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Abstract

The polymorphic hexanucleotide repeat expansion (HRE) in the C9orf72 gene is the major
cause of both familial and sporadic amyotrophic lateral sclerosis/frontotemporal dementia
(ALS/FTD). The pathogenic HRE consists of hundreds to thousands of GGGGCC (G4C»)

repeats, located in the first intron of the C9orf72 gene.

A crucial driver of C9orf72-mediated ALS/FTD pathology is the unconventional repeat-
associated non-AUG (RAN) translation of the HRE into five toxic dipeptide repeat (DPR)
species. Among the five different DPRs generated by RAN translation, poly-GA appears to

be the most abundantly detected as well as one of the most toxic DPR species.

This thesis focuses on the role of poly-GA DPRs in disease spread. We first illustrate the
process of poly-GA oligomer coalescence into solid-like species. Importantly, poly-GA
oligomers show a distinct ability to form fibrillar species of amyloid nature with
characteristic 3-sheets in vitro.

To dissect the process of cell-to-cell DPR transmission, we closely follow the fate of poly-
GA DPRs in either their oligomeric or fibrillized form after administration in the cell culture
medium. We observe that poly-GA DPRs are taken up via dynamin-dependent and -
independent endocytosis, eventually converging at the lysosomal compartment and leading
to spherical axonal structures in neurons. We then use a co-culture system to demonstrate
astrocyte-to-motor neuron DPR propagation, showing that astrocytes may internalise and

release aberrant peptides in disease pathogenesis.

Overall, our results shed light on the mechanisms of poly-GA cellular uptake and cell-to-
cell propagation, suggesting lysosomal impairment as a possible feature underlying the

cellular pathogenicity of these DPR species.
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1.1 Proteostasis imbalance in proteinopathies

1.1.1 Protein misfolding in neurodegenerative diseases

To function properly, the cell must orchestrate its complex proteostasis network, which
controls the biogenesis, folding, degradation, and trafficking of all its proteins. The
proteostasis network is made up of integrated biological pathways that work together to keep
the proteome functional and well-balanced both inside and outside the cell. Protein folding
is the physical process that converts a protein chain into a well-defined three-dimensional
structure known as the "native" (or "folded") state. The native state of a protein is typically
a folded conformation that allows it to function biologically . Many proteins begin their
folding co-translationally on the ribosome. The endoplasmic reticulum (ER) folds at least
one-third of the proteome, aided by a complex family of chaperones, foldases, cofactors, and
enzymes that all mediate various post-translational modifications 2. Thus, there are many
cellular pathways that ensure precise folding of newly synthesized native proteins under
physiological conditions.

In most cases, failure to fold into native structure results in inactive proteins; however, in
some cases, misfolded proteins acquire modified or toxic functionality. When a protein
undergoes misfolding, the cell uses a number of quality control mechanisms that detect the
protein and help to degrade it. These mechanisms, which prevent abnormal protein
aggregation, are critical to the maintenance of cellular health and function 3. The ubiquitin-
proteasome system (UPS), for example, plays an important role in the proteolysis of
persistently misfolded proteins through poly-ubiquitination and degradation via the 26S
proteasome, as well as in the control of protein turnover in the cell . The autophagy pathway
also contributes to the prevention of protein aggregation. Autophagy is a quality control
system in which cytoplasmic components are engulfed within double-membrane vesicles
known as "autophagosomes" before fusing with lysosomes, which degrade the autophagic
cargoes using a variety of hydrolytic enzymes °. The chaperone system is another cellular
system that prevents protein misfolding and aggregation. Multidomain proteins known as
"molecular chaperones™” have evolved to help nascent proteins reach their native fold and
avoid protein aggregation °. These proteins (members of the heat-shock protein family, in
particular) recognise hydrophobic amino acid sequences exposed by misfolded proteins and
provide critical assistance in favouring the rearrangements required for the acquisition of the

correct three-dimensional protein conformation during translation and after cytotoxic stress.
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Another quality control mechanism that aids in degrading misfolded protein is known as the
ER-associated degradation (ERAD) pathway ’. In fact, when misfolded proteins accumulate
in the ER, the ER stress response activates the ERAD pathway, which acts as an integrated
intracellular signalling system by retrotranslocating misfolded proteins to the cytosol and
poly-ubiquitinating them for proteasomal degradation.

Understanding the aetiology of diseases characterised by excessive protein misfolding, such
as neurodegenerative diseases, necessitates knowledge of proteostasis pathways and the
factors that cause them to fail. Long-term accumulation of misfolded proteins induces DNA
double-strand breaks 8, oxidative stress °, mitochondrial damage *°, and interference with
RNA metabolism via sequestration of RNA-binding proteins L. Particularly in the central
nervous system, misfolded proteins impair the axonal transport machinery of neuronal cells

12 and cause astrogliosis ** and activation of microglia 4.
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Figure 1.1 Proteostasis defenses against misfolded proteins

Misfolded proteins can aggregate and activate a variety of proteostasis mechanisms through which
the cell attempts to control aggregation (i.e., autophagy, chaperones, UPS pathway, ERAD). If the
proteostasis balance fails, misfolded proteins can coalesce into toxic protein aggregates that disrupt

critical cellular functions. Figure created with BioRender.com under academic license.
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Extensive evidence from genetic, pharmacological, and pathological studies supports the
accumulation of pathological misfolded proteins as the cause of neuronal tissue damage and
dysfunction in neurodegenerative diseases *°. As a result, imbalances in the proteostasis

network are likely to play a role in disease aetiology 2°.

1.1.2 Aggregation as a complex phenomenon

Misfolded proteins can form large "aggregates™ (or "inclusions") in various tissues. These
aggregates are not only found in neurodegenerative diseases, but also in systemic
amyloidosis (in various organs), type 2 diabetes (in the pancreas), and dialysis-related

amyloidosis (in joints and skeletal tissue) *'.

The misfolded protein that predominates in each aggregate is unique to each disease. What
all of these illnesses have in common is that these aggregates are often made up of masses
of non-branched filaments that are only a few nanometres in diameter but often microns in

length.

These filaments, known as "amyloid fibrils", are made up of an ordered arrangement of
thousands of copies of the misfolded protein 82!, The name "fibril" derives from the
aggregates' characteristic fibrillar morphology, which is visible under an electron
microscope; and the name "amyloid" derives from the aggregate's underlying secondary
structure, which has been shown to be a cross-p-motif via X-ray crystallography 2. This
motif is created by laminating successive B-sheet layers, in which the individual strands of
each B-sheet run perpendicular to the fibril axis (4.7 A spacing) whereas the p-sheets (~10
A spacing) are parallel to the fibril axis 3. The cross-p-motif provides thermodynamic and
kinetic stability to the aggregates, as well as resistance to proteolytic degradation 2*. These
amyloid fibrils also bind the dye Congo red, which represents the classic histological
definition of an amyloid material 2°. Congo red-stained amyloid fibrils, in particular, exhibit
green birefringence under cross-polarized light 26, and this is used as a diagnostic test for

conditions in which misfolded proteins of various types are deposited in tissues as fibrils 7.

In neurodegenerative diseases, the misfolded protein that predominantly constitutes each

amyloid aggregate is specific to each disease: a-synuclein for Parkinson’s disease (PD);
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polyglutamine expansion of huntingtin for Huntington’s disease (HD); AP and tau for
Alzheimer’s disease (AD); TDP-43 and C9ORF72 RAN proteins for amyotrophic lateral
sclerosis and frontotemporal dementia (ALS/FTD).

The process of amyloid aggregation shares some underlying characteristics in all of these
neurodegenerative diseases . It starts when a natively folded protein forms a monomeric
protein precursor, which can be unfolded or partially folded 28. This monomeric precursor
is prone to aggregation and becomes thermodynamically stable by incorporating additional
monomers, a process known as 'nucleation’. If the nucleation process is prolonged enough,
it can result in the formation of cross-f3 amyloid-like fibrils. As fibrils grow, they go through
a process known as ‘elongation’, which involves the addition of new aggregation-prone
species. This elongation results in an exponential increase in fibrillar material until nearly
all free monomer has been converted into fibrils. The fibril yield reaches a plateau after this

phase (the 'stationary phase'). These steps are depicted in Figure 1.2.

Protein Aggregation Pathways

Monomers Oligomers Protofibrils Fibril Amyloid fibril yield

\/\\N

Amyloid aggregation

Nucleation phase

Figure 1.2 Protein aggregation pathways

Aggregation of a misfolded protein is a complex and heterogeneous process that involves different
stages of structurally defined aggregate species over time. In general, the aggregation process can
be divided into three chronological stages: a nucleation phase in which a few misfolded monomers
begin to stabilise by incorporating more monomers; an elongation phase in which fibrillar structures

form and continue to grow as a result of the addition of many monomeric species (these fibrils
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usually have B-sheet secondary structure); and a final stationary phase in which the fibrils may
coalesce into larger amyloid plaques but do not grow further because the monomer fraction has all
been converted to fibrillar. Figure created with BioRender.com under academic license. Adapted

and inspired from ladanza et al. 2

Protein aggregate formation is a highly dynamic and heterogeneous process, as illustrated
by the presence of structurally diverse aggregates in Figure 1.2.

