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Abstract — English

Autosomal Recessive Spastic Ataxia of Charlevoix Saguenay (ARSACS) is caused by loss
of function mutations in the SACS gene, which encodes sacsin, a giant 520 kDa protein. Little is
known about sacsin function, but a key feature is the formation of abnormal bundles of
intermediate filaments (IF) including neurofilaments (NF) in its absence. The J domain (SacsJ) is
a cochaperone that interacts with Hsp70 chaperones; its client proteins are unknown therefore we
aimed to determine the role of this domain. Mass spectrometry identification of binding partners
of the SacsJ domain, which resolve NF bundles in vitro, show Rab1b protein as a strong interactor
involved in organelle trafficking. Rab1 is responsible for regulating trafficking activities between
the ER, Golgi and ATG9 autophagic vesicles, which morphologies and cellular distributions are
affected by the lack of sacsin in motor neurons (MN) in culture and in vivo. Because IF plays a
role in the regulation of these organelles’ morphologies, Adenocarcinoma SW13Y™ (abbreviated
as SW13- for the rest of my thesis) knocked out for sacsin and lacking IF were used to demonstrate
the independence of Golgi compaction to IF bundling. In SW13- Sacs-/-, expression of the
SacsJH33Q (hsp70 binding incompetent Sacs] mutant), and Ubl domains increase localization of
Rabl to the ER. Our data identifies new interacting partners of the DNAJ domain and show the

role of SacsJ and other sacsin domains in ER/Golgi trafficking independently of IF protein.



Résumé — Francais

L'ataxie spastique récessive autosomique de Charlevoix Saguenay (ARSACS) est causée
par des mutations de perte de fonction dans le gene SACS, qui code pour sacsin, une protéine
géante de 520 kDa. On sait peu de choses sur la fonction de la sacsin, une caractéristique clé est la
formation de faisceaux anormaux de filaments intermédiaires (IF), y compris les neurofilaments
(NF) en son absence. Le domaine J (SacsJ) est un cochaperon qui interagit avec les chaperons
Hsp70 ; ses protéines clientes sont inconnues, nous avons donc cherché a déterminer le role de ce
domaine. L'identification par spectrométrie de masse des partenaires de liaison du domaine SacsJ,
qui résolvent 1’agglomération pathologique de NF in vitro, montre que la protéine Rablb est un
interacteur abondant impliqué dans le trafic des organelles. Rabl est responsable de la régulation
des activités de trafic entre les vésicules autophagiques ER, Golgi et ATG9, dont les morphologies
et les distributions cellulaires sont affectées par le manque de sacsin dans les motoneurones en
culture et in vivo. Parce que I'lF joue un role dans la régulation des morphologies de ces organelles,
la ligné cellulaire adénocarcinomes SW13- knock-out pour la sacsin et dépourvu d'IF a été utilisé
pour démontrer I'indépendance du compactage de Golgi par rapport a I'agglomération des IF. Dans
SW13- Sacs-/-, I'expression des domaines SacsJ, H33Q (mutant DNAJ incompétent pour la liaison
Hsp70) et Ubl augmente la localisation de Rabl dans le réticulum endoplasmique (RE). Nos
données démontrent pour la premiere fois le partenaire d'interaction du domaine DNAJ et le réle

de SacsJ et d'autres domaines sacsin dans le trafic RE/Golgi indépendamment de la protéine IF.
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Section 1: Introduction and Statement of Problem

The autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS), caused by
mutations in the SACS gene, has a high prevalence in northeastern Quebec, more specifically the
Charlevoix-Saguenay region, and is now described worldwide [1]. Because ARSACS is an
autosomal recessive disorder, it is caused by loss-of-function mutations of the SACS gene reflected
by the absence or reduced expression of the giant 520kDa protein sacsin. ARSACS is characterized
by a triad of main symptoms which are progressive early onset cerebellar ataxia, spasticity, and
peripheral neuropathy [2,3]. Currently, management of ARSACS symptoms is through oral
medications and physical therapy, the goal being to delay major functional disabilities [4]. There
are currently no effective treatments for ARSACS that address the cause of the disease and
knowledge of sacsin function is still emerging. Our lab previously demonstrated that one of the
sacsin domains carrying Hsp40 co-chaperone homology, called SacsJ, was particularly efficient in
resorbing cytoskeletal intermediate filament abnormalities, a key molecular biomarker of
ARSACS caused by the lack of sacsin. This project explored the interactome of SacsJ in order to
understand its function in intermediate filament regulation. We identified a novel interaction
between SacsJ and Rablb. The functional characterisation of this interaction shed light onto a new
role of sacsin in membrane trafficking, which we explored with respect to the regulation of ER-

Golgi trafficking.
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Section 2: Background Literature

ARSACS is a Neurological Disorder Caused by Mutations in the Giant SACS

Gene

ARSACS was first described by Bouchard et al. in 1978 from a cohort of approximately
325 French-Canadian individuals in 200 families native to the Saguenay Lac St-Jean area of
Quebec. Although most cases are in the Quebec region, ARSACS has been genetically confirmed
worldwide and is now considered the second most common recessive ataxia after Friedrich's ataxia
with a birth incidence of 1:1,932 [1,3,5,6,7]. ARSACS is inherited in an autosomal recessive
manner; children have a 25% chance of inheriting the disease if both parents are heterozygous for
a SACS pathogenic variant and genetic testing serves to confirm the disease. In ARSACS patients,
the SACS gene carries missense, nonsense, or frameshift mutations leading to impaired coding for
sacsin [8,9]. ARSACS is a progressive childhood-onset disease typically diagnosed at six years
old and identified by the typical triad of cerebellar ataxia, peripheral neuropathy, and pyramidal
tract signs [3,7,10,11,12,13,14]. The first sign of the disease is usually slowly progressive
cerebellar ataxia (96% of affected individuals present with the feature) with difficulty walking and
gait unsteadiness appearing as early as 12 to 18 months, but sometimes later [5]. Subsequently,
spasticity of the lower limbs (75%) and a peripheral neuropathy (97%) characterized by an
axonopathy and demyelination, appear in affected individuals. Brain magnetic resonance imaging
(MRI) reveals other clinical features, including atrophy of the cerebellar vermis (83% of cases),
atrophy of the cerebellar hemispheres, and hypointense bilateral stripes in the paramedian pontine
reticular formation (49%), a brain structure involved in the coordination of eye movement which
could be related to nystagmus, another symptom of ARSACS. ARSACS patients also present with

ophthalmologic features; thickened retinal hypermyelinated fibers (33%) identified as yellow
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streaks radiating from the edges of the optic disc, and a thicker-than- average peripapillary retinal
nerve fiber layer (100% sensitivity, 99.4% specificity) revealed by ophthalmic examination and
optical coherence tomography (OCT), respectively [1,15,16]. Dysarthria (74%), mild intellectual
disabilities (29%), hearing loss (13%), and urinary dysfunctions (34%) are also documented.
ARSACS patients are typically wheelchair-bound at 40 years old, and the only life span study to
date concluded that life expectancy was shortened to an average of 51 years [17]. Currently, the
management of ARSACS symptoms is tailored to the individual's needs as no curative treatments
are available. Physiotherapy and exergames, a technology-driven form of exercise, help with gait
ataxia [18]. Physical therapy (PT), oral medications such as baclofen, botulinum toxin injections,
and orthotic devices employed early in the disease course may help prevent and delay tendon
shortening and joint contractures, improve balance and motility, as well as postpone major
functional disabilities related to spasticity until severe muscle weakness or cerebellar ataxia

predominates [19,20,21].

ARSACS Models

ARSACS patient-derived fibroblasts and mouse models are used to understand ARSACS
pathogenesis. Common cellular phenotypes observed in ARSACS patients’ fibroblasts are an
altered mitochondrial network, displaying fused mitochondria and altered mitochondrial
morphology with reduced mitochondrial oxygen consumption, dysregulated autophagic flux,
altered protein localization, and vimentin intermediate filament bundling [2,14,22,23].
The Sacs knockout mouse model or homozygous Sacs??"?C knock-in recapitulates ARSACS
behavior, and presents with cellular abnormalities observed in ARSACS patient-derived
fibroblasts: mitochondrial network and morphology alterations, neurofilament bundling, and

abnormal Purkinje cell electrophysiological findings [24,25,26,27,28]. These pathological
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modifications serve as biomarkers and are key events of the molecular cascade of ARSACS and
illustrate sacsin’s multiple functions in the cell. My thesis incorporates ARSACS patients’

fibroblasts and motor neurons in murine dissociated spinal cord cultures as ARSACS models.
Overview of Sacsin Functions

The multi-domain organization of sacsin points to roles in protein chaperoning and quality
control pathways, including roles in regulation of cytoskeletal and mitochondrial dynamics,
autophagy, neuroinflammation, synaptogenesis, and vesicle trafficking [2,22,23,24,25,29]. For my
thesis, | investigated sacsin’s role in cytoskeletal network organization and dynamics, protein

localization and transport, and autophagy in our ARSACS models.

Sacsin Structural Organization and Domain Functions

Sacsin is ubiquitously expressed and enriched in the cytoplasm of neurons and dermal
fibroblasts [25,30]. Sacsin contains a ubiquitin-like domain (UBL) in the N-terminus with
suggested roles in regulating protein degradation through the proteasome. Indeed, Parfitt et al.
have shown that this UBL domain of sacsin binds to the 20S proteasome using
immunoprecipitation and may be functional [31]. Three large sacsin internal repeat regions
(SIRPT1,2,3), unique to sacsin, contain heat shock protein (HSP) 90-like domains with chaperone
activity [32]. A sequence with weak homology to the XPC-binding domain plays a role in DNA
damage discrimination and enhancement of cell survival. The sacsin XPCB domain interacts with
the ubiquitin ligase Ube3A, which reinforces the role of sacsin in regulating protein synthesis and
degradation [33]. Finally, a J domain (SacsJ) and a single higher eukaryote and prokaryote
nucleotide-binding domain (HEPN) are located in the C-terminus. SacsJ is homologous to HSP40
and a member of the co-chaperone J-Domain superfamily, which plays a role in regulating the

activity of HSP70. In a bacterial assay in which cooperation between HSP40 and HSP70 allows
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growth, the sacsin J domain replaced the function of an HSP70-binding incompetent bacterial
HSP40, demonstrating that the SacsJ domain can function as a co-chaperone. In addition, the
complex of SacsJ with HSP70 resolved aggregates of poly-glutamine-expanded ataxin-1 variants
causing spinocerebellar ataxia type 1 in SH-SY5Y cells, pointing to the role in protein homeostasis
[31]. The functions of the HEPN domain are unknown; this domain, usually found in bacteria, is
involved in resistance to aminoglycosides antibiotics and nucleotide binding [34]. In the context
of sacsin protein, the HEPN domain is proposed to provide a favorable environment for protein

folding by inhibiting protein aggregation through its nucleotide-binding domain [29,31,32,34].

