explaining the observation. The first model envisages that TBK1 activity
must be tightly regulated within an optimal physiological range, hence both significantly
reduced or overactivated TBK1 will be detrimental for axonal transport of signalling
endosomes. Alternatively, it is possible that Rab7-S72E does not correctly mimic p-
Ser72 Rab7. The substitution of a Ser or Thr residue for Asp or Glu is a strategy
frequently used to generate phospho-mimetic mutants, and from a structural perspective
Rab7-S72E would fulfil this role, however, since it does not localise to the correct
compartment and its Rab cycle is impaired, the recruitment of effectors is expected to be
affected as well. If the second model is correct, it is tempting to hypothesise that Rab7-
S72E variant behaves as a dominant negative mutant. Despite bona fide dominant
negative Rab7 (T22N or N125] mutants) consist of variants persistently in the GDP-
bound state or which cannot bind nucleotides at all, Rab7 S72E might also exert this
role, impairing the association of GEFs, GAPs and effectors to endogenous Rab7,
although further experiments are required to confirm this. Consequently, Rab7-S72E is
likely to be a loss of function mutant that cannot engage with the pathways which are

normally regulated by p-Rab7 Ser72, and that might act as a dominant negative mutant.
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According to the different steps in the Rab cycle, cytosolic Rab7-S72E should not be
able to bind Rab7 effectors. Nevertheless, our group and others have shown that whilst
Rab7-S72E cannot recruit RILP, ORP1L interaction is not affected (Wallace, 2014;
Shinde and Maddika, 2016). This can be explained by the fact ORP1L binds an additional
Rab7 domain, not located in the switch Il region, thus is not affected by S72
phosphorylation. Interestingly, during selective mitophagy, Rab7-S72E binds its effector
folliculin, despite not being associated to the mitochondrial membrane (Heo et al., 2018).
The binding of Rab7-S72E to ORP1L and folliculin, plus the preliminary data from our
laboratory showing that Rab7-S72E retains the ability to interacts with p150¢!ued
(Wallace, 2014) indicates that although this variant is incapable of associate with
membranous compartments, somehow retains the ability to bind a subset of its effectors.
The association of GDP-bound, cytosolic Rab7 to some of its effectors is in conflict with
the Rab cycle, since Rab localisation and activation are tightly intertwined. Nevertheless,
Rab11-GDP has been reported to bind its “effector” protrudin during neurite elongation
(Shirane and Nakayama, 2006), and recent evidence has shown that both Rab7 T22N
and Q67L can be found associated to membranes or cytosolic, and both can bind the
GDI, suggesting a four-state transition model where active or inactive Rab7 can reach
its target membrane and then being extracted by the GDI (Kanemitsu-Fuijita et al., 2018).
Therefore, it is plausible that Rab7 S72E enhances the uncoupling between Rab7
localisation and activation. Further experiments are required to clarify this point.

Some groups consider Rab7-S72E a dominant-negative mutant (Ritter et al., 2020),
whilst others desisted of using it as a tool, since its altered subcellular localisation
complicated the interpretation of results (Heo et al., 2018). In our opinion, it is a mutant
unable to engage with pathways which require Rab7 phosphorylation, and that may act
as a dominant negative variant. Besides, it is a useful mutant to assess whether p-Rab7
S72 is relevant for certain phenotypes, like we have done in this work. In conclusion,

Rab7-S72E is not a bona-fide phospho-mimetic mutant but is still a reliable tool to
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question the effect of Rab phosphorylation during axonal transport. The effect of Rab7
phosphorylation and Rab7-S72E localisation on the Rab cycle are presented in figure

5.1.

RabGGT

"0

Figure 5.1. Phosphorylation of Rab7 Ser72 impacts on its cycling. Rab7-S72E is
defective on REP (A) and GDI (B) binding, hence it fails to be delivered to its target
membrane. TBK1-dependent Rab7 phosphorylation likely takes place after Rab7 is
membrane-bound (C). Rab7 p-Ser72 exhibits reduced interaction with the GDI, therefore
it stays in the target organelle for longer periods, as it is not efficiently extracted from the
membrane (D). Image modified from (Hutagalung and Novick, 2011).