Neuropathological and genetic evidence strongly support the amyloid cascade hypothesis
of AD, which proposes that Ap peptide deposition in the brain is a central event in disease
pathology 2%, According to the traditional interpretation of this hypothesis, the most
relevant pathological A species are late-stage amyloid plaques (composed of coalesced and
aggregated fibrils). This classic amyloid view is also considered applicable in other
neurodegenerative diseases such as PD or ALS/FTD. However, another school of thought
contends that oligomers, which are smaller diffusible aggregates, are the primary pathogenic
culprit, with late-stage plaques possibly serving as a reservoir for such species by
disaggregating and releasing them 343,

In the example of AD, the seeding activity of AB oligomers has been reported to be
prominent in the early stages of pathogenesis of AD *-° and some AP deposits can be
detected two decades before disease signs and symptoms appear (as early as 30-50 years of
age in humans) “%-3, Anti-Ap monoclonal antibodies that primarily bind to monomeric AB
(and, by extension, oligomeric forms of AB) do not, however, cause significant plaque
clearance and are clinically ineffective “4%°. One theory is that these antibodies are locked
up by a huge pool of inactive oligomeric species and therefore miss the pool of bioactive
AP oligomers “6. To make matters worse, the lack of an uniform experimental description
of which type of AP oligomeric species is harmful makes it impossible to understand and
compare results amongst studies #’. Indeed, the types and sizes of oligomers with disease-
relevant action are still being contested, with some laboratories stating that extremely small
AP dimers are toxic “8, while others claim that bigger oligomers are toxic *°.

Several monoclonal antibodies are capable of reducing the amyloid load by targeting late-
stage AP plaques rather than monomeric/oligomeric species *°. One of these, aducanumab,

was recently granted accelerated approval by the FDA, with reduction of amyloid plaques
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serving as a surrogate end point °. With inconsistent data regarding clinical
improvements®2>4, the reason for authorisation and the amount of the therapeutic benefit
from these antibodies are hotly debated. All these investigations demonstrate the problems
that arise from a lack of understanding of Alzheimer's disease and whether lowering
amyloid below a pathogenic threshold can stop already-started downstream processes.

Overall, we know that the content and shape of a pathologically misfolded protein species
varies in the early versus late phases of disease *>*°. As a result, establishing the identities
of aggregation species discovered at various disease stages will be crucial in
neurodegenerative diseases such as AD, PD and ALS/FTD. The timing of drug
administration during this process is also critical for developing new specific therapies for

these diseases.

1.1.3 Prion-like proteins and cell-to-cell propagation

In practically all neurodegenerative diseases, the pathology is initially limited to a small
location and then advances through defined anatomical routes in later stages, despite
substantial variation in different individuals. In fact, the pathology usually reflects the
progressive nature of the ongoing neurodegeneration which extends gradually in a
spatiotemporal fashion in several areas of the central nervous system °"-°, This finding lends
credence to the emerging theory of “prion-like” protein propagation in non-infectious

neurodegenerative diseases.

The term “prion” was defined in 1982 by Stanley B Prusiner as the infectious agent that
causes transmissible spongiform encephalopathies (TSEs), or prion diseases, a finding that
earned Prusiner the 1997 Nobel Prize in Physiology or Medicine 8261, According to Prusiner,
the prion (from proteinaceous infectious only) is devoid of nucleic acids and consists of an
“infectious' protein known as PrPS° that is capable of converting a normal host protein termed
PrPC (cellular prion protein) into a likeness of itself 5253, All prion diseases are essentially
neurodegenerative diseases characterised by neuronal loss, vacuolation, and astrocyte and
microglia activation ®. Unfortunately, these illnesses go undetected until symptoms appear,
and they are currently untreatable and fatal ®. The most common human prion diseases (85—

90% of all cases) are sporadic Creutzfeldt-Jakob disease and sporadic fatal familial insomnia,
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both of which have an unclear aetiology ®. The remaining percentage of human prion
diseases consists of either genetic or acquired forms. Genetic forms are all caused by
mutations in the PRNP gene, which encodes the cellular prion protein PrP¢. Acquired forms
are instead caused by the transmission of pre-existing prions, for example orally or through
inoculation of blood, cerebrospinal fluid, and transplanted tissue ®’; and also through the
food chain, causing humans to develop Variant Creutzfeldt-Jacob disease (the "mad cow"

disease) 8.

According to the prion model, PrP* aggregates are released from specific cells and then
taken up by neighbouring cells, where they can seed the misfolding of the native conformer
PrP¢ and multiply and spread in different brain regions ®°. Importantly, mice lacking PrP®
are resistant to prion infection and disease "** which strongly suggests that PrPS¢ infectivity

is dependent on PrPC.

Recent research has discovered a similar prion behaviour (namely ‘prion-like’) in misfolded
proteins that are found to be accumulated in many common neurodegenerative diseases >3,
AP and tau in AD; a-synuclein in PD; TDP-43, SOD1, C9orf72-DPRs in ALS/FTD; and
mutant huntingtin in Huntington’s disease are just a few examples. These proteins, like
prions, misfold, form aggregates, and spread along neuronal connectivity paths, seeding the
misfolding of native conformers and thus contributing to disease progression. Unlike prions,
these proteins are associated with non-infectious neurodegenerative diseases, and there is no
evidence that surgical procedures or casual contact result in disease transmission between

people, with the exception of AB (from contaminated growth hormone extracts) 7.

Based on previous research, we selected some fundamental properties of prion-like proteins
and depicted them in Figure 1.3. These include three important ones such as (i) ability to
induce neurotoxicity in a cell, (ii) spreading from one cell to another, and (iii) seeding of

native conformers in the naive cell.

Table 1.1, on the other hand, describes the literature for AD, PD, and ALS/FTD in which
these three properties for disease-specific pathological aggregates were observed.
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Figure 1.3 Prion-like model and cell-to-cell transmission

An overview of a model that describes some of the basic properties of prion-like proteins. The
model's proposed events are highlighted in detail and numbered in chronological order in the figure
(from 1 to 9). In brief, a misfolded protein forms in the ER and, via the Golgi (1), can either enter
the cell cytoplasm and cause toxicity (2a) or be packaged into a secretory vesicle (2b). When a
misfolded protein enters the secretory pathway, via exocytosis (3), it is released into the extracellular
space and can either reach the bloodstream (4a) or spread to a neighbouring naive cell, where it is
endocytosed (4b, 5 and 6). Following endocytosis, the misfolded protein may undergo lysosomal
escape, gaining access to the cell's cytoplasm (7), where it can seed its native conformer, which is
already present in the cell, in a prion-like mechanism (8). Finally, these events can be repeated by
introducing the newly misfolded conformer into another cell (9). Figure created with

BioRender.com under academic license.
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Prion-like properties
Associated Misfolded Neurotoxicity Cell-to-cell Seeding of
disease(s) protein spreading native conformers
Incell ° Renner et al., 2010 « Nath et al,, 2012 « Olsson et al., 2018
culture  +Zhaoetal, 2017 + Domert et al,, 2014 + Aoyagi et al., 2019
B-amyloid « Cascella et al., 2017 « Song et al., 2014
T © Eisele et al., 2009 - Song et al., 2014 « Kane et al., 2000
i s « Eisele et al., 2010 « Roos et al., 2021 » Meyer-Luchmann etal, 2006
Alzheimer’s « Roos et al., 2021
Disease
Incell «Nonaka etal, 2010 « Holmes et al.,, 2013 « Guo & Lee, 2011
culture « Sanders et al,, 2014
Frontotemporal Tau
Dementia Invivo . Clavaguera et al,, 2013 « Clavaguera et al., 2013« Boluda et al. 2015
. ’ Incell .+ Desplats et al., 2009 « Danzer et al,, 2009 « Luk et al., 2009
f;frklnson s culture . DES}’latS et al., 2009 « Hansen et al., 2011
isease o-synu dein « Loria et al., 2017 « Volpicelli-Daley et al, 2011
. « Volpicelli-Daleyetal, 2011  » Luketal,, 2012 « Kordower et al,, 2008
Invivo | Lyketal, 2012 + Liet al, 2008
« Rey et al., 2016
mecell ° Herrera et al,, 2011 » Pecho-Vrieselingetal, 2014+ Ren et al., 2009
. s culture
Hungtington's Htt
Di .
tsease Invivo .« Babcock etal., 2015 « Babcock et al., 2015 « Pearce et al., 2015
« Pecho-Viieseling et al., 2014
« Benkler et al., 2018 « Miinch et al., 2011 « Miinch et al., 2011
In cell « Grad et al., 2014 « Grad et al,, 2011
SOD1 culture « Grad et al., 2014
Invivo = Prudencio etal., 2010 « Ayers et al., 2016 « Ayers et al,, 2016
« Thomas et al., 2017 « Thomas et al., 2017
Amyotrophic
Lateral Scl . ncell ° Yamashita et al., 2014 » Nonaka et al., 2013 « Nonaka et al., 2013
aterat oclerosis c;zit‘f:;re « Feiler et al., 2015 « Shimonaka et al., 2016
TDP-43 « Smethurst et al., 2020
Invivo «Wilsetal, 2010 « Ding et al., 2021 « Porta et al,, 2018
Frontotemporal « Ding et al., 2021
Dementia
« Chang et al., 2016 « Chang et al., 2016 « Khosravi et al., 2020
Incell . Zhouetal, 2017 » Westergard et al,, 2016
C90RF72 culture . Nihei et al., 2020 « Zhou et al., 2017
DPRs In vive + LaClair et al., 2020 + Morén-Oset et al, 2019« Not shown yet
« Nguyen et al., 2020