Sacsin Role in Cytoskeletal Dynamics

Intermediate filaments are 10 nm filamentous structures of the cytoskeleton. They are cell-
specific, composed of polymers made of more than 50 differentially expressed proteins classified
into six groups. For this thesis, my focus is on type Il and type IV IF, specifically vimentin and
neurofilament proteins, respectively. Vimentin is ubiquitously expressed in mesenchymal cells,
including fibroblasts, endothelial cells, and astrocytes, while the three NF proteins (NF-Light, NF-
Medium, NF-Heavy) are expressed in the nervous system [35,36,37,38]. The IF proteins share a
common structural organization; a central alpha-helical rod domain of approximately 310 amino
acids flanked by amino- and carboxy-terminal domains. The central rod domain plays a crucial
role in filament assembly; two polypeptides wind around each other in a coiled-coil structure to
form dimers, which then associate in a staggered antiparallel fashion to form tetramers. These
tetramers next associate end-to-end to form protofilaments, and the final IF contains approximately
eight protofilaments arranged in a rope-like structure. Because they are assembled from
antiparallel tetramers, both ends of IFs are equivalent, generating an apolar structure with identical

plus and minus ends [39]. A particularity of type Il IFs is their ability to assemble into filaments
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with only a single polypeptide (vimentin). In contrast, the three type IV NF proteins assemble to

form heteropolymers [40,41].

Inside the cell, IFs form a dense cytoskeletal network from the perinuclear space extending
outward to the plasma membrane. IFs form a scaffold for organelles, including mitochondria, the
Golgi complex, and other subcellular structures via their anchorage with the nuclear and plasma
membrane. They also play a role in mechanoresistance [2]. Despite their structural roles, IFs are
highly dynamic units with multiple functions, including roles in autophagy, migration, adhesion,
and interactions with other cytoskeletal components [42,43,44]. Post-translational modifications
(PTMs), including phosphorylation and acetylation, regulate the assembly, organization, and
function of IFs within the cell [45,46,47]. Mutations in IFs or their interacting proteins lead to
diseases such as Epidermolysis Bulbosa Simplex, Giant Axonal Neuropathy, and progeria

Alexander disease and have detrimental pathological functions in ARSACS [48,49,50].

In ARSACS, one of the hallmarks of sacsin absence is the collapse of the IF network. IF
bundles appear around the nucleus and extending across the cells body into dendrites, pointing to
an important role of sacsin in IF organization. Following immunofluorescence labeling, IF bundles
are highly fluorescent and easily observed by epifluorescence microscopy. Therefore, our team
selected IF bundling as a key biomarker due to its striking appearance, measurability, and critical
role as a biomarker of progressive degeneration of neurons. In addition, multiple sacsin-deficient
cell types have IF bundles, including ARSACS patients' fibroblasts, motor neurons (MN) of sacsin

knockout mice, and astrocytes of C6 rat glioma cells and microglia N9 mouse [27,51].

Our laboratory previously investigated the role of sacsin in IF organization by expressing

individual sacsin domains UBL, SIRPT, SacsJ, and HEPN in MNs of dissociated spinal cord
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cultures derived from Sacs-/- mice. Expression of the UBL domain decreased NF bundles and the
NF protein levels without affecting the NF network assembly. Expression of the SIRPT domain
increased the length of NF filaments by providing a scaffold for assembly. The SacsJ domain
expression disassembled the NF network and prevented assembly, while the HEPN domain
generated a cage-like structure by relocalizing the filaments to the cell's periphery [2]. Taken
together, these results show different effects of sacsin domains on IF networks, which suggest that
these domains may act cooperatively on IF dynamics. Yet, expression of the SacsJ domain was
sufficient to resorb IF bundles suggesting that this domain alone may be necessary for rescuing

the ARSACS phenotype.

Recently, sacsin was shown to interact and regulate microtubules dynamics (MT), another
filamentous component of the cytoskeleton [22]. MTs are found in all eukaryotic cells; they form
by polymerizing alpha and beta tubulin dimers into complex filamentous polar structures [52].
MTs play a role in cell shape and movement and provide a platform for directed motor-driven
intracellular transport, including the movement of secretory vesicles, organelles, and
macromolecular assemblies [53,54]. Sacsin binds to MTs and regulates its dynamics in ARSACS
patient-derived fibroblasts [22]. More specifically, MT repolymerization fails in sacsin-deficient
fibroblasts treated with depolymerization agent nocodazole, and results in the formation of
disorganized, clustered, and non-radial MTs compared to the regular network in control
fibroblasts. Furthermore, the growth rate of MTs is slower in sacsin knockout fibroblasts compared
to control, as assessed by live imaging of GFP-labeled MT end-binding protein (EB3-GFP).
Romano et al. confirmed the role of sacsin in MT regulation and dynamics using a multi-omic
profiling approach in sacsin-deficient cells; MTs have increased acetylated alpha-tubulin,

increased polymerization, and disordered movement assessed by live cell imaging of EB1-GFP.
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The mechanism by which sacsin regulates MTs is still unknown. However, in sacsin knockout
cells, lysosomes were peripherally distributed with little juxtanuclear accumulation, suggesting
that disruptions in MT dynamics cause the altered intracellular transport of organelles [22]. MTs
are also essential for mitochondrial and vimentin distribution, both affected by the lack of sacsin
in different cellular ARSACS models. Indeed, lack of sacsin causes mitochondria to accumulate
in proximal dendrites in neurons, and around vimentin bundles in ARSACS fibroblasts [25,29,55].
Additionally, neuronal differentiated SH-SY5Y sacsin KO cells exhibit fewer and shorter neurites,
with decreased movement and number of mitochondria [24]. Together, these results illustrate a
direct role of sacsin in cytoskeletal dynamics and organization, which impact protein and organelle

transport.

Sacsin’s Role in Mitochondria

Another characteristic of the lack of sacsin expression is the formation of
elongated/hyperfused mitochondria, which suggests that sacsin is involved in the regulation of
mitochondrial dynamics as well. In the absence of sacsin, a hyperfused, overly interconnected, and
functionally impaired mitochondrial network is observed. In sacsin-deficient neurons,
mitochondria mislocalize to the soma and proximal dendrites and have an abnormal balloon-like
or bulbed morphology [25]. Sacsin localizes to mitochondria in non-neuronal cells and primary
neurons and interacts with dynamin-related protein 1 (Drpl) [25,56]. How sacsin regulates
mitochondrial morphology is unknown but it is likely that Sacsin-Drpl interaction plays a role.

In addition to abnormal mitochondrial localization and morphology, mitochondrial
function is also impacted, indicated by a decrease in mitochondrial membrane potential in sacsin
knockdown neurons [25]. Additional evidence of abnormal mitochondrial functions are shown by

microarray analysis and identification of altered transcript levels for oxidative phosphorylation

22



and oxidative stress genes, leading to decreased mitochondrial respiration and production of
reactive oxygen species (ROS) in sacsin knockdown cells and ARSACS patients’ fibroblasts [56].
This observation was confirmed using RNA-sequencing analysis to generate a whole-genome
molecular signature profile of sacsin knockout cells [24]. Scavenging ROS with the mitochondrial-
targeted antioxidant ubiquinone, MitoQ, protects Purkinje neurons in Sacs-/- mice against
neurodegeneration [57]. Taken together, these results illustrate a direct role of sacsin in the
localization, morphology, and function of mitochondria, which could impact neuronal functions
and play a role in the abnormal synaptic input and intrinsic firing properties of ARSACS mice

Purkinje neurons [28].

Sacsin Role in Autophagy

Autophagy is a sequential process characterized by the formation of P62-positive
phagophores, then LC3 positive-autophagosomes, followed by fusion of autophagosomes with
lysosomes forming the autophagolysosome, ending the degradation and recycling of proteins.
Sacsin’s role in autophagy was first described by Duncan et al. when they investigated the effect
of the altered organization of intermediate filaments in ARSACS patients’ fibroblasts [23]. The
abnormal perinuclear accumulation of vimentin filaments contained mislocalized proteins
associated with autophagy, namely, HSP70, ubiquitin, lysosome-associated membrane protein 2
(Lamp2), and sequestosome 1 (also known as ubiquitin-binding protein p62/SQSTML1), which
suggest a role of sacsin in the regulation of autophagy [23]. Autophagic flux rate in ARSACS cells
is still under debate. An increase in autophagic flux was shown in ARSACS fibroblasts under
starvation conditions, as suggested by increased expression levels of Lamp2 and decreased
expression levels of p62 [23]. Yet, levels of ubiquitinated proteins were unchanged. In contrast,

Morani et al. documented an impaired autophagic flux in sacsin knockout cells. Inhibition of fusion
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of autophagosomes with lysosomes in sacsin KO cells treated with bafilomycin Al resulted in
P62-Phagophore formation and absence of LC3 positive-autophagosome formation [24]. Absence
of sacsin also reduced co-immunolocalization of LC3 with lysosomal and mitochondrial markers
suggesting the inhibition of fusion of autophagic compartments and subsequent failed cargo
degradation, particularly damaged mitochondria [24]. To reinforce the role of sacsin in autophagy,
sacsin was recently found to control lysosomal positioning and reformation by regulating MT
dynamics [22]. These findings suggest that sacsin regulates multiple steps involved in autophagy,
and its absence dysregulates autophagic flux. However, the exact role of sacsin in the regulation
of autophagy is still poorly understood, and further investigation is required to elucidate the precise

regulatory mechanism.

Sacsin Role in Protein Transport

Romano et al. conducted a multi-omic profiling study in sacsin knockout cells to further
the understanding of sacsin roles in regulating cytoskeletal organization, MT dynamics, and
protein trafficking. They identified multiple mislocalized proteins in sacsin-deficient conditions
after comparing proteomic and surfaceome datasets suggesting that sacsin plays a role in protein
trafficking to or from the membrane [29]. Membrane-bound (vesicle) trafficking was also affected
in sacsin knockout cells; fibronectin, a secreted protein, which is packaged into vesicles at the ER
and Golgi and trafficked to the cell periphery along MTs, was retained in the ER in HEK293 and
SH-SY5Y sacsin knockout cells suggesting a role of sacsin in vesicle trafficking. Similarly,
integrin subunit alpha 1 (ITGAL), a plasma membrane cell-cell adhesion molecule, is abnormally
accumulated in the soma of Sacs-/- cells and proximal dendritic trunks of Purkinje neurons and
deep cerebellar nuclei (DCN) neurons, with decreased localization in axon tracts suggesting a role

of sacsin in its transport and subcellular localization. Taken together, these findings suggest a role
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of sacsin in protein transport and essential interactions with proteins involved in vesicle trafficking,

such as Rabs.