5.3 Modulation of TBK1 activity

We addressed whether the transport of signalling endosomes depends on tightly
regulated TBK1 activity, by characterising tools to activate TBK1 in our model. The
dsRNA analogue poly I:C is routinely employed to activate TBK1 downstream to TLR3
in immune system cells. Interestingly, our group has previously achieved this in MEFs
(Wallace, 2014). Despite the evidence in other cells types, we could not activate TBK1

upon treatment of MNs with poly I:C, using the phosphorylation of TBK1 Ser172 as a

read out. A possible explanation is that MNs do not express TLR3 or given that ventral
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spinal cord cultures are a mixed culture, MNs and their associated glia do not express
TLR3. Previous reports provided evidence that TLRs are expressed in peripheral nerves.
The highest expression in Schwann cells correspond to TLR3 and TLR4, whilst MNs
express TLR3 and TLRS5 as the highest TLR variants. Nevertheless, TLR3 expression in
MNs is about an order of magnitude lower than in peripheral macrophages (Goethals et
al., 2010). This is the reason why we used poly |:C 100 ug/ml instead of the 10 pg/ml
commonly used to stimulate macrophages and dendritic cells. We also assessed the
downstream phosphorylation of IRF3 on Ser396, without any success (data not shown).
It is possible that whilst TLR3 pathway is active in immune-derive cells and cell lines, it
is not active in primary MN. This does not mean TLRs are irrelevant for ALS, for instance,
TLR4 and its endogenous ligand high-mobility group box 1 (HMGB1) increase their
expression in activated microglia and astrocytes isolated from the ventral spinal cord of
SO1¢%A mice during disease progression, and TLR4 ablation extends survival in this
model (Lee et al., 2015).

An additional method to trigger the IFN response consist in stimulating cells with poly |:C
and lipofectamine, in order to promote poly I:C internalisation and activation of the RIG-
I/MDADS intracellular receptors. This is unfeasible in our model, given that MN are not

easily amenabile to this physicochemical method.

Considering the difficulties to increase TBK1 activity in MN, we turned our strategy
towards TBK1 inhibition. The most widely used TBK1 inhibitor is BX795, a potent and
non-selective kinase inhibitor. Given the high number of BX795 off targets, its structure
has been used as a starting point to generate more specific inhibitors, such as
MRT67307 (Wang et al., 2012). We used MRT67307 in primary MN without any success.
Intriguingly, MRT67307 enhances poly I:C-dependent TBK1 activation. This result has
been observed before in the human keratinocyte cell line HACAT, in bone marrow-

derived macrophages, and in the macrophage cell line RAW264.7; and was used as an
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argument for proposing that an unidentified kinase phosphorylates TBK1 at S172 (Bakshi
et al., 2017; Clark et al., 2011). Further studies have shown MRT67307 inhibits TBK1
downstream targets even in cells double knockout for TBK1 and IKKe, demonstrating
that MRT67307 has additional targets (Lork et al., 2018). The development of new TBK1
inhibitors with increased specificity is absolutely required to advance our understanding

of the physiological roles of this kinase.

5.4 The axonal transport defect is not due to a polarity problem

Here we have shown that Rab7-S72E does not affect neuronal polarity. Previous reports
have linked Rab7 activity to neuritogenesis, for example, dominant-negative Rab7 T22N
enhances NGF-induced neurite outgrowth in PC12 cells. Conversely, CMT-associated
Rab7 mutants inhibit neurite elongation (Saxena et al., 2005; Cogli et al., 2010). Despite
this evidence, Rab7 has not been linked to defect on the acquisition of neuronal polarity,
and our results further support this conclusion.