Table 1.1 Prion-like properties of common misfolded aggregates

The table depicts basic scientific studies that have described the occurrence of three important prion-
like properties for common pathological aggregates in AD, PD, and ALS/FTD. The studies are
classified according to whether they occurred in cell culture or in vivo settings. The three properties
are as follows: (i) the ability to induce neurotoxicity in a cell, (ii) spreading from one cell to another,

and (iii) seeding of native conformers in the naive cell. References ¢ ~132,
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The cell-to-cell transmission of pathological protein aggregates is a potential unifying
mechanism that underlies the progression of various neurodegenerative diseases. The
propagated aggregates can interact with native conformers and change them into a
misfolding state, thus promoting more aggregation and further spreading. The discovery
that degenerating neuronal cells accumulate prion-like insoluble aggregates with a precise
spatiotemporal distribution along the central nervous system has led to the hypothesis that
protein aggregation and disease progression are two related phenomena 133134, Many factors
influence these two phenomena, including ageing %, oxidative stress and mitochondrial
dysfunction **, membrane damage **’, disrupted phase-separation **, impaired clearance
139 stress-granules disassembly 40 inflammation 1*! and the genetics of the individual 142,
Notably, protein aggregation can be especially harmful in postmitotic cells such as neurons,
which cannot dilute out proteotoxins through cell division 143, Future research is required to
better understand the spatiotemporal and cause-effect relationships of aggregate spreading,

neurodegeneration and disease progression.

1.1.4 The role of lysosomes in aggregate clearance

Autophagy is a cellular process that uses lysosome-mediated degradation to remove cellular
constituents such as nucleic acids, proteins, lipids, and organelles in order to support
homeostasis, differentiation, development, and survival 4. The process of autophagy was
first described in the 1960s *°, but it was the discovery of autophagy-related genes (ATG
genes) in the 1990s that accelerated major advances at a molecular level in understanding

this pathway 14614,

Currently three forms of autophagy are described: macroautophagy, microautophagy, and
chaperone-mediated autophagy. Briefly, macroautophagy involves the formation of double-
membraned vesicles known as “autophagosomes” which engulf cargoes that are
subsequently degraded after fusion with lysosomes °°; microautophagy involves

invaginations or protrusions of the lysosomal membrane to capture cargoes directly into the
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lysosome °; and chaperone-mediated autophagy uses chaperones, and not autophagosomes,
to selectively identify and translocate cargoes directly across the lysosomal membrane 2.

While three different forms of autophagy exist, all three result in the cargo being delivered
to the lysosome for degradation and recycling. Lysosomal organelles degrade autophagic
cargoes using acidic hydrolytic enzymes, whose optimal pH (4.5-5.0) is maintained by the
lysosomal membrane proton pump v-ATPase '*3. Lysosomes contain over 50 different
degradative enzymes capable of hydrolysing proteins, DNA, RNA, polysaccharides, and
lipids ¥4 Among these enzymes, cathepsin proteases have a major role in lysosomal
functionality and particularly in the clearance of protein aggregates . For example,
cathepsin L, B and D have been linked to the degradation of protein aggregates in common
neurodegenerative diseases such as AD %, PD ' and polyglutamine (polyQ) diseases 8.
Because cathepsins are proteases that catalyse irreversible cleavage of peptide bonds, their
activities must be strictly regulated by the cell 1. However, altered expression of cathepsins
(both at the RNA and protein levels) has been found in neurodegenerative diseases,
particularly in ALS 6%-162 |n ALS post-mortem spinal cord tissue, cathepsin B protein levels
are increased in the degenerative neurons of the lumbar region % and cathepsin B and D
mRNAs are higher in spinal cord specimens of sporadic ALS cases '. Furthermore,
cathepsin L protein levels have been found to be elevated in dopamine neurons of PD

patients’ post-mortem tissue 162,

Along with molecular chaperones and the ubiquitin—proteasome system (UPS), lysosome-
mediated degradation during autophagy is a key regulator of cellular proteostasis, working
to (i) degrade misfolded protein aggregates via selective mechanisms (i.e. chaperone-
mediated autophagy) %2 and (ii) remove bulk protein aggregates via macroautophagy 2.
Autophagic degradation is particularly crucial in neurons since they are postmitotic cells,
unable to dilute out proteotoxins by cell division *3. Neuron-specific knockout of
fundamental autophagy genes like ATG5 and ATG7 results in accumulation of protein
aggregates, axonal degeneration and cell death in mice 4%, Conversely, boosting
autophagy with pharmacological or genetic applications results in the diminishment of
protein aggregation along with the promotion of health and longevity in various animal
models 71%° For example, autophagy inducers improve the clearance of ALS-specific

TDP-43 aggregates and promote survival of human stem cell-derived neurons 7.

29



Protein aggregates can accumulate in lysosomal organelles, causing the loss of lysosomal
membrane integrity, mitochondrial dysfunction, and production of reactive oxygen species
1117113 These lysosomal disturbances can lead to excessive lysosomal exocytosis and

therefore increase the extracellular release of aggregates ™

, Which might contribute to the
progression of pathology via prion-like spreading 1>18, An overview of the relations

between lysosomal homeostasis and protein aggregation is depicted in Figure 1.4,

The fact that lysosomal homeostasis is intimately linked to the control of aggregation-prone
proteins is also demonstrated by genetic data. Mutations in the PGRN gene (progranulin),
which controls lysosome biogenesis and function, have been linked to frontotemporal
dementia (FTD) cases with the presence of ubiquitinated TDP-43-aggregates in cortical
neurons 17%8l: and mutations in the TMEM106B gene, which controls lysosome size and
number, have been linked to FTD cases with COORF72 expansion 82, Furthermore, TBK1
loss-of-function mutations have been linked to ALS and FTD 183184 and TBK1 activity loss
in human motor neurons causes impaired endosomal maturation and lysosomal acidification,
as well as increased cytoplasmic TDP-43 aggregation 8. A small fraction of sporadic and
familial ALS cases has also been reported to have loss-of-function mutations in the
optineurin gene (OPTN) 18; some of these mutations block important autophagy processes
in cell culture, such as autophagosome-lysosome fusion &7, Notably, the optineurin protein
promotes autophagosome formation 8 and protein aggregate clearance %1% emphasising

the link between lysosomal dysfunction and protein aggregation once more.
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Evidence from mice and cell culture studies suggests that impaired lysosomal-mediated degradation

is one of the most common factors contributing to the breakdown of proteostasis and the induction

of tissue degeneration. Maintaining lysosomal homeostasis with functional cathepsin enzymes is

critical for the cell's ability to clear misfolded aggregates and recycle cellular constituents. If these

aggregates are not cleared properly, they can cause lysosomal damage and the subsequent release of

cathepsins in the cytosol, ultimately leading to cell death activation. Increasing lysosome-mediated

degradation by increasing autophagy (via rapamycin, for example) has been shown to reduce protein

aggregation and promote health and longevity. Figure created with BioRender.com under academic license.
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1.2 ALS and FTD as a unique spectrum of disease

1.2.1 Amyotrophic Lateral Sclerosis

Despite early case reports from the 1820s, the first systematic description of ALS dates from
the 1860s, when French neurologist Jean-Martin Charcot linked the disease to its distinct
neuropathology . In a cervical cross-section of a spinal cord from an ALS patient, Charcot
discovered debris in the anterior horn, as well as sclerosis (tissue stiffening) of the lateral
columns and a general lack of cells %, The term a-myo-trophic is derived from the Greek
language and stands for no-muscle-nourishment; whereas lateral sclerosis refers to the
stiffening of the spinal cord’s lateral columns as they degenerate 1%, ALS only gained public
recognition in the 1930s, when baseball player Lou Gehrig, the stoic New York Yankee who
was the greatest first baseman in history, was forced to retire due to progressive muscle

weakness 194,

ALS is the most common motor neuron (MN) disorder, characterised by the progressive
degeneration of upper and lower motor neurons 1. Upper populations of motor neurons are
found in the motor cortex; while lower populations reside in the brain stem and spinal cord
and innervate the muscles (Figure 1.5). Muscular stiffness and spasticity happen when
upper motor neurons fail; whereas when lower motor neurons are affected, they first cause
spontaneous muscle twitching (fasciculations) and then muscle atrophy (thinning of muscle
mass) as they degenerate and lose connectivity with muscles %, These classic motor
symptoms are frequently accompanied by cognitive deficiencies and emotional
vulnerability %, and approximately 14% of ALS patients meet the diagnostic criteria for
frontotemporal dementia (FTD) °®. Most people with ALS die from respiratory failure
within 3 to 5 years after diagnosis 2% as late clinical manifestations involve the paralysis
of skeletal muscles, including the diaphragm %. Only a small percentage of ALS patients

(~10%) can survive for 5 or more years 2°+2%2,

There is currently no therapy that provides a significant clinical benefit to ALS patients. The
FDA-approved drugs for the treatment of ALS, riluzole ?*® and edaravone 2%, provide a
limited improvement in survival. Currently, the mainstay of care for individuals with ALS

is timely symptom management, which includes nasogastric feeding and ventilatory support.
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Figure 1.5 Neuroanatomical illustration of ALS pathology

Upper motor neurons (UMNSs) of the motor cortex generate motor signals by integrating excitatory
and inhibitory stimuli from surrounding cortical areas and translating them into signals that promote
or inhibit voluntary movement. Following decussation, UMN axons connect to lower motor neurons
(LMNSs) in the brain stem (corticobulbar tract) and the spinal cord (corticospinal tract). To control
contraction, LMNs make contact with skeletal muscles. Because of peripheral axonal degeneration,
the neuromuscular junction of ALS patients is disrupted. Figure created with BioRender.com under

academic license.