Role of RABL1 in the Secretory Pathway

Using a pulldown assay to demonstrate the interaction of SacsJ with IF proteins, we
identified the SacsJ interactome and shed light to the interaction of sacsin J-domain with new
partners, in particular, Rablb, a member of the RAB family involved in the secretory pathway
[58]. The two mammalian RAB1 isoforms, Rabla (205aa) and Rablb (201aa) bear 92% identical
amino acids and are predominantly located at the membranes of the ER and Golgi apparatus but,

have also been detected on autophagosomes and lipid rafts [59,60,61,62].

Secretory Pathway General Overview

The secretory pathway is responsible for synthesizing, folding, and delivering a diverse
array of cellular proteins. It consists of the ER, the endoplasmic reticulum-Golgi intermediate
compartment (ERGIC), the Golgi apparatus, and transport vesicles that traffic between these
compartments [63]. The ER is the largest organelle of the cell and is the primary site of protein
biosynthesis; it is composed of a rough ER, called such because of the presence of ribosomes
which participate in protein biosynthesis, and the smooth ER, where ER exit sites (ERES) locate.
Newly synthesized proteins exit the smooth ER and are transported to the ERGIC. The ERGIC is
a vesicular structure located between the ER and Golgi apparatus that regulates vesicle trafficking
between the two organelles [64]. The Golgi apparatus comprises polarized flattened sacs, called
cisternae, responsible for transporting, adding post-translational modifications, and packaging
proteins for delivery to downstream targets. Proper Golgi functionality requires an intact
architecture; modifications in its structure have been shown to impact normal function and

posttranslational modifications in mammalian cells [65]. The anterograde (ER to Golgi) and
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retrograde (Golgi to ER) transport of cargoes between the ER, ERGIC, and Golgi involves two
key steps: vesicle-budding from ER or Golgi membrane and subsequent tethering and fusion of
vesicle to the target membrane. These events are highly dynamic and involve RAB proteins, which

are master regulators of membrane trafficking in the secretory pathway.

RAB Protein Family and Molecular Mechanism Functions in Secretory Pathway Trafficking

In eukaryotic cells, Rab proteins regulate temporal and spatial trafficking activities
between secretory pathway compartments. First identified in nervous tissue as a critical player of
dendritic and axonal organization, RABs were shown to be crucial for vesicular transport and
exocytosis of neuromediators during synaptic transmission [66]. The RAB proteins are low
molecular mass monomeric GTPases, members of the Ras superfamily, and are coded by more
than 60 genes in humans [67]. The classic structural organization of RAB proteins consists of a
short N-terminal sequence made of a conserved “G box” essential for guanine nucleotide binding,
a guanosine 5’-GTP hydrolysis domain, and a carboxyl (C)-terminal motif “CC motif” containing
two conserved cysteine residues on which post-translational modifications, such as
geranylgeranylation, allow membrane insertion. Rabs are synthesized in their inactive Rab-GDP
bound form when first in the cytosol. Rab escort proteins (REP) will recognize these cytosolic
free-floating Rabs and present them to geranylgeranyl transferase (GGT), which will attach
covalently a geranylgeranyl post-translation motif to facilitate membrane anchoring for proteins.
Membrane association of Rab is complex and extremely regulated. The geranylgeranylated Rab-
GDP is escorted to the target membrane by REP and recognized by Rab GDP dissociation inhibitor
(GDI), generating GDI-Rab-GDP, which is known to regulate the membrane cycle of the Rab
proteins and keeps Rab-GDP in soluble cytosolic form. GDI physically masks the isoprenyl anchor

allowing GDI-Rab-GDP to interact with the membrane-bound GDI displacement factor (GDF).
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This interaction dissociates the GDI-Rab complex allowing the targeting of Rab-GDP to the
membrane of organelles. The now membrane-bound Rab-GDP can interact with guanine
nucleotide exchange factors (GEF) which catalyze a conformational change from inactive Rab-
GDP to active Rab-GTP. Multiple effector proteins will recognize active Rab-GTP and serve their
function in membrane trafficking. Lastly, specific GTPase-activating proteins (GAP) will
inactivate Rab-GTP by accelerating the hydrolysis of the bound GTP to GDP while anchored at
the organelle’s membrane after completing the task. The inactive Rab-GDP can then be extracted

from the membrane by GDI and recycled for another round of function [68].

PTMs and Regulation of Rab Activity

Regulation of Rab activity, localization, and function depends on its association with GDI,
GEF, and GAP. However, PTMs such as prenylation, adenylylation, phosphocholination,
phosphorylation, and ubiquitination also modify Rab functions. For example, prenylation of Rab
in the form of the covalent addition of geranylgeranyl moities, reinforce Rab membrane anchorage
and subcellular localisation [69,70]. Rab variants inhibiting geranylgeranylation are mistargeted
to the ER or Golgi region rather than their originally designated cellular compartment [71].
Adenylylation, or AMPylation, is the covalent attachment of an adenosine monophosphate to
tyrosine or threonine and is used by Legionella pneumophila to manipulate the host signal and
promote infection [72]. AMPylated Rab1b stays in the GTP-bound state, restricting the access of
GAPs, and target Rabl to Legionella-containing vacuole to modulate virulence and replication of
Legionella pneumophila [73]. Phosphorylation also mediates functional regulation and
localization of Rab GTPases. Lai et al. reported that phosphorylation of Rab8 limits its GEF-
mediated activation. Rab3a, Rab8a, and Rab10 were identified as substrates of Leucine-rich repeat

kinase 2 (LRRKZ2) kinase responsible of inherited PD, which reduce their affinity to regulatory
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proteins like GDI, and results in altered membrane to cytoplasmic pool distribution of these Rabs
[74]. Phosphorylation is also specific to subcellular localization for Rab4p and RablAp,
predominately cytosolic or membranous, respectively [75]. Regarding Rabl, Levin et al.
demonstrated that Transforming Growth Factor-p (TGF-p)-activated Kinase 1 (TAK1)
phosphorylates Rabl and inhibits its interaction with GDI, but not with GEF or GAP enzymes.
Phosphorylated Rab1l is exclusively localized to membranes, suggesting that phosphorylation may
promote Rab1l membrane insertion [76]. Lastly, ubiquitination can regulate Rab stability, activity,
and localization. Ubiquitination may regulate Rab GTPase activity through two modes: the
recruitment of effectors, and subcellular localization, where inactive GDP-bound forms are usually
in the cytosol and active GTP—bound forms on membranes [77]. For example, the early endosome
marker Rab5 is crucial in endocytosis and membrane transport, and its ubiquitination alters its
activity in a residue-dependent manner. Monoubiquitylation of Lys140 impairs the interaction
between Rab5 and its downstream effectors, and monoubiquitylation of Lys165 hinders GEF-
mediated nucleotide conversion suppressing its activity [78]. Ubiquitination of Rab7 also regulates
its activity and localization; ubiquitination on Lys191 residue can inhibit the recycling from late
endosomes to TGN (Trans Golgi Network), and polyubiquitination on Lys38 residue by the E3
ligase Parkin exhibits stronger affinity for its receptor Rab interaction Lysosomal protein (RILP),
improving the activity of Rab7 and membrane localization [79]. Additionally, the dysregulation of
Rab7 ubiquitination in Parkin-deficient cells leads to increased secretion of exosomes, a
phenomenon observed in Parkinson’s Disease (PD) [80]. Together, these studies demonstrate the
crucial roles of PTMs in the modification and regulation of Rab function, activity, and localization

in the secretory pathway, but nothing is known on Rabl ubiquitinylation.

28



RAB 1 Functions in Secretory Pathway Trafficking

Rabs are master regulators of membrane trafficking because they function as molecular
switches allowing membrane fusion upon the hydrolysis of GTP interacting with various effector
proteins, such as in the secretory pathway [77]. Rabl is implicated in ER-Golgi trafficking and
plays a role in autophagy regulation. Rab1 localizes at ERES, vesicular tubular clusters (VTCs, at
ERGIC), and Golgi membrane, where it interacts with organelle-specific effector proteins
[59,81,82]. In particular, Rabl associates with coat protein complex 1 (COPI) and 2 (COPII),
soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE) complex, all
Golgi membrane proteins, and with autophagy-related protein 9A (ATG9) to fulfill functions in
protein trafficking and regulation of autophagy disrupted in ARSACS [83,84,85].

Rabl is a critical protein in ER-Golgi vesicle transport by participating in cargo selection,
vesicle fission, transport, tethering, and fusion to target membranes. For vesicle fission and cargo
selection, Rabl modulates both COPIl and COPI membrane association-dissociation dynamics
and sorting activity at the ER and Golgi, respectively [86,87,88]. After fission, Rabl escorts the
protein-containing vesicle and interacts with tethering and fusion Golgi membrane-related
proteins, general vesicular transport factor p115 (pl115), Golgi matrix protein (GM130), and
Giantin [88,89,90]. Combined, they form a Rab1-dependent cis-SNARE complex allowing fusion
of the vesicle to the target membrane and protein delivery [89,91]. The interaction between Rabl
and Golgi-morphology-forming proteins P115, GM130, and Giantin play a role in Golgi apparatus
structural maintenance and morphology, and Rabl expression levels alter Golgi morphology. For
example, the transfection of Rab1bN121I blocked the forward transport of cargo and caused Golgi
disruption into smaller vesicles in HEK293T cells [92]. Furthermore, overexpression of Rablb

modified Golgi size and gene expression in HeL a cells [93]. Together, Rab1 and its effectors play
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a crucial role in the anterograde and retrograde transport of proteins and influence Golgi

morphology and structure.

Role of RABL1 in Autophagy

Macroautophagy is a critical mechanism for the maintenance of cellular homeostasis. It
does so by clearing and degrading damaged organelles and protein aggregates, recycling materials
in stress conditions, and eliminating pathogens [94]. As shown by several authors, Rab1l plays a
role in the formation and maturation of autophagosomes by recruiting proteins to the
autophagosomes membrane and by regulating the activity of autophagy-related proteins
[62,95,96,97]. Rablb overexpression increases the number of autophagosomes in CHO cells,
while Rabl inhibition by transient overexpression of dominant negative Rab1bN121l decreased
the number of autophagosomes and LC3-positive recruitment to membranes in different cell lines
[62]. In fact, after autophagy initiation by starvation, Rabl colocalizes with endogenous LC3,
suggesting a role of Rab1l in the initial steps of autophagy [62]. The interaction of Rablb with
membrane associated ATG9A, responsible of membrane elongation of the autophagosome,

suggests a role of Rab1 in membrane trafficking during autophagy [82,85,98,99].