Interestingly, microtubule orientation is also spared. This is relevant because TBK1 loss
of function in Drosophila has been related to cytoskeletal defects. Drosophila IK2 is the
orthologue of TBK1 and IKKe. Embryos lacking ik2 exhibit patterning defects i.e. impaired
determination of the antero-posterior axis, therefore, they develop two posterior ends,
phenocopying Bicaudal D insufficiency (Mohler and Wieschaus, 1986; Shapiro and
Anderson, 2006). IK2 is required for the correct positioning of the mRNA oskar, which
determine the posterior region during oogenesis. Although IK2 regulates oskar transport,
the phenotype is not mediated by kinesin and dynein dysfunction. Instead, IK2 loss of
function induce abnormalities on microtubule minus-ends, and in this way negatively
affects minus-end directed transport. However, we did not find defects in microtubule
orientation in the axon, suggesting this might be a mechanism specific for oogenesis

polarity determination.
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5.5 Lysosomal transport is not affected by Rab7-S72E expression or TBK1
knockdown

After describing the defect on axonal transport of signalling endosomes, we wanted to
investigate whether this was a general phenotype affecting the transport of many
different cargoes, or specific for signalling endosomes. We chose lysosomes because
they key features with signalling endosomes, the main one being the presence of Rab7
on their membrane. In agreement with previous reports, lysosomes move bidirectionally
in our primary cultures (Cabukusta and Neefjes, 2018), and their transport was not
affected by TBK1 knockdown or Rab7-S72E expression. Given the many different
mechanisms for lysosomal transport, it is likely that compensatory mechanisms arise if
one pathway is altered, occluding an effect on individual lysosomal trafficking routes.

It may be argued that not all five lysosomal transport mechanisms described in chapter
1 (Rab7/RILP, TRPML1/ALG-2, TMEM55B/JIP4, BORC/ArI8/SKIP, and Rab7/FYCO1)
have been found in neurons. In this regard, Rab7, RILP, JIP1, JIP3 and the late
endosome/autophagosome dynein adaptor snapin have been reported as dynein-
dynactin adaptors acting in the axonal compartment (Ferguson, 2019), hence, there are
several different ways by which neuronal lysosomes can be transported. Some of these
routes include the recruitment of kinesins to mediate anterograde axonal transport. For
instance, experiments carried out in cortical neurons seeded onto microfluidic devices
reported delivery of functional lysosomes from the soma toward the distal axon (Farfel-
Becker et al., 2019). This point is relevant, since much of the studies in the field use
lysosomal markers such as LAMP1, however, recent reports tracking LAMP1 in neurons
show a significant subpopulation of LAMP1-positive organelles lacking lysosomal
hydrolases. In addition, LAMP1 intensity variations does not correlate with lysosomal
deficit in SOD1%%A mice (Cheng et al., 2018). We used LysoTracker to follow lysosomes
in axons, instead of LAMP1, therefore we relied on the acidification of endosomes as a

criterion to define what population of cargoes would be tracked. Our LysoTracker
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analysis would benefit from further labelling with probes detecting active lysosomal
hydrolases, as a complementary way to confirm that functional lysosomes are not

affected by TBK1 knockdown.

5.6 Mitochondrial transport is not affected by Rab7-S72E expression or TBK1
knockdown

The main mechanism controlling mitochondrial transport differs from lysosomes and
signalling endosomes, as it depends on Miro/TRAK for the recruitment of motors. Hence,
a defect in mitochondrial movement would have suggested a more general phenotype,
possible a dysregulation at the level of motor function. This was not the case, since our
experiments ruled out a disruption on this mechanism in both TBK1 knockdown
conditions and after expressing Rab7-S72E.