Age is the most important risk factor for ALS 2%2%, The mean or median age of disease
onset is between 51 and 66 years 229 with European patients typically experiencing ALS
at a later age than patients from China, Cuba, and Uruguay 21?11, By the age of 85, the risk
of developing ALS is about 1 in 300 individuals 2*22'%, However, ALS can also affect
younger people in a small number of cases, giving rise to "juvenile" ALS (JALS) 4. The
global incidence of ALS ranges between 0.6 and 3.8 cases per 100,000 people per year (in
Europe, 2.1-3.8) 211212 Men are affected 1.5 times more than women, and ethnicity may
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influence ALS incidence (higher in non-Hispanic Caucasians compared to other populations)
215218 though healthcare disparities are confounding factors 2%’

Approximately 90-95% of cases do not have an associated family history and are referred
to as sporadic ALS (SALS). These cases are thought to result from a complex interplay
between environmental risk factors with susceptibility genes; however, other mechanisms

such as de novo mutations 8

and environmental modifications to the epigenome remain a
possibility 2%°, Studies have suggested links between increased ALS disease susceptibility
and smoking 22°, military service 2!, heavy metals exposure 22, frequent and strenuous
leisure-time exercise 223, head trauma 22422° and many others; however, the majority of these
reports have been challenged by contradictory findings, and more unbiased population-

based studies are needed 22,

The remaining 10% of ALS cases have a known family history (familial ALS or fALS), in
which a pathogenic mutation in one ALS gene is, in most cases, inherited in an autosomal-
dominant manner with age-dependent penetrance 2272?28, However, a pathogenic mutation in
more than one ALS gene can be found in 5% of families with fALS, indicating oligogenic
inheritance in ALS 2%,

The discovery of disease-associated loci was a game-changer in the field of ALS research,
paving the way for the discovery of a number of pathogenic mechanisms at the disease's
root. A database of ALS genes (ALSoD) 2*° with their associated phenotypes and a measure
of their credibility is available at the World Federation of Neurology and ENCALS project
website http://alsod.iop.kcl.ac.uk. In Table 1.2, we present the list of ALSoD "definitive

ALS genes", which are defined in the database as "genes whose variants have been shown
to increase the risk of ALS based on a statistical test." Despite this intricate and complex
network of genes, pathogenic variants in only four of these genes contribute to more than
50% of familial cases and more than 10% of SALS, with variants in other genes found in
only a small proportion of cases 23. These four major variants affect SOD1 232, the first gene
linked to ALS, as well as TARDBP 233234 FUS 23523 and, more recently, COORF72 237:238
which will be the focus of this PhD research project.
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Chromosome  Gene symbol  Protein Inheritance
10q22.3 ANXATI Annexin A1l AD
9p21.2 CI90ORF72 Guanine nucleotide exchange AD
factor C9orf72
22ql1.23 CHCHDI10 Coiled-coil-helix-coiled-coil-helix AD
domain-containing protein 10
2q36.1 EPHA4 Ephrin type-A receptor 4 not known
16pll.2 FUS Fused in Sarcoma AD or AR
12q13.13 HNRNPA1 Heterogeneous nuclear AD
ribonucleoprotein Al
12q13.3 KIF5A Kinesin heavy chain isoform 5A AD
4q33 NEK1 Serine/threonine-protein kinase Nek1 AD
10p13 OPTN Optineurin AD or AR
17p13.2 PFNI1 Profilin-1 AD
21¢22.11 SODI Superoxide Dismutase 1 AD or AR
1p36.22 TARDBP TAR DNA-binding protein 43 AD
12q14.2 TBKI1 Serine/threonine-protein kinase TBK1 AD
Xpll.21 UBQLN2 Ubiquilin-2 XLD
19p13.11 UNCI3A Protein unc-13 homolog A not known
20q13.21 VAPB Vesicle-associated membrane AD
protein-associated protein B/C
9pl13.3 VCP Transitional endoplasmic AD

reticulum ATPase

Table 1.2 Definitive ALS genes (ALSoD)

List of ALSoD "definitive ALS genes", which are defined in the ALSoD database as
"genes whose variants have been shown to increase the risk of ALS based on a statistical test".
Abbreviations: AD = autosomal dominant; AR = autosomal recessive; XLD = X-linked

dominant. The four major ALS variants are highlighted in purple.
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1.2.2 Frontotemporal Dementia

Frontotemporal dementia (FTD) was first described in 1892 by the Czech neurologist Arnold
Pick 2*° and now refers to a wide range of clinical disorders characterised by progressive
deterioration of personality, behaviour, language, cognition and motor function 240, These
disorders are distinguished by the progressive degeneration of neurons in the superficial
frontal cortex and the anterior temporal lobes 241, In some cases (~30%), FTD patients are
also diagnosed with ALS, and develop motor symptoms accompanied by corticospinal tract

degeneration 242243,

FTD is also known as Frontotemporal Lobar Degeneration (FTLD) because it refers to the
common atrophy of the frontal and anterior temporal lobes. Aside from this common
neuropathological trait, FTLD is a clinically, genetically, and pathologically diverse group
of disorders 24,

Nowadays, most clinicians recognise FTLD as falling into three major variants. There is one
behavioural variant called behavioural variant FTD (bvFTD); and two language variants
called semantic variant primary progressive aphasia (SvPPA) and nonfluent variant primary
progressive aphasia (nfvPPA) 2, as shown in Figure 1.6. BVFTD is the most common of
these variants, and it is characterised by progressive changes in behaviour, personality,
emotional reactivity and executive skills 245, SYPPA is characterized by difficulties with
semantic understanding and naming, whereas nfvPPA is characterized by impaired speech
and grammar 247, Despite their distinct early manifestations, the clinical phenotypes of these
variants may overlap in later stages as the disease affects larger areas of the frontal and
temporal lobes 2*324°, Furthermore, the core FTD disorders frequently overlap with other
FTD-related traits like ALS, progressive supranuclear palsy, and corticobasal syndrome 2,
Most FTD patients have global cognitive deficits and difficulties eating, moving, and
swallowing by the end stage of disease progression 2%, Death is usually caused by infection-

associated pneumonia and occurs 4-8 years after the onset of symptoms 251253,

There is currently no FDA-approved disease-modifying treatment for FTD 2%*; however,
symptomatic treatments such as selective serotonin reuptake inhibitors and atypical
antipsychotic agents are frequently used to manage behavioural abnormalities 2*°. No
effective therapies are available for cognitive complaints in FTD, which frequently involve
executive function, memory, and language 2*®. Non-pharmacological interventions, such as

caregiver training, physical exercise, and speech therapy, can be beneficial in some cases 2.
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At least three: At least one:

+ Behavioural disinhibition + Agrammatism in production

« Apathy or inertia + Apraxia of speech

« Loss of sympathy or empathy BV-FTD anPPA

« Stereotypical, compulsive, or
perseverative behaviour

+ Hyperorality or dietary changes

+ Executive deficits with relative sparing
of visuospatial skills and memory

At least two:

+ Impaired comprehension of complex
sentences

+ Spared single-word comprehension

+ Spared object knowledge

SV-PPA

Impaired confrontation naming
Impaired single-word comprehension

At least three:
« Impaired object knowledge
« Surface dyslexia or dysgraphia

- Spared repetition
« Spared speech production

Figure 1.6 Overview of FTD clinical syndromes

Patterns of brain atrophy associated with FTD clinical syndromes are depicted, according to imaging
findings reported in Peet et al., 2021 2%, In the later stages of the disease, atrophy becomes more
pronounced, widely affecting the frontal and temporal lobes. Diagnostic criteria for clinical diagnosis
of FTD are also reported, based on the classification presented in the seminal review of Bang et al.,

2015 2%, Figure created with BioRender.com under academic license.

Ageing is the primary risk factor for FTD #°. The mean age at diagnosis is estimated to be
69 years 20, but in the majority of cases the first symptoms manifest earlier, between the
ages of 45 and 64 years 261262 Because symptoms appear relatively early, FTD is sometimes
defined as a “young-onset dementia”, and constitutes the most common type of dementia in
people under the age of 60 253, Global-scale studies to monitor FTD incidence are still lacking,
but as an indication, in the United States, the incidence of FTD for 45-64 years-old people
ranges from 2.7 to 4.1 per 100,000 person-years 24, No gender-associated differences were

observed in the vast majority of epidemiological studies 2%.