Involvement of Rabl in Neurodegenerative Diseases

In humans, autophagic dysfunction is a common feature of neurodegenerative disorders
characterized by motor dysfunctions like PD and amyotrophic lateral sclerosis (ALS) [100,101].
Rabl is directly linked to the development of PD and likely plays a role in other neurological
diseases [102]. Rab1 suppresses alpha-Synuclein (a-syn) toxicity and protects against mammalian
dopaminergic neuronal death, which may point to a compensatory mechanism by the cell [103].
Overexpression of Rabl reduces the accumulation of a-syn by increasing ER-Golgi trafficking,

disrupted by the aberrant interaction of a-syn and GM130 [104]. Recently, a link between Rabl
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and autophagy has been described for ALS and frontotemporal dementia (FTD). The Rabla
effector, C9orf72, was found to regulate the translocation of the Unc-51-like autophagy activating
kinase (ULK) complex, known to initiate autophagosome formation, in the early steps of
autophagy. C9orf72 controls autophagy initiation by regulating the Rabla-dependent trafficking
of the ULK1 autophagy initiation complex to the phagophore [105]. Lastly, the loss of Rabl
GTPase activity is associated with ER stress and neurodegeneration in ALS, and Rabl
overexpression rescues inhibition of ER-Golgi transport induced by mTDP-43, mFUS, or mSOD1
[106]. In ARSACS, like PD, autophagic flux is dysregulated. These studies suggest restoring
normal Rab1 expression may be an attractive therapeutic target for neurodegenerative diseases like
ARSACS.

Taken together, Rab1l has roles in protein trafficking and autophagy, and its dysregulation
is linked to the pathogenesis of neurodegenerative disorders such as PD, FTD, and ALS. Like
Rab1l, sacsin is also involved in protein trafficking and autophagy, which are dysregulated in
ARSACS. Consequently, Rab1 function is likely to be altered in the absence of sacsin, and critical

interactions between Rab1l and sacsin remain to be discovered in the pathogenesis of ARSACS.

Section 3: Rationale, Hypothesis, and Specific Aims

ARSACS is the second most prevalent form of ataxia in the world and there are currently
no effective treatments to complement for the lack of sacsin. Our lab has demonstrated that the
Sacs) domain targets and resolves pathological IF bundles seen in ARSACS. Generating cell
penetrating peptide-fused to SacsJ, | demonstrated that IFs are clients of the J domain of sacsin
[107]. Since J domain proteins often have multiple clients [108], we aimed to identify these other
clients using a pulldown assay, amongst which RAB1 was found to be the second most abundant
interacting partner. RAB1 is a master regulator of membrane trafficking between the ER and the
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Golgi, which suggests a role of sacsin in membrane trafficking and in the secretory pathway. In
particular, RAB1 cycles between the ER and Golgi and contributes to the anterograde transport of
ER-produced proteins. | aimed to shed light on the function of the J-domain of sacsin in the
regulation of ER-Golgi trafficking through its interaction with RAB1 and uncover new functions
of sacsin in cellular trafficking.

Specific aims:

1. To characterize the dose and temporal effect of a TAT-SacsJ peptide treatment on IF
network in ARSACS cellular models (human derived-fibroblasts and murine motor
neurons).

2. To identify interactors of the SacsJ domain and to determine if their expression is
dysregulated in ARSACS cellular and mouse models.

3. To characterize the role of RAB1 and effect of lack of sacsin on secretory pathway
organelle (ER, ERGIC, Golgi and autophagy) distribution and to determine if SacsJ

or other sacsin domains could restore Rab1l subcellular localization.

Section 4: Methods

Cell culture and histology in mouse spinal cord
Fibroblasts and SW13- cells

Human skin fibroblasts control MCH74 were from the Cell Bank Repository for Mutant
Human Cell Strains (McGill University Health Complex, Montreal, QC, Canada). ARSACS
patient fibroblasts carrying the homozygous 8844delT mutation were previously described [25].
Immortalized fibroblasts were cultured in Dulbecco’s Modified Essential Medium (DMEM) with
5-10% fetal bovine serum (FBS). Cultures were treated with GST-myc-TAT or GST-SacsJ-myc-

TAT to assess the time-dependence (30 min to 24h) and dose-dependence (0-5 pM) of the
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peptides’ effect on the vimentin IF network, visualized by immunolabeling with antibody to
vimentin (clone V9, MA5-11883 Thermofisher). Peptides were identified by immunolabeling
using an anti-myc antibody (C3956, Sigma-Aldrich). Cy2 or Cy3 conjugated donkey secondary
IgG antibodies against mouse or rabbit were from Jackson ImmunoResearch (1:300). Wild-type
human adrenocarcinoma lacking endogenous intermediate filament expression (SW13vim-/-
abbreviated to SW13-) and Sacs+/+ cells were cultured as previously described [109]. SW13-
cells lacking sacsin expression (SW13- Sacs-/-) were produced using the sacsin double nickase
plasmid following the manufacturer’s instructions (SantaCruz Biotechnology, cat. no. sc-404592-
NIC).
Murine Spinal cord

Primary cultures of dissociated spinal cord-dorsal root ganglia (DRG) were prepared from
E13 Sacs-/- mice (C57BI6 background) and wild-type (Sacs+/+) of the same background.
Generation and characterization of the Sacs-/- mice were as described previously [27]. Cells were
plated on glass coverslips (Fisher, ON, Toronto, Canada) coated with poly-D-lysine (P7280,
Sigma-Aldrich) and Matrigel® (CACB354234, VWR, Town of Mount Royal, QC, Canada) and
maintained in Eagle’s Minimum Essential Medium (EMEM) enriched with 5 g/l glucose and
supplemented with 3% horse serum, and other growth factors as previously described [110].
Cultures were used 6 weeks following plating to allow neuronal maturation and appearance of NF
bundles in more than 80% of Sacs-/- MNs. Neurofilament bundles were defined as previously by
a continuous filament bundle crossing the cell body from dendrite to dendrite [2] and labeled by
indirect immunofluorescence with anti-NFL (clone NR4, N5139, Sigma-Aldrich).
Paraformaldehyde-fixed brain and spinal cord of 7 months-old Sacs+/+ and Sacs-/- mice ere

processed at the Histopathology - Research Institute of the McGill University Health Centre - RI-
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MUHC (rimuhc.ca) for paraffin embedding and sectioning. The sections were then deparaffinized

to carry out indirect immunofluorescence labelling.
Plasmid encoding Rabl

Because motor neurons (MN) in long-term primary spinal cord cultures are not
transfectable, plasmids encoding Rab1bN121l was expressed by intranuclear microinjection of
pcRab1bN1211 or treated with 10uM brefeldin A (BFA; Sigma-Aldrich) for 30 minutes in Sacs—/—
MN in culture as described in [111]. Twenty-four hours after injection, indirect
immunofluorescence double labelling with antibodies against NFL and GM130 was performed,
and the number of Golgi fragments were counted to assess Golgi morphology.
Antibodies

Primary antibodies used were: mouse monoclonal anti-NFL antibody clone NR4 (N5139,
Sigma-Aldrich, 1:400), rabbit polyclonal anti-Rablb (17824-1-AP, Protein Tech, 1:300), mouse
monoclonal anti-KDEL (SPA-827, StressGen, 1:300), rabbit polyclonal anti-ATG9A (26276-1-
AP, Proteintech, 1:300), rabbit polyclonal anti-GM130 (11308-1-AP, Proteintech, 1:300), rabbit
polyclonal anti-ERGIC53 (13364-1ap, Protein tech, 1:300), mouse monoclonal anti-myc (Al4,
Santa Cruz Biotechnology, 1:400), and mouse monoclonal anti-GAPDH, (MM-0163-P,
MediMabs, 1:1,000), mouse monoclonal anti-vimentin (V6639, Sigma 1:300), DAPI (1:1000),
rabbit monoclonal anti-Sacsin (ab181190-100UL, Abcam1:1000)

Secondary antibodies: Peroxidase affinipure donkey anti-mouse and anti-rabbit IgG (715-035-
150 and 711-035-152, 1:5,000), Cy2-conjugated (715-225-151, 1:300), Cy3-conjugated (715-165-
151, 1:300) donkey anti-mouse 1gG and Cy3-conjugated (705-165-147, 1:300) and donkey anti-
goat 1gG were from Jackson ImmunoResearch Laboratories (West Grove, PA, USA), 488-

conjugated rabbit polyclonal (A-11034, Mol Probes, 1:300). Fluorescence microscopy: (Zeiss
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Observer.Z1, ZenBlue 2.6 Software, 40x, McGill University) and spinning disk confocal
microscopy (Olympus 1X83 U-TBI90, Metamorph V.10 Software 100x, McBride Lab, McGill
University) were used for visualization of fluorescent probes.
Plasmids

Plasmids encoding GFP-Rablbwt or the dominant negative mutant Rab1bN121l were
purchased from the MRC PPU reagent unit of University of Dundee (UK) cDNA Clone - Rab1b |
MRC-PPU Reagents (dundee.ac.uk). Plasmids encoding sacsin myc-tagged domains of DNAJ,
HSP40-binding-incompetent HSP70 carrying the H33Q variant DNAJ-H33Q (H33Q), UBL,
SIRPT, and HEPN were produced by Norclone Biotech Laboratories, London, ON, Canada._C-
terminus myc-tagged sacsin domains were constructed in pcDNA4.1(Norclone)) from pEGFP—
sacsin full length (OriGene Technologies, Rockville, MD, USA): UBL (Sacs aa 1-84), SIRPT1
(Sacs aa 84-1374), SIRPT2 (Sacs aa 1444-2443), or SIRPT3 (Sacs aa 2512-4282), SacsJ (Sacs aa
4316-4420), and HEPN (Sacs aa 4422-4579).
Transfection

SW13- Sacs+/+ and SW13- Sacs-/- cells were plated in 24-well culture dishes and
transfected when cells reached 90% confluence. Co-transfections of DNAJ, H33Q, UBL, SIRPT,
HEPN, with GFP-Rablbwt were transfected when cells reached 90% confluence and performed
for 24-hours according to the manufacturers protocol using Lipofectamine 2000 (source).
Recombinant protein production