Interestingly, we observed an unexpected increase in mitochondrial length induced by
Rab7-S72A and to a lesser extent, by Rab7 WT. Regarding this, mitochondrial fission
often occurs at mitochondria-lysosome contact sites, which are also frequently contacted
by ER-tubules. Mitochondrial fission is regulated by Rab7 GTP hydrolysis (promoted by
TBC1D15), hence, constitutively active Rab7 Q67L or the CTM-related mutant Rab7
V162M prolong the duration of the contact, inhibiting mitochondrial untethering (Wong et
al., 2018, 2019). Here we now describe that this process is also regulated by Rab7
phosphorylation. Although the details of the mechanism are not clear, our findings are
consistent with reports showing mitochondria escape autophagic degradation by
enhancing fusion, and that mitophagy is impaired in cells expressing Rab7 S72A (Heo
et al., 2018; Rambold et al., 2011). The fact that Rab7-S72E does not alter mitochondrial
length suggest this variant face defects to engage in pathways modulated by Rab7
phosphorylation, supporting the second model proposed in section 5.2, on how Rab7-

S72E function in cells.
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We did not detect any change in mitochondrial dynamics upon TBK1 knockdown. This
poses the question about how knocking down a protein with major roles in selective
mitophagy does not impact on mitochondrial transport or density. There are several
possible explanations for this apparent contradiction. First, the same phospho-proteomic
study who described the stoichiometry of p-Rab7 S72 present on mitochondria, reported
that after mitochondria depolarisation with A/O, 0.12% of TBK1 is activated (measured
as levels of p-TBK1 S172), therefore, only a small cytosolic pool of TBK1 is involved in
PARKIN-dependent mitophagy, and it is likely that with the 65% TBK1 knockdown we
achieved here, the remaining protein levels are enough to carry out its mitophagy-related
functions. Second, it might be a cell type- or compartment-specific effect, since most of
the mitophagy studies are done in HeLa or HEK cells. Unlike the reticular network that
mitochondria form in fibroblast-like cells and in neuronal cell bodies, axonal mitochondria
are discrete “bean-shaped” entities (Pilling et al., 2006). This may affect their
fusion/fission dynamics, as well as their degradation. Third, studies using in vivo models
have shown PARKIN-dependent mitophagy rarely occurs in axons (Sung et al., 2016). It
is possible that in TBK1 knockdown conditions mitophagy still takes place, but by
different mechanisms, such as the exposure of the phospholipid cardiolipin on the
mitochondrial outer membrane, a signal that directly recruits LC3 in neurons (Chu et al.,
2013).

Standing questions and future perspectives

5.7 How Rab7-S72E expression and TBK1 knockdown alter signalling endosome
axonal transport?

Given that both Rab7-S72E expression and TBK1 knockdown affect the directionality of
transport of signalling endosomes, and that there is a causal relation between them
(substrate/kinase), we hypothesise TBK1 regulates signalling endosome retrograde

transport by directly phosphorylating Rab7. Nevertheless, we cannot rule out the TBK1-
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dependent phosphorylation of a different substrate, such as a molecular motor or
adaptor. For example, ALS-related mutant SOD1 activates p38a MAP kinase, which in
turn phosphorylates kinesin-1. This is an inhibitory phosphorylation; thus, anterograde
transport becomes inhibited (Morfini et al., 2013). However, the specificity of the axonal
transport defect described here, which affect only signalling endosomes, suggest a
modulation at the motor level is highly unlikely.