About 60-70% of patients with FTD have no apparent family history of dementia and are
considered to be sporadic cases 2%°. These cases might arise from a combination of genetic
and environmental risk factors, but this has not been thoroughly investigated. However, head
trauma and thyroid disease have been linked to an increased risk of sporadic FTD, while

other factors (such as smoking, alcohol, and chemical exposure) have not 267,
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In the remaining 30-40% of FTD cases, the disease is familial and most often inherited in an

autosomal dominant manner 2°8, Pathogenic variants in three major genes, MAPT, GRN, and
CI90RF72, have been found in 60% of familial FTD cases 2**. COORF72 mutations are

typically the most common, accounting for 25% of these cases. Other mutations, which are

rarer, occur in several genes and are estimated to be present in ~5% of familial FTD cases

269, Table 1.3 shows a comprehensive list of genes with variants directly implicated in FTD.

Chromosome  Gene symbol  Protein Inheritance
9p21.2 CI90RF72 Guanine nucleotide exchange AD
factor C9orf72
16p13.3 CCNF Cyclin F not known
22q11.23 CHCHD10 Coiled-coil-helix-coiled-coil-helix AD
domain-containing protein 10
3pll.2 CHMP2B Charged multivesicular body protein 2b AD
16pl1.2 FUS Fused in Sarcoma AD or AR
17q21.31 GRN Progranulin AD
17q21.31 MAPT Microtubule-associated protein tau AD
14q24.2 PSENI1 Presenilin-1 AD
5q35.5 SQSTM1 Sequestosome-1/ Ubiquitinbinding AD
protein p62
1p36.22 TARDBP TAR DNA-binding protein 43 AD
12q14.2 TBK1 Serine/threonine-protein kinase TBK1 AD
2pl13.3 TIAL Cytotoxic granule associated AD or AR
RNA binding protein TIA1
2q35 TUBA4A Tubulin alpha-4A chain AD
Xpll.21 UBQLN2 Ubiquilin-2 XLD
9pl13.3 VCP Transitional endoplasmic AD

Table 1.3 FTD genes

reticulum ATPase

List of genes with variants directly implicated in the aetiology of FTD.

Abbreviations: AD = autosomal dominant; AR = autosomal recessive; XLD = X-linked

dominant. The three major FTD variants are highlighted in purple.

38



1.2.3 Overlapping between ALS and FTD

As previously mentioned, we currently know that approximately 14% of ALS patients meet
the diagnostic criteria for FTD %8 and, conversely, 30% of FTD patients are also diagnosed
with ALS 242243 _Clinical studies in the 1980s began to report loss of cognitive-behavioural
function and dementia in a subset of ALS patients 2° (although these were actually noted
more than a century ago 21). A decade later, these clinical reports grew in number and drew
attention to the cognitive deficits observed in ALS 22, During that time, neuroimaging
studies on ALS patients began to show evidence of cerebral abnormalities in areas involved

in language and executive functions, similar to those found in FTD cases 27327,

In 2006, a breakthrough study by Neumann and co-workers revealed the presence of
ubiquitin- and TDP-43-positive inclusions in several regions of post-mortem central nervous
system (CNS) tissue from ALS and FTD patients 81, These aggregates were found to be
unusually common in these two diseases 2’°, but not in other neurodegenerative illnesses,
so they were proposed as the first common neuropathological hallmark of both ALS and
FTD. Importantly, the overlap of such ubiquitin- and TDP-43-pathology suggested that
these disorders shared a common pathological process.

In addition to the clinical and neuropathological overlap, reports of families with relatives
suffering from ALS, FTD, or both suggested evidence of shared genetic susceptibility to
these two diseases 2’72’8, The pattern of heredity observed in these studies was consistent
with dominant autosomal inheritance 2’8, Efforts to identify the underlying genetic defect
were launched quickly, with a series of genetic linkage studies in large ALS and FTD
families. These efforts were aided by the extraordinary progress made in genome
sequencing technologies during the first decade of the twenty-first century, with the
introduction of next-generation sequencing (NGS) 2°. The first series of genetic studies
identified various genetic loci linked to ALS and FTD, with one locus on chromosome 9p
standing out, though the exact gene and nature of the mutation remained unknown 280283,
Finally, in 2011, two independent research teams published ground-breaking findings that
revealed a hexanucleotide GGGGCC repeat expansion in the C9ORF72 gene as the most
common genetic cause of both ALS and FTD in Europe and North America 23728,
Interestingly, this genetic cause is extremely infrequent in Asia and the Middle East 282%;

implying potential founder effects or the presence of different environmental and genetic
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risk factors 266287 The hexanucleotide repeat expansion in the C9ORF72 gene (hereafter
referred to as C9-HRE) has provided the unmistakable genetic signature for considering
ALS and FTD as part of the same disease spectrum, which is now known as C9 ALS/FTD
288 The C9-HRE is found in roughly 40% of familial ALS cases in Europe and the United
States, and 25% of familial FTD cases in Europe 2%, This mutation was also discovered in

7% of sporadic ALS cases and 6% of sporadic FTD cases 2%,

The pathogenic C9-HRE is not the only genetic marker shared by ALS and FTD. Despite
the fact that SODL1 is unique to familial ALS and MAPT and GRN are unique to familial FTD,
several other pathological variants in shared genes have been observed in both fALS and
fFTD, including C9ORF72, TARDBP, VCP, SQSTM1, FUS, TBK1, and CHCHD10 %9,
Interestingly, many of these genes are involved in proteostasis pathways. Indeed, as
illustrated in Figure 1.7, nearly all the shared genetic markers between ALS and FTD are
involved in protein production (TARDBP, FUS), trafficking (C9ORF72, MAPT, CHMP2B),
and protein degradation (C9ORF72, GRN, VCP, SQSTM1, TBK1, UBQLNL1).
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Figure 1.7 Mutations in ALS/FTD genes are linked to proteostasis pathways

Mutations in ALS/FTD are linked to pathways of protein production (TARDBP, FUS), trafficking
(C90ORF72, MAPT, CHMP2B) and protein degradation (C9ORF72, GRN, VCP, SQSTM1, TBK1,

UBQLNZ1). The red stars represent proteins encoded by mutated genes. Mutations of these genes will
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encode for altered proteins resulting in impairment of the Ubiquitin-Proteasome Response and
autophagy. CHCHD10 mutations disrupt mitochondrial cristae and have a profound effect on the
mitochondrial structure. Proteins accumulated in ubiquitin-positive inclusions in post-mortem brain
tissue of ALS/FTD cases are shown in the neuron cytoplasm (TDP-43, FUS, DPRs and Tau). Figure

created with BioRender.com under academic license.

Protein nomenclature: TDP-43 (TARDBP gene), p62 (SQSTM1 gene), progranulin (GRN gene), tau (MAPT gene).
Abbreviations: DPRs, dipeptide repeat proteins; Ub, ubiquitin; MVB, Multivesicular body.

1.2.4 Non-cell autonomous players in ALS/FTD

Given the importance of glial cells in modulating neuronal synaptic activity,
neurodegenerative diseases cannot be viewed solely as 'neuron-centric' . Multiple studies
over the last two decades have shown that non-neuronal cells contribute to the pathological
mechanism in these diseases and are thought to have a particular influence on disease
progression 2°2%_ |t is becoming clear, particularly in the context of ALS and FTD, that
non-cell autonomous processes contribute to neuronal unit damage and death; however, the
extent of this contribution is not fully understood 2%4?%. Several studies have begun to
suggest that less-defined contributions from glia 2%2%’ blood vessels 2% and perivascular

2% may play a role in ALS disease progression and may explain the

fibroblast cells
variability of disease progression seen in sporadic ALS. These findings called into question
the neuron-centric theory and prompted a rethinking of our understanding of disease

variability.

In this section, we discuss how glia dysfunction (e.g., microglia and astrocytes) contributes
to ALS and FTD neuropathology, and in particular how aberrant changes in glial proteostasis

interfere with neuronal homeostasis.
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Genes with pathological variants common in ALS and FTD (C9ORF72, TBK1, OPTN1,
SQST1, VCP) have been shown to encode proteins that are important for proteostasis balance,
specifically for the autophagy pathway 3. Many of these genes are particularly important
in microglial cells, where they regulate fundamental biological processes such as
phagocytosis and inflammation 3%13%3, Because microglial phagocytosis and inflammation
have striking morphological, mechanistic and functional similarities with autophagy 3%4=3%,
it is possible that these microglial processes rely on a balanced autophagy to function
properly. Indeed, recent findings suggest that microglial cells with autophagy dysfunction
may be abnormally activated and toxic, whereas microglia with functional autophagy may
be required for disease protection. This hypothesis could explain why null mice for the
C90RF72 gene, which is involved in autophagy induction and regulation 3°°-3'2 develop
age-related neuroinflammation with specific changes in microglial inflammatory function
313, Progranulin deficiency also impairs microglial phagocytosis !4, and progranulin is an
important autophagy protein **° (its gene, GRN, is also linked to familial FTD). Furthermore,
in SOD1-mutant rat microglia cultures, trehalose-mediated autophagy reduces microglial

activation 3, possibly by blocking microglial inflammatory cytokines 3'.