The SacsJ cDNA (corresponding to residues 4316-4420 of sacsin) was inserted in frame with

GST into the pGEX6 vector using mouse pEGFP-sacsin full length (OriGene Technologies) as a
template. For delivery into cells and tissues, the pGEX-SacsJ or GST were tagged on the C-

terminus with a myc epitope to identify the peptide by anti-myc immunolabeling and with the
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TAT-derived cell penetrating peptide sequence (YGRKKRRQRRR), which has been shown to
confer efficient neuronal delivery and blood-brain barrier penetration [112]. All cloning was
subcontracted. Plasmid carrying the SacsJ-myc-TAT or GST-myc-TAT cDNA were transformed
into the Escherichia coli BL21 (DE3) pLysS for recombinant protein production. Bacterial cultures
were grown overnight at 37 °C and then diluted at 1:100 (v/v) into 1L Luria—Bertani medium
containing 100ug/ml ampicillin. Bacteria were grown at 37 °C with vigorous shaking at 225 rpm
until they reach an OD600nm=0.6, recombinant protein expression was then induced using 1 mM
isopropyl-1-thio-B-D galactopyranoside (IPTG) at 30°C for 4 hours. Bacteria were lysed in PBS
buffer (137 mM NaCl, 2.7 mM KCI, 10 mM Na2HPO4, 2 mM KH2PO4 pH 7.4), supplemented
with 1 mM phenylmethylsulfonyl fluoride (PMSF), 80 units of DNase,100 pug/ml lysozyme and
Triton 0.1 %. After sonication, bacterial debris were pelleted using centrifugation. The supernatant
was then filtered through a 0.2 um filter and chromatography affinity purification of GST-myc-
TAT or GST-SacsJ-myc-TAT using glutathione resin was carried out according to the
manufacturer instructions.
Pull down and Proteomic Analysis

Two mg of mouse brain (cortex) were homogenized in Tris-buffered saline (TBS) (50 mM
Tris-HCI, 150 mM NacCl, pH 7.5) with 1% Triton X100 and centrifuged 3 times to remove debris
and insoluble proteins. The sample was then incubated with 2 mg of recombinant GST or with
GST- SacsJ with 200 pl of Glutathione Sepharose resin for two hours at 4 °C and centrifuged for
30 seconds at 5000g at 4 °C. The supernatant was identified as the fraction containing non-binding
proteins. Beads were washed 4-5 times with 1% Triton in TBS prior to sending to the (proteomic

platform MUHC Proteomics Services - Research Institute of the McGill University Health Centre

- RI-MUHC (rimuhc.ca), Montreal, Canada for MS/MS mass spectrometry to identify proteins.
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Data were analyzed using the Scaffold software to identify binding partners of SacsJ domain
versus a control GST, only proteins with more than two different peptides identified by mass
spectrometry were considered as specific interacting partners. To determine the enrichment levels
of common interactors of GST and DNAJ, quantitative analysis was performed using Scaffold
software on 3 samples per condition followed by a statistical analysis using T-test. Protein
interaction networks and biological processes in which the SacsJ domain is involved were

identified using STRING: functional protein association networks (string-db.org).

Western blot

Protein samples were analyzed with 10-12% SDS-PAGE, and electrotransfered to
nitrocellulose membranes (Merck Millipore, Cat ISEQ00010). Immunoblotting was carried out as
follows: After blocking with 5% milk, the membranes were incubated with the following primary
antibodies; rabbit anti-Rab1b antibody (1:1000) (Proteintech, Cat 17824-1-AP), rabbit anti-sacsin
antibody (1:1000) (ABCAM, ab181190-100UL) at 4 °C for 12 h. The membranes were then
incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Proteintech, Cat
SA00001-2) secondary antibody (1:2500) for 2 h. Finally, the signal was detected using an
enhanced chemiluminescence (ECL) (ThermoFisher Scientific, Pierce ECL Western Blotting
Substrate, 32209X4) and images were acquired with INTAS (INTAS Science Imaging
Instruments, GmbH Gustav-Bielefeld-Strasse 2 D-37079); GAPDH served as an internal control
of protein loading.
Statistics IF organization

Quantitative experiments are presented as mean £ SD. The proportion of motor neurons or
fibroblasts carrying a dismantled, regular or perinuclear IF network was quantified in at least 3

cultures per condition, with a minimum count of 30 cells per coverslip. The proportion of motor
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neurons displaying a widely distributed or dendritic or somal-restricted organelle distribution was
quantified in at least 3 coverslips per condition, with a minimum count of 30 motor neurons per
coverslip. Statistical analysis was by one-way ANOVA followed by a Tuckey HSD post hoc
analysis. P values < 0.05 were considered statistically significant.
Colocalization analysis

Colocalization measurement is defined by the Pearson Correlation coefficient (PCC), which is
a reliable and simple measure to evaluate fluorescent probe overlap and allows for further
statistical analysis [113]. Rablb colocalization with Golgi or ER was assessed following co-
transfection of GFP-Rablbwt and sacsin domains in SW13- Sacs+/+ and SW13- Sacs-/- cells, and
visualized following indirect immunofluorescence double labelling with antibodies against myc
epitope and GM130 or KDEL and confocal microscopy. PCC was measured by ZenBlue 2.6
colocalization software tool. Statistical analysis was performed by one-way ANOVA followed by
a Tuckey HSD posthoc analysis to determine significance for colocalization coefficients. P values
< 0.05 were considered statistically significant. Three individual coverslips for a total of 30 cells

per condition were analyzed.

Section 5: Results

Aim 1: To characterize the dose-response and temporal effect of a TAT-SacsJ
peptide treatment on IF network in ARSACS cellular models.

A Cell-Permeant SacsJ Peptide captures the dynamics of Vimentin disassembly in
Fibroblasts
First, we characterized the effect of SacsJ-myc-TAT peptide on the vimentin IF in

immortalized MCH74 fibroblasts. Following dose-dependent SacsJ-myc-TAT peptide treatment,
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both GST-myc-TAT and SacsJ-myc-TAT were detected in the cytoplasm, and to a lower degree
in the nuclei of fibroblasts 30 minutes after treatment, indicating a proper internalization of our
cell penetrating peptides (Fig. 1A). At 0.5 uM, SacsJ-TAT induces IF network reorganization
shown by the appearance of a perinuclear vimentin ring in the majority of fibroblasts; this
phenotype was barely observed in GST-myc-TAT or No Treatment conditions (1-2% of
fibroblasts) (Fig. 1A-B). Higher SacsJ-myc-TAT concentrations induce a slight, but non-
significant, increase in the perinuclear ring phenotype (Fig. 1B), suggesting that the kinetics of this
ring formation had reached its maximum and/or was limited by an unknown factor.

Next, we characterized the effect of SacsJ-myc-TAT peptide on the IF vimentin network
over time. While IF network in cells treated with GST-myc-TAT resembles untreated cells (Fig.
2A), in SacsJ-myc-TAT treated fibroblasts, the following phenotypes appeared in a time-
dependent and stepwise process (Fig. 2A and 2B). First, perinuclear rings appeared at the 30-
minute mark (Fig. 2B). Second, the dismantling vimentin network phenotype, described as short
and non-continuous filaments of vimentin, appeared at 3h post-treatment and remained relatively
constant over 24 hours (Fig. 2C). Third, the diffuse phenotype, described as a diffuse and barely
detectable labeling of vimentin, appeared at the 12-hour mark, and increased at the 24-hour mark
(Fig. 2D). Lastly, the juxtanuclear phenotype, described as the nascent agglomeration of vimentin
in nuclear proximity, had a late onset and appeared at 24 hours post-treatment. In contrast to GST-
myc-TAT, SacsJ-myc-TAT was barely detectable at 24h. This suggests clearance of our SacsJ-
myc-TAT peptide and the juxtanuclear phenotype is likely reflecting a recovery stage (Fig. 2E).

Taken together, these results demonstrate that SacsJ-myc-TAT targets IF proteins leading
to the stepwise disassembly of the IF network, reproducing our previous work using ectopic

expression of the SacsJ domain by plasmid transfection [2].
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SacsJ Disassembles NF in Murine MNs in Culture

After observing disassembly of vimentin network by SacsJ-myc-TAT in MCH74
fibroblasts, we investigated the efficiency of SacsJ-myc-TAT in targeting the NF network in MN
cultured from Sacs-/- mouse embryos in comparison to Sacs+/+ MN spinal cord cultures (Fig. 3A).
The TAT-SacsJ peptide dismantled the NF network in Sacs+/+ MNs and significantly decreased
NF bundles in Sacs-/- MNs demonstrating that SacsJ-myc-TAT effectively targets the NF network
and resolves NF bundles (Fig. 4B). In contrast to the recovery phase of the vimentin IF network,
the NF network do not pass through a stage of perinuclear ring after 30 minutes of SacsJ-myc-
TAT treatment. All together, we have demonstrated that IF and NF are clients of the J domain of

sacsin, and we have shown a difference in disassembly kinetics between vimentin and NF.
Aim 2: To identify interactors of the SacsJ domain and to determine if their
expression is dysregulated in ARSACS models

Proteomic Analysis of the SacsJ Interactome Identifies a Role in Membrane Dynamics and
Rablb as a Most Abundant Binding Partner

Mass spectrometry analysis of a pulldown assay was used to identify SacsJ clients. We
found IF proteins as well as novel binding partners (Fig. 5A and 5B). Comparison of proteins
enriched by binding to either SacsJ or to the GST control are shown in a volcano plot. Statistically
significant enriched or specific proteins are labeled as green squares or triangles. Rablb from
DNAJ sample is highlighted in yellow (Fig. 5C). List of interacting partners is displayed in the
table of Fig. 5D, with most (top) enriched to least (bottom) enriched proteins. Consistent with
previous data, IF were found in the interactome, which validates our approach. Next, the STRING
interaction database was used to generate a map of protein-protein interactions and to analyze

cellular processes involved with their functions (Fig. 5E). Analysis of Enrichment of Gene
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Ontology identified the main cellular functions associated with this interactome. The analysis
illustrates a role of SacsJ in different cellular processes, including regulating subcellular
localization of organelles and protein (53%), Golgi and vesicle transport (19%), and in antigen
processing and presentation of peptides (12%) (Fig. 5F). Amongst all the SacsJ clients, Rab1b was
selected because it is the second most enriched protein and has functions in organelles dynamics

and autophagy, which are disrupted in ARSACS.

Aim 3: To characterize the role of RAB1 and the effect of lack of sacsin on
distribution of secretory pathway organelles (ER, ERGIC, Golgi and
autophagy) and if SacsJ or other sacsin domains can restore Rab1l subcellular
localization.