We have shown that knocking down TBK1 promotes signalling endosome bidirectional
movement, hinting at a defect on the adaptors which recruit motors, rather than motors
themselves. In this regard, it is currently unknown what adaptor is used by signalling
endosomes in their route to the MN cell body. As mentioned in Chapter 1, BDNF TrkB-
containing signalling endosomes use Hook1 in hippocampal neurons and snapin in
cortical neurons (Olenick et al., 2019; Zhou et al., 2012). Additionally, we consider RILP
as a possible candidate to mediate the axonal transport of signalling endosomes. Rab7-
S72E interaction with its effector RILP is impaired (Wallace, 2014; Shinde and Maddika,
2016), therefore, this could be the way by which retrograde motors fail to be recruited to
signalling endosomes. Another hypothesis that may explain our results consist in
signalling endosomes typically bearing both dynein and kinesin. TBK1 may inhibit one of
them, for example kinesin, hence ensuring unidirectional transport. A similar mechanism
operates in autophagosomes moving retrogradely towards the cell body.
Autophagosome-associated JIP1 binds both dynein and kinesin-1 but maintains kinesin-
1 in its autoinhibited form. JIP1 function is also affected by phosphorylation, although in
this case, dephosphorylated JIP1 promotes retrograde transport (Fu et al., 2014). This
example illustrates why identifying the adaptor which recruit motors to signalling
endosomes is a priority to elucidate the molecular mechanism.

An alternative mechanism to explain our observations include aberrant fusion between
signalling endosomes and lysosomes, and the generation of hybrid organelles. This

mechanism might present analogies to how autophagosomes formed at the distal axon
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regulate their movement. Autophagosomes move unidirectionally in the retrograde
direction, but as they reach the soma, they become increasingly acidified and start
moving bidirectionally, which is characteristic of lysosomes (Maday et al., 2012).

From an experimental perspective, novel TBK1 substrates regulating axonal transport
can be identified by phospho-proteomic approaches, using purified HcT-positive
signalling endosomes isolated in TBK1 knockdown and control conditions. Signalling
endosome/lysosome fusion could be assessed by tracking HcT-positive signalling
endosomes and checking whether TBK1 knockdown induce a subpopulation that can be
labelled by both LysoTracker and probes detecting active cathepsins, such as Magic
Red. Finally, the identity of the motor adaptor can be addressed by checking changes in
their interaction with Rab7 in TBK1 knockdown or control conditions, and in Rab7 WT or
Rab7-S72E expressing cells. Additionally, constructs encoding dominant-negative
adaptor mutants could be magnetofected into MN, in order to check if any of them induce
signalling endosome bidirectional transport. For example, RILP-C33 is a truncated form
of the adaptor, which lacks the N-terminal region, thus exerting a dominant-negative
effect (Cantalupo et al., 2001), which might be useful to dissect whether the mechanism

depends on this Rab7 effector.

5.8 What are the consequences of TBK1 loss of function for ALS?

TBK1 heterozygosity in the SOD1%% mice background accelerates disease onset, but
extend their lifespan (Brenner et al., 2019). Late stages of the disease are undoubtedly
linked to neuroinflammatory processes, where TBK1 is likely to play a role, possibly on
activated microglia and astrocytes. Nevertheless, TBK1 contribution to disease onset is
less clear.

Many ALS defects on axonal transport precede the apparition of symptoms, in
agreement with a “dying back” hypothesis, where motor neuron degeneration starts at

the NMJ and progress towards the soma (Kiernan et al.,, 2011). In this regard, we
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propose a role for TBK1 during the retrograde transport of neurotrophic signalling. TBK1
haploinsufficiency would result in reduced retrograde transport of signalling endosomes,

ultimately impacting on neuronal survival and motor neuron degeneration.
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Supplementary information

Rab7 Merge/DAPI

p-1:C 100 pg/ml

Supplementary figure S4.1. The intensity of phosphorylated Rab7-S72 is not
modified by poly I:C treatment. (A) Differentiated NSC-34 cells were fixed and stained
for phosphorylated and total Rab7. p-Rab7 exhibits a mixed punctuate and cytosolic
patter along the cell body. Scale bar, 10 um. (B) The punctuate pattern is also visible on
neurites. Arrowheads indicate puncta double positive for p-Rab7 and Rab7. Scale bar, 5
pm. (C) 6 DIV primary MN in culture were treated with poly I:C 100 ug/ml for 2 h, fixed

and stained as indicated. p-Rab7 distribution is not affected by poly I:C treatment. Scale
bar, 10 ym.
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