Similar to microglia, astrocytes can phagocytose and release inflammatory chemicals and
are involved in immune-related processes 8. Because astrocytes share these functions with
microglia, they may also be involved in phagocytic or inflammatory responses via autophagy.
Although we know very little about proteostasis imbalance in astrocytes, some studies
suggest that astrocytes from ALS and FTD models have dysfunctional proteostasis.
Astrocytes in SOD1-ALS mouse models are immunopositive for ubiquitinated-SOD1

inclusions 3'° and exhibit glutamate-mediated excitotoxicity 32

. Deficits in specific
autophagy or proteasome regulators may exacerbate vulnerability not only in neurons but
also in astrocytes, making these glial cells less effective in supporting neuronal homeostasis.
Mutations in essential autophagy ALS genes, such as FIG4, are likely to have synergistic
effects in both neurons and glia; astrocytes carrying FIG4 mutations do accumulate p62-

positive inclusions and are thus less capable of providing protective support to neurons 3

323 324

. In a lysosomal storage disease study °-*, astrocytes with autophagic-lysosomal
dysfunction were unable to metabolically support neurons and thus contributed directly to

neurodegeneration.

The autophagy pathway (and, more broadly, proteostasis) in the CNS has been studied

primarily in neurons, leaving other cell types largely unexplored. Unless we improve our
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understanding of non-neuronal cell contributions and mechanisms preceding disease onset,
clinical variability in disease progression will continue to confound the design and
evaluation of ALS and FTD treatments. The impact of glial cell proteostasis deficits on
neuronal homeostasis needs to be better understood, both in terms of disease progression
and in terms of how ALS/FTD mutations in autophagy genes can eventually act

synergistically in non-neuronal and neuronal cells.

In Figure 1.8, we show how proteostasis imbalances observed in glial cells (microglia and

astrocytes) can increase the differential susceptibility of motor neurons to degenerate.
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degeneration
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Figure 1.8 Glial cells’ proteostasis imbalance in ALS and FTD

Visual representation of various pathological processes and alterations in glial cells contributing to
proteostasis imbalance in ALS and FTD; according to published research findings. The presence of
protein inclusions is also shown in neuronal and glial cells. Changes in microglia that are relevant to
the diseases are highlighted in orange text, while changes in astrocytes are highlighted in purple text.

Figure created with BioRender.com under academic license.
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1.3 C9ORF72-linked ALS/FTD

1.3.1 C90RF72 gene and protein

The age of disease onset among carriers of the COORF72 repeat expansion is usually
between 50 and 64 years (range: 27-83 years), regardless of the presenting manifestations,
which can be pure ALS, pure FTD, or a combination of the two phenotypes 283%, Disease
duration ranges from 1 to 22 years 2628 The C9-HRE mutation is known to have an
incomplete and age-dependent penetrance: it is generally non-penetrant in individuals
younger than 35 years old, 50% penetrant by 58 years old, and nearly fully penetrant by 80
years old 2°. However, the penetrance pattern may also be influenced by environmental,
genetic, lifestyle, or hormonal factors 28732, and there are some rare cases of patients
developing disease in their twenties or other patients surviving into their ninth decade
without symptoms 326, C9 ALS/FTD is inherited in an autosomal dominant manner. Almost
all individuals diagnosed with the disease inherited the C9-HRE from a heterozygous parent,
who is affected in most cases but may not have clinical manifestations of the disorder due to

age-dependent reduced penetrance 32°.

The human C9ORF72 gene (ENSG00000147894) on the ENSEMBL database 37 is
reported to be approximately 38 kilobases-long and spans a total of 11 exons, 10 of which
are protein coding. Importantly, the C9-HRE is located between the non-coding exons la
and 1b.

Alternative splicing and the use of different transcription sites result in 3 main annotated
human C9ORF72 mRNA variants: V1 (ENST00000379997.7), V2 (ENST00000380003.8)
and V3 (ENST00000619707.5). These 3 transcript variants encode for 2 different protein
isoforms: C9orf72-S (NP 659442.2), a short protein isoform with 222 amino acids, and
C9orf72-L (NP 060795.1), a long protein isoform with 481 amino acids. Transcripts V2 and
V3 encode for C9orf72-L, while transcript V1 encodes for C9orf72-S %7, as shown in

Figure 1.9.
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Figure 1.9 C90ORF72 gene, transcript variants and protein isoforms

Schematic representation of the C9ORF72 gene and the 3 main annotated transcript variants (V1,
V2, V3).Coding and non-coding exons are depicted as blue and light-blue boxes, respectively. The
C9 HRE is highlighted in red; it can be found either in the promoter region (in V2) or in the first
intron between non-coding exons 1a and 1b (in V1 and V3). V1 encodes C9orf72-S (short), a 222-
amino acid protein with a molecular weight of 24 kDa, while V2 and V3 encode C9orf72-L (long),
a 481-amino acid protein with a molecular weight of 54 kDa. Figure created with BioRender.com

under academic license. Adapted and inspired from Balendra & Isaacs, 2018 2%,

Even after the discovery of the pathogenic C9 HRE in 2011, the biological role of the
C9orf72 protein remained largely unknown for some time. The first clues about the role of
the C9orf72 protein came from bioinformatics studies that identified multiple novel
homologs of the DENN module (DENN: differentially expressed in Normal and Neoplastic
cells) in several proteins, including C9orf72 3%, The DENN module is an ancient and
conserved protein module that has been shown to act as a GDP-GTP exchange factor (GEF)
for Rab GTPases, which are regulators of nearly all membrane trafficking events in

eukaryotes 32°. Proteins with DENN domains are able to activate Rab GTPases by inducing
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their dissociation of GDP and consequent binding to GTP. As a result of these bioinformatic
studies, it was predicted that C9orf72 could have Rab-GEF activity and be involved in
membrane trafficking. Later studies revealed that C9orf72 colocalized with Rab proteins
involved in autophagy and endocytic transport, such as Rabl, Rab5, Rab7, Rab11; and that
C9orf72 depletion dysregulated autophagy in neuronal cell cultures 3°. Webster and
colleagues discovered that the C9orf72 protein is a Rabla effector that regulates the
translocation of the ULK1 autophagy initiation complex to the phagophore, and that

331 C9orf72 was discovered to

disrupting C9orf72 function in neurons inhibits autophagy
form a large multiprotein complex along with Smith-Magenis chromosome region 8 (Smcr8)
and WD repeat-containing protein 41 (Wdr41) 3°°332 This tripartite complex has been shown
to function as a Rab-GEF, activating two small Rab GTPases, Rab8a and Rab39b, which are
involved in autophagy and membrane trafficking %3233, However, the GEF activity of
C9orf72-Smcr8-Wdr4l is still being debated and is not universally accepted. New research
suggests that the complex may actually function as a GTPase activating protein (GAP) for
Rabs, specifically for Rab8a and Rab11a 3343%  thus stimulating the GTPase activity of these
proteins and terminating their signalling event. In vivo studies have added to our
understanding of the C9orf72 protein's function. Several studies began to produce
C90ORF72-knockout (C9-KO) mice, which demonstrated that these animals have
autoimmune and inflammation phenotypes such as splenomegaly, autoantibody production,
glomerulonephropathy, neutrophilia, thrombocytopenia, increased inflammatory cytokines,
and a high mortality rate 33834 These findings suggested that the C9orf72 protein might
play an important role in suppressing inflammation and the development of autoimmunity,
even in the context of gut bacteria-induced inflammation 34!, C9-KO mice, interestingly, had
higher levels of autophagy proteins (p62 and LC3) in the spleen, confirming C9orf72's role
in autophagy regulation 3133%,

Future research will be needed to better identify the physiological functions of the C9orf72
protein, particularly by investigating its isoform-specific functions (C9orf72-S vs C9orf72-
L).
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1.3.2 C9-HRE disease mechanisms

As previously discussed, the hexanucleotide repeat expansion (C9-HRE) in the C9ORF72

gene is the major genetic cause of familial forms of ALS and FTD 237284,

The C9-HRE is highly polymorphic and distinguishing between normal and pathogenic
repeat number remains difficult. The number of repeats in healthy controls is typically less
than 30 (7-8 repeats in most control individuals), whereas pathogenic C9-HRE can have
hundreds to thousands of repeats 342343, The size of the smallest expansion unit that confers
disease risk is unknown, but recent research suggests that a threshold of 24-30 repeats could
be used to distinguish pathogenic from neutral expansions 3423*, However, the number of
repeats detected in a single individual should be interpreted with caution, as the C9-HRE
expansion units have been shown to be highly heterogeneous in a single individual's brain
regions and cell types, a phenomenon known as “"somatic mosaicism" 3234 Somatic
mosaicism of the C9-HRE within the CNS may explain some of the clinical heterogeneity
observed between patients, but it is currently poorly understood 2%, The C9-HRE's intrinsic
structural variability may contribute to this phenomenon; in fact, the C9-HRE can fold into
a variety of complex secondary structures, including "G-quadruplexes” 346348 which are
stable four-stranded DNA helical structures that can form within G-rich DNA and RNA
sequences >*°. Furthermore, Xi and colleagues reported epigenetic features of the C9-HRE
by discovering that this region is methylated in every C9-ALS patient **%; this finding was
replicated in the C9-BAC mouse model of ALS %!, However, it is unclear how methylation
of C9-HRE may participate in C9-HRE somatic mosaicism or in any C9 ALS/FTD
pathological feature.