Absence of Sacsin Upregulates Rablb and Restricts its Distribution to the Cell Soma

To further explore the interaction between SacsJ and Rablb, we first determined if the
absence of sacsin had an impact on Rablb expression and distribution. Western blot analysis
comparing Sacs+/+ and Sacs-/- mouse spinal cord show an upregulation of Rablb expression
levels and the presence of additional bands migrating at higher molecular weights in the absence
of sacsin expression, suggesting that sacsin regulates Rab1b and is implicated in post-translational
modifications (Fig. 6A). Next, we assessed subcellular distribution of Rab1b in 6-month-old MNs
of Sacs-/- and Sacs+/+ mouse spinal cord in situ by immunofluorescence. In Sacs+/+ MNs, Rablb
had an even distribution in the soma and the dendrites/cellular processes (Fig. 6B), whereas in
Sacs-/- MNs, Rab1b was abnormally accumulated in the soma indicated by a higher fluorescence
intensity and less immunofluorescence colocalized with NFL-positive dendrites and axons
compared to wild-type. Our data suggests a functional interaction between sacsin and Rablb in
the regulation of Rablb expression and subcellular distribution.
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Absence of Sacsin Restricts Distribution of Rab-1 related Organelles

We next studied Rablb subcellular distribution in cultured MN and the consequence of
lack of sacsin on Rablb- dependent organelles. Fig. 7A schematic shows that Rab1b is a key small
GTPase regulating membrane dynamics between ER-Golgi, the intermediate compartment ERGIC
or the autophagic membranes labelled by ATG9. The distribution of Rablb was assessed in MN
of 6-week-old Sacs+/+ and Sacs-/- spinal cord cultures to compare to our mouse spinal cord
findings and validate this cellular model. In Sacs+/+ MNSs, Rablb was widely distributed and
present in the distal dendrites, whereas in Sacs-/- MNs, Rablb was abnormally restricted to the
soma and absent from distal dendrites, a similar pattern as observed in mouse spinal cord (Fig.
7B). While Rablb-interacting organelles, ER, ERGIC, and Golgi are usually widely distributed
and reach the extremities of distal dendrites in healthy MNs, they were restricted to the soma and
absent in the distal dendrites in Sacs-/- MNs. This distribution pattern is similar to Rab1b (Fig. 7C-
E). ATG9-positive autophagic membranes are usually found to be widely distributed in the soma
and present in proximal dendrites of Sacs+/+ MNs (Fig. 7F); however, they were abnormally
compacted in the soma in Sacs-/- MNs and ATG9 immunofluorescence intensity was higher,
which is consistent with the previously defined role of sacsin in autophagy (Fig. 7F). ATG9
membranes are juxtaposed to NF bundles, which suggests that NF bundles are not degraded
through autophagy but rather play a role in anchoring autophagosomes (Fig. 7G). The Golgi
apparatus morphology and function relies on a balanced and constant trafficking of membranes
and proteins regulated by Rab1b and we aimed to determine if the Rab1b and Golgi dynamics was
conserved. First, Golgi compaction was observed in Sacs-/- MNs, characterized by fewer number
of Golgi fragments compared to Sacs+/+. Inhibition of the association of Rabl with the Golgi

membrane by ectopically expressing the dominant negative mutant (Rab1N121l) severely
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disrupted the Golgi apparatus in Sacs-/- MNs in culture (Fig. 8A), which indicates that the
compaction of the Golgi apparatus is reversible. We confirmed these findings using Brefeldin A
(BFA), which inhibits ER-Golgi transport by another small GTPase called ADP Ribosylation
Factor 1. Taken together, these results demonstrate the role of Rablb in the observed abnormal
Golgi morphology and the reversibility of Golgi compaction observed in the absence of sacsin.
Yet, abnormal subcellular localization of this Rablb-interacting organelle could be the
result of physical displacement caused by the formation of NF bundles. As shown by
immunofluorescence, NF bundles in Sacs-/- MNs in culture were highly compact, rigid, cable-like
structures occupying the soma which could result in physical interactions and displacement of the
Golgi apparatus and/or affect its morphology (Fig. 9A). These NF bundles observed by electron
microscopy show the eccentric position of the Golgi in Sacs-/- MNs in culture (Fig. 9B, right
panel), raising the question of whether the organellar abnormalities are secondary to the formation

of NF/IF bundles.

Rabl1b and Organelles Abnormalities are Direct Targets of Sacsin

To determine if NF/IF bundles have an impact on the Golgi apparatus, we next used
Adrenocarcinoma SW13- cells lacking endogenous intermediate filaments. SW13- Sacs-/- cells
are knocked out for sacsin and SW13- Sacs+/+ cells serve as a control. Like in Sacs-/- MNs,
Rablb was upregulated and extra bands of higher molecular weight were seen on Western blots
indicative of post-translational modifications in SW13- Sacs-/- cells (Fig. 10A). Abnormalities in
Golgi morphology (i.e.; compaction and restriction of subcellular localization of the Golgi in
absence of sacsin) also occurred in SW13- Sacs-/-~ (Fig. 10B). All together, these results validate
the SW13- Sacs-/-as a model of ARSACS and show that the lack of IF does not affect either Rablb

upregulation and abnormal post-translational modifications or abnormal Golgi compaction.
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Sacsin Domains Alter Rablb Subcellular Distribution and Association with ER in SW13-
Sacs-/- Cells

Because compaction of the Golgi could result from unbalanced Rablb association to the
Golgi, we next used SW13- cells to determine the role of sacsin on Rabl1b subcellular localization
without the interference of IF bundling. First, Rablb association with Golgi or ER was
characterized by measuring the Pearson Colocalization Coefficient (PCC) of GM130 or KDEL
with ectopically expressed Rab1b-EGFP, allowing for direct observation of Rablb, which avoids
the possibility of artefacts due to antibody specificity. EGFP-Rablb was generally enriched at the
Golgi, like endogenous Rab1b, and was strongly co-localized with GM130 in SW13- Sacs+/+ and
SW13- Sacs-/- cells (PCC values of 0.87 and 0.84, Fig. 11A). EGFP-Rab1b also localized to the
ER membrane but to a lesser extent (PCC values of 0.25 and 0.28) (Fig. 12A). Expression of sacsin
J domain and other sacsin domains did not significantly affect Rab1b localization with the Golgi
apparatus in both SW13- Sacs+/+ and SW13- Sacs-/-cells (Fig. 11B-C). However, it did affect the
localization of Rablb in ER; expression of DNAJ, DNAJ'3Q and UBL sacsin domains
significantly increased Rablb association with the ER, while SIRPT1 and HEPN had no effect
(Fig.12B-C). The data demonstrates that ER enrichment is not dependent on HSP70 binding,

SIRPT1 or HEPN functions.

Conclusion and Contribution to Original Knowledge

| characterized a cell-penetrating peptide, SacsJ-myc-TAT, and tested its efficiency in
modifying the IF/NF network in fibroblasts and MNs; treatment with this peptide results in the
stepwise dissolution of the IF network or bundles caused by the absence of sacsin expression. We
next identified SacsJ clients and investigated the role of sacsin in the regulation of Rab1b functions.

The absence of sacsin is associated with changes in Rablb level and distribution; Rablb was
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upregulated, differences in posttranslational modifications were suggested, and subcellular
distribution was altered. Organelles involving Rab1b present with an abnormal distribution in the
absence of sacsin, which illustrates the role of sacsin through its interaction with Rabl on ER,
ERGIC, Golgi and ATG9-vesicle subcellular distribution. These abnormal organelle localizations
and morphologies were independent of the presence of intermediate filaments, in particular of IF
bundles. The expression of SacsJ domain, the SacsJH33Q variant lacking Hsp70 binding ability,
and the UBL domain increased Rab1b colocalization with the ER in SW13- Sacs-/- cells. In SW13-
Sacs+/+ cells, expression of sacsin domains did not impact Rab1b distribution to the Golgi or ER.
These results suggest that multiple sacsin domains cooperatively regulate Rab1b functions and the
secretory pathway. The question remains whether expression of an individual domain is sufficient

to preserve function as well as distribution of the secretory pathway components.

Section 6: Discussion, Conclusion and Future Directions

Summary of Main Findings

Sacsin is a gigantic multidomain protein that regulates IF homeostasis [2]. In this study,
we further the understanding of the role of the sacsin J domain in IF network dynamics and
discover new functions by identifying novel clients of the J domain. By focusing on Rablb, we
illustrate new sacsin functions associated with membrane dynamics and shed light on the

pathogenesis of ARSACS.

SacsJ and Intermediate Filaments

Our chimeric cell-penetrating peptide fused to the J domain of sacsin targets the IF network
in both control and sacsin knockout fibroblasts and MNs, confirming our previous results that
sacsin J domain is a crucial regulator of NF and vimentin IF network in cells [2]. Treatment with

the SacsJ peptide led to the stepwise disassembly of the IF network in MCH74 control fibroblasts,
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starting with the apparition of a perinuclear ring followed by the dismantling and dissolution of
vimentin-labeled IF proteins, which is reminiscent of the role of Mrj, a DNAJ/HSP40 involved in
disassembly of pre-existing keratin IF [114]. Similarly, treatment with SacsJ-TAT resulted in the
dissolution of the NF network in wild-type cultured MNs and resolution of NF bundles in sacsin
knockout MNs. The dissolution of the NF network in wild-type MNs is problematic; depletion of
NFL protein has been shown to cause sensorimotor dysfunctions and spatial deficits in mice [115].
Therefore, on its own, SacsJ-TAT as a therapeutic agent is likely not a viable strategy. Nonetheless,
these results confirm the role of SacsJ in IF network dynamics and join the ranks of the few HSPs
regulating IF dynamics. Further studies in the laboratory are examining combinations of the SacsJ

domain with other sacsin domains in modulating IF network.