Despite the fact that the C9-HRE mutation was discovered relatively recently, progress in
understanding its pathogenic effects has been rapid. There have been three competing but
non-exclusive mechanisms proposed: (i) loss of function of the C9orf72 protein due to
C90RF72 haploinsufficiency, (ii) toxic gain of function from sense and antisense C9-HRE
RNAs that form “RNA foci” and (iii) toxic gain of function from the translation of the C9-
HRE RNAs into dipeptide repeat proteins 2,

These mechanisms are all likely to contribute to disease to some extent but determining their

relative importance at various disease stages is critical for informing therapeutic strategies.
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1.3.2.1 C90RF72 haploinsufficiency

In parallel with the discovery of the C9-HRE in ALS/FTD patients, several research groups
have started to observe reduced levels of C9ORF72 mRNA in C9 ALS/FTD post-mortem
tissue, induced pluripotent stem cells (iPSCs), iPSC-derived motor neurons, lymphoblast
cell lines and blood samples 233339 Furthermore, reduced C9orf72 protein levels were

found in post-mortem frontal cortex tissue from ALS and FTD patients 360:362,

This body of evidence led researchers to believe that COORF72 "haploinsufficiency” may
contribute to C9 ALS/FTD. Haploinsufficiency in genetics describes a model of dominant
gene action in diploid organisms: when one allele is inactivated, the remaining functional

allele is insufficient to maintain normal gene function®?,

The C9-HRE, as previously stated, is made up of repetitive GC-rich sequences and
secondary structures (e.g., G-quadruplexes). These characteristics can, in theory, disrupt
transcription by reducing RNA polymerase 11 (RNAPII) elongation and leading to the
deposition of repressive chromatin marks, as shown in other contexts 3. However, the
nature of the mechanism by which C9-HRE leads to C9ORF72 haploinsufficiency remains
unknown. Nonetheless, it is thought that the inability of RNAPII to read through the C9-
HRE mutation reduces the abundance of the endogenous CO9ORF72 mRNA product. This,
in turn, may result in reduced translation of the C9orf72 protein, which plays important roles

in endolysosomal pathways and inflammation responses 313331:340,

Different research groups investigated the possibility that C9orf72 protein loss-of-function
could be pathogenic, thus leading to ALS/FTD-specific disease phenotypes. A significant
effort was made to create various COORF72 gene knockout (C9-KO) or gene knockdown
(C9-KD) animal models. Some of the first experiments were carried out in popular model
organisms such as C. elegans 3%* and zebrafish %4, in which C9-KO and C9-KD caused

paralysis and degeneration of motor neurons, respectively.

However, whether C9ORF72 haploinsufficiency can cause neurodegeneration and
ALS/FTD phenotypes on its own has been the subject of extensive research and debate.
Indeed, contradictory evidence has been presented demonstrating how loss of function alone
is insufficient to explain many key pathological features of C9 ALS/FTD. Among the
evidence is the finding that C9 homozygous human patients do not have more severe

symptoms than heterozygous patients 3%, Furthermore, in human induced motor neurons
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(iIMNs), decreased C9orf72 protein levels work in tandem with C9ORF72 gain-of-function
mechanisms to cause neurodegeneration %, Murine studies provide additional evidence that
C90RF72 haploinsufficiency may not be capable of triggering ALS/FTD phenotypes on its
own. C9-KO mice show no motor neuron degeneration or motor deficits 30%367=270 This
indicates that the C9orf72 protein may not be fully essential in mice or there may be
redundancy of the COORF72 gene in this species. As previously discussed, C9-KO mice
showed inflammation and autoimmune phenotypes 309340367=370 "with some having shorter
survival **. Immune responses in macrophages and microglia were altered, implying that
the C9orf72 protein may regulate immune homeostasis. Because autophagy plays a role in
the immune system 371372  this regulation could be mediated by autophagy.

Clearly, more research is needed to determine the role of defective autophagy in neuronal
loss in C9 ALS/FTD, but it is well established that autophagy loss in neuronal cells can
cause neurodegeneration and motor deficits. This evidence is based on neuron-specific
knockouts of the essential autophagy genes ATG7, ATG5, and RB1CC1 (FIP200) in mice,
which resulted in neurodegeneration, progressive motor deficits, and protein aggregate
accumulation 164165373374 “Interestingly, some of the motor deficits observed in these KO
mice were similar to those seen in ALS-mouse models (e.g., abnormal limb-clasping
reflexes) 319375376 However, neural-specific C9-KO in mice did not result in motor neuron

degeneration or motor function defects 377

Considering all of this, loss-of-function is unlikely to be the primary pathogenic mechanism
of C9 ALS/FTD-linked neurodegeneration, and gain-of-function paradigms must also be

considered.

1.3.2.2 RNA foci-mediated toxicity

In the very first reports of the C9-HRE 27284 RNA-mediated toxicity was proposed as a
possible pathogenic mechanism of C9 ALS/FTD. In fact, the authors discovered intranuclear
RNA inclusions with distinct morphology known as "RNA foci" in post-mortem CNS tissue
from C9 ALS/FTD patients 27284 Since then, RNA foci in the frontal cortex, hippocampus,
cerebellum, and spinal cord of C9 ALS/FTD patients have been consistently observed 378
380 The presence of RNA foci in C9 ALS/FTD disease models, including iPSC-derived
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neurons **°%9 and iPSC-derived motor neurons *#*%2 from affected individuals, has also
been reported.

In C9 ALS/FTD, the mechanism of RNA foci formation involves bi-directional transcription
of the C9-HRE, which generates sense and antisense RNA transcripts. As C9-HRE bi-
directional transcription continues, these RNAs accumulate in the nucleus and, due to their
complex secondary structures, may engage in specific or non-specific interactions with
RNA-binding proteins 3, Such interactions may result in robust protein sequestration and
the formation of intranuclear RNA inclusions (referred to as RNA foci) that can be detected

using in situ hybridization 237284,

RNA foci were discovered in 1995 in myotonic dystrophy types 1 and 2, and their associated
toxicity has been known ever since 34 They are now also found in other neurological
disorders, including fragile X-associated tremor ataxia syndrome, Huntington's disease-like
2, and spinocerebellar ataxias 3.

It was quickly hypothesised in C9 ALS/FTD that sense and antisense RNA foci could
sequester fundamental RNA-binding proteins (RBPs) and splicing factors, disrupting their
normal function and causing cellular toxicity and pathogenicity. A number of RBPs have
been identified as interacting with C9 RNAs in vitro and in patient tissue, and some of these
proteins co-localized with RNA foci 3813838 NMembers of the protein family of
heterogeneous nuclear ribonucleoproteins (hnnRNPs) were found to be particularly enriched
in RNA foci 38:38-3%: these proteins play critical roles in mRNA splicing and gene
expression *°1, and their interaction with RNA foci began to suggest that RNA metabolism
may be impaired as a gain-of-function mechanism in C9 ALS/FTD. Furthermore, it was
discovered that the C9-HRE sense RNA interfered with translation in Drosophila and
primary rodent neurons by binding ribonucleoprotein transport granules, which are a group
of compartments (including stress granules) that are known to play a role in post-
translational modifications 39,

Despite this mounting evidence, comparative studies in Drosophila 3°33% and mouse models
expressing the human C9ORF72 gene with hundreds of hexanucleotide repeats — created
with a bacterial artificial chromosome (BAC) 3%3% _ do not support a role for C9-HRE-
derived RNA foci in toxicity. Indeed, these animal models consistently fail to induce motor
phenotypes or neurodegeneration while reproducing the appearance of RNA foci 3%,
These findings are also consistent with the controversial mouse model expressing the human

C90RF72 gene with 500 hexanucleotide repeats, namely “C9-500” model, from the Liu et
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al. study 397, which has recently gained criticism after two independent research teams found
no abnormalities in survival, motor function, or neurodegeneration in two large C9-500
animal cohorts 3%; this mouse model displays RNA foci. One possible explanation for the
discrepancy between these results is that the housing environment may contribute to
phenotypic manifestations in C9-500 animals, as vivarium-dependent commensal micro-
organisms have been shown to modify the severity of phenotypes in other ALS mouse
models 3439, Another possibility is that the genetic background of the mice in the Liu et al.
study 397 hampered the analysis. Indeed, C9-500 mice were initially generated and studied
on an FVB/N genetic background, which is a problematic background for modelling
neurological diseases due to inherent seizure activity *°, marked gait ataxia, as well as
decreased locomotor and exploratory activity 4°*, and has also been linked to a syndrome of
sudden death and variable CNS lesions known as “space cadet syndrome” 402403 Ag 3 result,
mis-assignment of effect to the C9-500 transgene may have occurred in the Liu et al. study,
especially given the relatively small number of C9-500 mice and controls used 3%, Overall,
more research is needed to determine whether the COORF72 transgene is sufficient to cause
disease-associated phenotypes in mice, which is a critical step in understanding C9
ALS/FTD pathogenesis.