Identification of SacsJ Clients

We have identified interactors of the sacsin J domain that may shed light on the overall
functions of sacsin. EndophillinAl (SH3GL2), ARF5, RAB2A, RAB1b and HIP1R are SacsJ
interactors with known roles in membrane dynamics. SH3GL2 is involved in membrane dynamics
via the formation of endocytic vesicles and polymerization of actin around nascent vesicles [116].
ARF5, Rab2B and Rablb are small GTPase involved in ER-Golgi trafficking, while HIP1R,
another membrane-associated protein that interacts with huntingtin, regulates clathrin-dependent
endocytosis, actin polymerization, and dendritic development and synapse formation [117,118].
On the other hand, the cytoplasmic FMR1 interacting protein (CYFIP1) binds to the RNA-binding
protein FragileX Mental Retardation Protein to repress synaptic protein synthesis and to regulate
actin polymerization [119,120]. All these key interacting partners point to a crucial role of sacsin

in membrane dynamics.
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We focused on Rab1b to explore the role of SacsJ in membrane dynamics because Rablb
is one of the major interactors of the sacsin J domain and is a master regulator of ER-Golgi
membrane trafficking. The absence of sacsin led to increased expression levels of Rablb and the
apparition of higher molecular weight bands on Western blot analysis, suggesting that sacsin
regulates PTMs on Rablb. PTMs have been shown to regulate the activity, function, and
localization of Rabl [121]. In fact, Rablb is abnormally localized in the soma and absent in the
distal dendrites of sacsin knockout MNSs, a distribution pattern reminiscent of ITGAL in sacsin
deficient neurons, which confirms the role of sacsin in protein localization and trafficking [29].
Rablb interacting proteins and organelles are also mislocalized in absence of sacsin; the ATG9
protein, ER, ERGIC, and Golgi are concentrated in the soma and mostly absent from dendrites; a
cellular distribution mirroring Rab1b. Similarly, mitochondria and lysosomes are also mislocalized
in sacsin-deficient cells, reinforcing the role of sacsin in organelle distribution and suggesting a
general function of sacsin in membrane dynamics possibly through the interaction with Rablb
and/or other Rabs [22,25]. It is likely that sacsin, via the J domain, regulates Rablb PTMs and
plays a role in the secretory pathway by affecting Rab1b subcellular distribution and function in
membrane dynamics.

Sacsin Regulate Golgi Morphology through Rablb

We showed that alterations in organelle distribution and morphology are still present when
IF bundles are removed, indicating that abnormal organelle subcellular distribution and
morphology in cells lacking sacsin is not a consequence of physical displacement by IF bundles
pointing to a direct effect of sacsin on Rablb. Lack of sacsin causes a compaction of the Golgi,
which is reminiscent of Rabl's role in regulating Golgi morphology. While downregulation of

Rablb induces Golgi apparatus fragmentation (Fig. 8A, [122]), overexpression leads to Golgi
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enlargement [93]. We did observe an overexpression of Rablb in the absence of sacsin; however,
Golgi is rather compacted in Sacs-/- MNs and SW13- Sacs-/- cells. While the Golgi disruption is
a common observation in neurological disease, the compaction of the Golgi has been observed in
few conditions and is rather dependent of actin polymerization and Rabl functions [123,124].
Indeed, Rablb indirectly affects Golgi morphology through functional interaction with its known
Golgi-morphology-forming effector proteins, including GM130, pl115, GBF1, and Golgi
phosphoprotein-3 (GOLPH3). GM130 maintains the ribbon structure of the Golgi complex, p115
is essential for the biogenesis of the Golgi apparatus, GBF1 maintains Golgi architecture, and
GOLPHS3 facilitates Golgi extension [89,92,125,126,127,128,129].
Role of Sacsin Domains in the Regulation of Rab1b Functions

Rablb localization to either the Golgi apparatus or ER is not different in sacsin knockout
cells compared to wild-type. However, the transfection of plasmids encoding sacsin domains Dnaj,
Dnaj®3Q, or Ubl increased Rab1b localization to the ER only in absence of sacsin, suggesting that
these domains compensate only in the context of lack of sacsin and that sacsin can influence Rablb
subcellular localization. The fact that a similar ER enrichment is observed when Dnaj and the
HSP70-binding-incompetent variant Dnaj™3Q are expressed indicates that this Rablb-ER
localization is not dependent on HSP70. Our data regarding the distinct roles of individual sacsin
domains in the regulation of Rablb subcellular localization indicates that they likely cooperate to
regulate Rabl functions, as observed previously for IF dynamics [2], and that expression of a
specific domain of sacsin in a knockout context represent a snapshot of the function of this domain.

Considering that high molecular weight bands labeled by anti-Rablb are present on
Western blots in the absence of sacsin, the increased localization of Rablb to the ER following

expression of sacsin domains is likely a result in modification of PTMs on Rab1, more specifically,
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phosphorylation or ubiquitinylation. Phosphorylation and ubiquitinylation are known regulators of
cellular process, including autophagy, chaperone activity, and NF organization, which are all
disrupted in ARSACS and implicate Rab1b [130,131].

Indeed, Levin et al. demonstrated that phosphorylation modified membrane/cytosolic
localization of Rablb, where phosphorylated-Rablb exclusively localized to membranes. This
suggests that Dnaj and Ubl may increase Rablb phosphorylation and promote Rabl1b association
to ER membrane. Further studies will be required to identify the role of sacsin on PTMs, supported
by the fact that phosphorylation has been shown to be affected in ARSACS. Indeed, lack of sacsin
increases hypo-phosphorylated NFH in neurons and brain and Ataxin-2-like (ATX2L), a stress
granule protein regulating IFN expression, while stathmin (STMNL1), a microtubule scaffold, and
ADP-ribosylation Factor Like GTPase 3 (ARL3), involved in cilia formation, are
hyperphophorylated in ARSACS patient-derived fibroblasts [27,132,133].

Ubiquitinylation is a complex process leading to different effects on the same protein. For
example, mono- and polyubiquitination, as well as residue-specific ubiquitinylation have different
effects on the regulation of Rab activity, localization, and interaction with its effector proteins
[121]. Ubiquitination was also shown to regulate the activity and localization of Rab5 and Rab?7,
both implicated in the endocytic pathway, by modifying their interaction with effector proteins
and subcellular localization [79]. In fact, site specific monoubiquitination of Rab5 disrupts effector
and guanine nucleotide binding, while subcellular fractionation indicates that RNF167 activity, a
E3 ubiquitin-ligase protein, maintains Rab7’s membrane localization and RNF167-mediated
ubiquitination of Rab7 is impaired by variants of Charcot-Marie-Tooth Type 2B disease [78,134].

Although not reported before, it is possible that sacsin regulates ubiquitinylation of Rab1.
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Conclusion

To summarize, we first developed a cell-penetrating peptide to study the direct effect of
the sacsin J domain on NFs assembly and dynamics and, we confirmed the role of sacsin in
regulating cytoskeletal dynamics. To further the understanding of the role of sacsin J domain, we
identified its interactome and its role in membrane dynamics. We demonstrated that organelles
affected by Rablb are mislocalized in the absence of sacsin, confirming a functional interaction
between Rab1b and Sacsin. In the absence of sacsin, Rab1 is overexpressed and shows an abnormal
migration pattern on SDS-PAGE, which is reminiscent of PTM. Although the PTM(s) have not
been identified yet, it is likely that they are regulated by the J domain of sacsin, which expression
in SW13- Sacs-/- regulates Rablb association to ER membrane. Altogether, our results show a

role of sacsin in membrane dynamics by regulating Rab1b subcellular localization and functions.

Future Directions

The next step to understand sacsin’s role in protein regulation is to identify the additional
post-translational modifications on Rablb in absence of sacsin. These findings could reveal
important aspects of the signaling regulating morphology and subcellular localization of organelles
and provide a therapeutic approach targeting this mechanism of action, which is of particular
interest for neurological disorders. In addition, how the different domains of sacsin cooperate to
regulate these PTMs on Rab1b and their respective roles in regulating protein functions remain to

be identified.
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Section 7: Figures
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Figure 1. The cell-permeant peptide, SacsJ-myc-TAT, induced stepwise disruption of the vimentin
IF network in MCH74 fibroblasts. A) Representative 3-dimensional reconstructions of Z-stack
confocal images of MCH74 fibroblasts double labelled with anti-myc (rabbit anti-myc) and anti-
vimentin (V9 mouse monoclonal) treated with increasing concentrations of Sacs-myc-TAT as indicated
(0,5 to 5 uM) or control peptide GST-myc-TAT. Treatment with SacsJ-myc-TAT for 30 min resulted
in nuclear rings of bundled vimentin IF (large arrow). Scale bar: 20 pm. B) Quantitation of the
percentage of fibroblasts presenting circum-nuclear IF bundles or finely distributed IF when treated with
increasing concentrations of SacsJ-myc-TAT (0,5 to 5 pM) showing an increase in the percentage of
cells with IF concentrated surrounding the nucleus. *p< 0.05 vs NFL alone, one-way ANOVA (n=3).
Note the diffuse distribution of labelling of the myc tag on SacsJ.
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Figure 2. Over time, SacsJ-myc-TAT treatment resulted in the gradual disassembly of vimentin
IF in MCH74 fibroblasts. A) Representative 3-dimensional reconstructions of Z-stack confocal
images of fibroblasts double labelled with anti-myc (rabbit anti-myc) and anti-vimentin (V9 mouse
monoclonal). Scale bar: 20 um. (B-E) MCH74 fibroblasts were treated with GST-myc-TAT control or
SacsJ-myc-TAT (0,5 pM) for 30 min, 3 h, 12 h or 24 h and showed time-dependent phenotypes:
perinuclear rings of bundled vimentin (B, large arrow), dismantled vimentin network (C, small arrow),
diffuse vimentin labelling (D, star), and appearance at a juxtanuclear accumulation (E, arrowhead). F)
Quantitation of the percentage of fibroblasts presenting those phenotypes over duration of SacsJ-myc-
TAT treatment. *p< 0.05 vs time-matched no treatment or treated with GST-myc-TAT (0,5uM) one-
way ANOVA, HSD Tuckey post hoc analysis (n=3).
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Figure 3. The cell-permeant peptide, SacsJ-myc-TAT, induced the disassembly of NF in Sacs+/+
motor neurons in culture. A) Representative 3-dimensional reconstructions of Z-stack confocal
images of double labelling with anti-myc (rabbit anti-myc) and anti-NFL (mouse anti-NFL) in Sacs+/+
6-week-old murine spinal cord-DRG cultures showing the NF network and distribution of myc-TAT
peptides in motor neurons. Cultures were treated with SacsJ-myc-TAT (0,5 pM) or GST-myc-TAT
control peptide for 30 min and compared to untreated cultures. SacsJ-myc-TAT dismantled the
endogenous NF network (large arrow). Scale bar: 20 um. B) Quantitation of the percentage of motor
neurons presenting a filamentous or dismantled NF network when treated with Sacs-mycTAT (0,5 uM).
*p< 0.05 vs no treatment or treated with GST-myc-TAT (0.5uM) using a one-way ANOVA, HSD
Tuckey post hoc analysis (n=3).
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Figure 4. The cell-penetrating peptide, SacsJ-myc-TAT, resolved NF bundles in Sacs-/- motor neurons
in culture. A) Representative 3-dimensional reconstructions of Z-stack confocal images of motor neurons
in Sacs-/- 6-week-old spinal cord-DRG cultures double labelled with anti-myc (rabbit anti-myc) and anti-
NFL (mouse anti-NFL) to show the NF network and SacsJ-myc-TAT distribution in motor neurons. Cultures
were treated with SacsJ-myc-TAT (0,5 uM) or GST-myc-TAT control peptide for 30 min and compared to
untreated cultures. Treatment with SacsJ-myc-TAT resolved the NF bundles (large arrow). Scale bar: 20
pm. B) Quantitation of the percentage of motor neurons presenting a filamentous or bundled NF network
when treated with Sacs-myc-TAT (0,5uM). *p< 0.05 vs no treatment or treated with GST-myc-TAT
(0,5uM) using a one-way ANOVA, HSD Tuckey post hoc analysis (n=3).
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Figure 5. Identification of SacsJ interactome and functions showing the involvement of SacsJ-
specific binding proteins in functions associated with subcellular localization and transport. A)
Red ponceau staining of a nitrocellulose membrane following SDS-PAGE and electrotransfer of spinal
cord lysate (first lane), GST pulldown sample, and SacsJ pulldown sample. B) Venn diagram
representing the distribution into specific binding proteins of SacsJ and control GST, as well as
common partners, of proteins identified by mass spectrometry in the pull-down experiment using spinal
cord as lysate. Numbers in diagram represent the number of different proteins identified by Mass
spectrometry using the Scaffold software C) Volcano plot showing Fold Change of different proteins
identified by mass spectrometry. Rablb is highlighted in yellow and significantly enriched in the DNAJ
sample. D) Table listing enriched proteins, from most enriched (top) to least enriched (bottom),
identified by mass spectrometry. Rabl1b is second most enriched protein. E) Interaction map of the
SacsJ-specific partners using STRING software. Interacting proteins were grouped by known
interaction networks. A cluster containing Rablb with a PPI enrichment value of 0.00515 was
identified (circle in green) F) Donut Pie-chart indicating major biological functions carried by SacsJ-
interacting proteins as defined by GO-terms. Major functions identified a role of SacsJ-specific binding
partners are involved in organellar localization and transport.
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Figure 6. Rablb is upregulated with putative post-translation modifications and its distribution is
restricted in Sacs (-/-) motor neurons. A) Western blot analysis of Rablb protein expression levels in
Sacs+/+ and Sacs-/- 6-month-old DRG spinal cord motor neurons. Rablb is upregulated and higher
molecular weight bands, indicating post-translational modifications are observed in Sacs-/- motor neurons
B) Representative Z-projection of confocal images of indirect double immunofluorescence labelling of
Rab1b (rabbit anti-rablb) and NFL (mouse anti-NFL) in motor neurons of 6-months old Sacs+/+ and Sacs-
/- mice showing NFL bundles and increased fluorescence of Rabl1b in Sacs-/- neuronal soma.
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Figure 7. Rablb, ER, ERGIC, Golgi, and ATG9 distribution is restricted in Sacs-/- motor neurons. A)
Schematic representation of the role of Rablb in the secretory pathway and autophagy. Rab1b plays a role
in membrane fission, transport, and fusion at the ER, ERGIC, Golgi, and early steps of autophagy with
ATG9. B) Representative Z-projection of confocal images of indirect immunofluorescence labelling of
Rab1b (rabbit anti-rab1lb) and NFL (mouse anti-NFL) in 6-week-old spinal cord Sacs+/+ and Sacs-/- motor
neurons in culture showing accumulation of Rablb in the soma of Sacs-/- motor neurons (bottom).
Quantitation of the percentage of motor neurons showing cell body and dendritic or restricted to the soma
distribution of Rablb. *p< 0.05 vs Sacs+/+ using a one-way ANOVA, HSD Tukey post hoc analysis Scale
bar (20uM) (N=3) Scale bar (20uM). C-E) Representative Z-projection of confocal images following
indirect double immunofluorescence labelling for ER, ERGIC, and Golgi with anti-KDEL, anti-ERGIC,
anti-GM130 (mouse anti-KDEL, rabbit anti-ERGIC53, rabbit anti-GM130) and anti-NFL (rabbit anti-NFH,
mouse anti-NFL) in Sacs+/+ and Sacs-/- 6-week-old spinal cord cultured motor neurons illustrating
secretory pathway organelle distribution. Quantitation of ER, ERGIC, and Golgi phenotypes as either in the
cell body and dendrites or as restricted to the soma. *p< 0.05 vs Sacs+/+ using a one-way ANOVA, HSD
Tukey post hoc analysis. F) Representative Z-projection of confocal images following indirect double
immunofluorescence labelling for anti-ATG9 (rabbit anti-ATG9A) and anti-NFL (mouse anti-NFL) in
Sacs+/+ and Sacs-/- 6-week-old spinal cord cultured motor neurons illustrating ATG9 vesicle distribution.
Quantitation of ATGY vesicle distribution phenotypes as normal, compacted, or dendritic. *p< 0.05 vs
Sacs+/+ using a one-way ANOVA, HSD Tukey post hoc analysis (N=3) Scale bar (20uM) G) ATG9 is
juxtaposed to NFL bundles rather than colocalized. Representative Z-projection of confocal images
following indirect double immunofluorescence labelling for anti-ATG9 (rabbit anti-ATG9A in green) and
anti-NFL (mouse anti-NFL in red) in Sacs+/+ and Sacs-/- 6-week-old spinal cord cultured motor neurons
to assess ATG9 and NFL network colocalization in cultured motor neurons. Thick white arrow points to
juxtaposition of ATG9 vesicles with NF bundle. Scale bar (20um).
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Figure 8. The Golgi apparatus is compacted in Sacs-/- motor neurons and requires dynamic Rablb
trafficking for healthy morphology. A) Representative Z-projection of confocal images following indirect
double immunofluorescence labelling for anti-GM130 (rabbit anti-GM130) and anti-NFL (mouse anti-NFL)
in Sacs+/+ and Sacs-/- 6-week-old spinal cord cultured motor neurons to assess Golgi morphology following
24h microinjection of Rab1bN121 (dominant-negative mutant) and BFA 10uM treatment for 30 minutes.
Quantitation of number of Golgi fragments is assessed. *p< 0.05 vs Sacs+/+ using a one-way ANOVA,
HSD Tukey post hoc analysis (N=15). Scale bar (20um)
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Figure 9. Electron microscopy imaging illustrating a neurofilament bundle in proximity of an
eccentric Golgi apparatus in Sacs-/- motor neurons. A) Representative Z-projection of confocal images
following indirect immunofluorescence labelling for anti-GM130 (rabbit anti-GM130 in green) and anti-
NFL (mouse anti-NFL in red) in Sacs+/+ and Sacs-/- 6-week-old spinal cord cultured motor neurons
illustrating Golgi distribution. The Golgi apparatus (Right panel, thin white arrow) appears to have a
neurofilament bundle (thick white arrow) coursing through it in Sacs-/- motor neuron. Scale bar (20uM) B)
Electron microscopy imaging in Sacs+/+ and Sacs-/- motor neurons showing an eccentric Golgi apparatus
(thin white arrow) and a neurofilament bundle coursing in proximity (Thick white arrow) in Sacs (-/-) motor
neurons. Scale bar (20um).
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Figure 10. The Golgi apparatus is compacted in SW13- Sacs-/- cells lacking endogenous intermediate
filaments. A) Western blot analysis show upregulated Rab1b and higher weight molecular bands in SW13-
Sacs-/- cells. B) Representative Z-projection of confocal images following indirect immunofluorescence
labelling for anti-GM130 (rabbit anti-GM130) and DAPI in SW13- Sacs+/+ and SW13- Sacs-/- cultured
cells to assess Golgi morphology. Quantitative assessment of Golgi area represented by the total number of
pixels labeled for GM130 illustrates a compacted Golgi in majority of SW13- Sacs-/- cells. *p< 0.05 vs
Sacs+/+ using a one-way ANOVA, HSD Tukey post hoc analysis. Scale bar (20um).

64



DNAJ

A No Treatment

SW13- Sacs+/+
SW13-Sacs+/+

SW13- Sacs-/-
SW13- Sacs-/-

PCC

SW13- Sacs+/+ Golgi SW13- Sacs-/- Golgi
1 1
s . T T XL T T T
0.6 I 0.6
9]
]
0.4 e o0z
NOT DNAJ H33Q UBL  SIRPT HEPN NOT DNAJ H33Q UBL SIRPT  HEPN
Sacsin domains Sacsin domains

Figure 11. Rablb is strongly colocalized with the Golgi and sacsin domains do not significantly
alter Rablb association with the Golgi apparatus. A) Representative Z-projection of confocal images
following co-transfection of GFP-Rablbwt and individual SACSIN domains and indirect
immunofluorescence labelling for anti-GM130 (rabbit anti-GM130 in red) to assess colocalization of
Rablb and Golgi apparatus in SW13- Sacs+/+ and SW13- Sacs-/- cells. Yellow illustrates overlap of
labelled structures in merge. B) Effect of Dnaj (SacsJ) on Rablb colocalization with Golgi apparatus in
SW13- Sacs+/+ and SW13- Sacs-/- cells. C) Quantitation of colocalization between Rablb and the
Golgi apparatus following transfection of SACSIN domains. A greater Pearson Correlation Coefficient
(PCC) indicates greater colocalization of GFP-Rablbwt with GM130. *p< 0.05 vs No Treatment
counterparts using a one-way ANOVA, HSD Tukey post hoc analysis. Scale bar (20um). (N=25 per
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Figure 12. Rab1lb is weakly colocalized with the ER and SACSIN domains DNAJ, DNAJ "R, Ubl,
significantly increase Rablb association with the ER in SW13-Sacs-/- cells. A) Representative Z-
projection of confocal images following transfection of GFP-Rablbwt and indirect immunofluorescence
labelling for ER (mouse anti-KDEL in red) to assess colocalization of Rablb and ER in SW13- Sacs+/+
and SW13- Sacs-/- cells. Yellow illustrates overlap of labelled structures in merge. B) Effect of Dnaj,
H33Q, and Ubl on Rablb association with ER in SW13- Sacs+/+ and SW13- Sacs-/- cells. C)
Quantitation of colocalization between Rablb and ER following transfection of SACSIN domains. A
greater Pearson Correlation Coefficient (PCC) indicates greater colocalization of GFP-Rablbwt with
KDEL. *p< 0.05 vs No Treatment counterparts using a one-way ANOVA, HSD Tukey post hoc analysis.

Scale bar (20um). (N=25 per condition).
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