1.3.2.3 Non-AUG translation of dipeptide repeat proteins

Repeat-associated non-ATG translation (RAN translation) was first described as a new
pathophysiological pathway in spinocerebellar ataxia type 8 (SCA8) and myotonic
dystrophy type 1 (DM1) “%*, RAN translation is a non-canonical mechanism in which a
nucleotide repeat expansion can be translated in the absence of an ATG start codon, and thus
in more than one open reading frame (ORF). In the case of SCAS8, the CAG trinucleotide
expansion in the ATXN8 gene is canonically translated in the +0 ORF, producing poly-
glutamine peptides; however, RAN translation also occurs with initiation in the +1 ORF
(AGC, poly-serine) and the +2 ORF (GCA, poly-alanine) %,

This mechanism was first discovered in C9 ALS/FTD by two independent groups who
reported the presence of aggregated polypeptides in the post-mortem CNS tissue of
ALS/FTD patients 3%%4%, The authors discovered three types of polypeptides: poly-GA,
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poly-GP, and poly-GR, and it became clear that these were the products of RAN translation
of the sense RNA strand (GGGGCC) in three ORFs. Later, several groups reported the
presence of other polypeptides derived from the antisense RNA strand (CCCCGG) in post-
mortem tissue from patients: poly-PR, poly-PG, and poly-PA 405408,

It is now clear that, following C9-HRE bi-directional transcription, sense and antisense C9-
HRE RNAs can reach the cytoplasm and undergo RAN translation, resulting in 5 types of
dipeptide repeat proteins (DPRs) % — poly-GP is produced from both RNAs. These DPR
inclusions are most commonly found in the frontal cortex, basal ganglia, motor cortex,
hippocampus, cerebellum, and spinal cord #1413 and are typically positive for p62 and
ubiquitin while being TDP-43 negative 40"#14417 _ |ess than 4% of DPR inclusions are TDP-

43 positive.

These findings sparked a lot of interest in the possibility that DPRs are the primary cause of
neurodegeneration in C9 ALS/FTD. This hypothesis was tested in several research models,
including zebrafish 41841° Saccharomyces cerevisiae 4?°, D. melanogaster 33421422 and mice
423-426 and it demonstrated that the expression of DPRs, specifically poly-GA, poly-GR, and
poly-PR, could cause neurodegeneration as well as various behavioural and motor deficits.

DPR expression was also found to be toxic in iPSC-derived cortical and motor neurons 427428,

These and other studies have revealed a complex network of pathogenic pathways elicited
by the various DPRs. Poly-GA DPRs, for example, which are the most abundant DPR
species, cause toxicity by interfering with the proteasome pathway #?°. Furthermore, these
DPR species have been shown to sequester the DNA repair-ubiquitin-associated HR23A and
HR23B proteins, which are involved in proteasomal degradation 439431 — an in-depth review
of poly-GA will be discussed in the following chapter.

Other DPR species, such as poly-GR and poly-PR DPRs, have been shown to influence the
formation of membrane-less organelles 2’432 which are organelles that lack a proper
membrane (i.e., nucleolus, stress granules, nuclear pore complex, Cajal bodies, and nuclear
speckles) 4. In particular, these DPRs can bind proteins containing low complexity
sequence domains, which are essentially domains involved in the dynamics of liquid-liquid
phase separation for the formation of membrane-less organelles “*2. Poly-GR and poly-PR
DPRs also associate with stress granules or TDP-43-positive RNA granules, causing the
granules to become less dynamic, which may result in TDP-43 aggregation ***; they also
interfere with nucleocytoplasmic trafficking #2243, mitochondrial ribosomal proteins “%¢ and

rRNA biogenesis 4%/, thus indicating that there are several mechanisms by which they may
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exert their toxicity. Proline-rich DPRs, such as poly-GP and poly-PA, are thought to be
relatively inert. In many Drosophila models, these species did not turn out to be toxic 39437,
However, poly-GP DPRs localize to cytoplasmic and nuclear foci in a Drosophila line that
expresses the C9-HRE and are able to induce cell death when proteasomes are inhibited 4%,
Despite the substantial evidence that DPRs play a significant role in the pathophysiology of
C9 ALS/FTD, one issue that should be considered is that the majority of these studies use
overexpression paradigms, which are likely to result in higher DPR levels than would be
found in patients. Additionally, DPRs are observed in C9-BAC transgenic mice without any
consistent motor phenotype or neurodegeneration 3%°3%3% Moreover, a few studies report
a lack of correlation between the presence of DPRs and the anatomical patterns of neuronal
atrophy #4400 raising questions about the true severity of DPR toxicity in C9 ALS/FTD
patients — although it could be argued that DPR detection in dying neurons would be

challenging.

In summary, scientific research has made tremendous progress in understanding the
pathogenicity of C9 ALS/FTD since the discovery of the C9-HRE in the year 2011. The data
gathered over these years appears to indicate that a single C9 HRE-driven mechanism may
not be sufficient to cause disease. Instead, in people who have more than 24-30 units of the
C9-HRE, loss- and gain-of-function events are likely to synergize with ageing and possibly
other factors (environment, hormone levels, other genetic risks, etc.). The synergistic
hypothesis between loss- and gain-of-function mechanisms has recently received additional
support from a number of intriguing studies. Boivin and colleagues, for example,
demonstrated that reduced autophagy caused by C9ORF72 haploinsufficiency synergizes
with DPR toxicity to cause neuronal cell death #4%; and this has been proposed in other studies

366

in human induced motor neurons 3% and mice 2.

Figure 1.10 depicts the three mechanisms of C9-HRE-mediated toxicity discussed in
chapters 1.3.1, 1.3.2, and 1.3.3.
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Figure 1. 10 C9 HRE-mediated pathological mechanisms

The figure shows the 3 main mechanisms by which C9-HRE can cause ALS/FTD. On the one hand,

CI90RF72 loss-of-function events result in lower C9orf72 protein levels, impairing the protein's

normal autophagy regulation function. C9ORF72-gain of function events, on the other hand, generate

RNA foci that sequester RNA-binding proteins, altering RNA metabolism in the cell; additionally,

neurotoxic dipeptide repeat proteins (DPRs) can be produced from both sense and antisense C9-HRE,

leading to neurodegeneration phenotypes and possibly spreading to neighbouring cells. Figure

created with BioRender.com under academic license. Adapted and inspired from Gitler & Tsuiji,

2016 3,
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1.3.3 Poly-GA dipeptide repeat proteins

Poly-GA DPRs were found to be the most abundant DPR species in post-mortem tissue from
C9 ALS/FTD patients #4444 In vitro assemblies of poly-GA form ribbon-type sheet fibrils
containing cross-p-sheets, which are common structures formed by other pathological
proteins (e.g., AP, tau) in amyloid diseases; according to transmission electron microscopy
and atomic force microscopy 4. Poly-GA appears to mediate toxicity in cell cultures by
directly impairing the ubiquitin-proteasome system (UPS) and inducing endoplasmic

reticulum-related stress pathways 429438444,

Poly-GA has been shown to sequester UPS components such as Unc119, ubiquilin-1 and -2
416429: among these proteins, Unc119 is particularly important for controlling axonal protein
trafficking and synaptic signal transduction, and its poly-GA-induced loss-of-function
causes neurotoxicity “2°. Several studies have shown that poly-GA can directly associate
with the proteasome; in particular, Guo et al. used cryo-electron tomography to report that
poly-GA specifically leads the 26S proteasome to stalled degradation #4”. Another study
reported poly-GA interaction with the proteasomal subunit PSMC4 %32, Proteasome
activation via rolipram treatment or overexpression of the proteasome protein PSMD11 can
reverse poly-GA aggregation and pathology 2. In addition to these proposed pathways,
poly-GA can also induce R-loop formation and defects in ATM-mediated DNA repair

signalling, precipitating C9 HRE-mediated DNA damage in cell culture and in vivo 4%,

Poly-GA—overexpressing mice have been generated by various research teams. Interestingly,
these mice exhibit motor and cognitive deficits, as well as cerebellar atrophy, astrogliosis,
and TDP-43 pathology 324344 In some mice, the poly-GA overexpression resulted in
selective neuron loss, inflammation, muscle denervation, and wasting; and poly-GA
inclusions were found not only in the CNS but also in skeletal muscle 8. Some of these
phenotypes were attributed to poly-GA DPRs mediating the sequestration of proteins
involved in the proteasome and nucleocytoplasmic transport pathways “%. Interestingly, the
Edbauer group covalently coupled 10-GA repeats to maleimide-activated ovalbumin (as an
adjuvant), resulting in an immunisation strategy for these poly-GA mouse models. After
immunisation, the mice were protected from developing motor deficits and microglia
activation, which were instead common in non-immunised controls *4. Nguyen et al. used

another immunisation strategy, in which human antibodies recognising poly-GA were
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produced and injected into C9-BAC transgenic mice; these antibodies resulted in a decrease
of GA, GP, and GR levels in C9 models, as well as a reduction in neurodegeneration and an
improvement in behaviour and survival *2°; however, the mouse model used has recently led

to controversial reports for some of these phenotypes 3%,

Emerging findings also show that poly-GA can propagate from cell-to-cell in cell culture
and in Drosophila 130131446 Syrprisingly, poly-GA was the only DPR species found to be
capable of spreading in the nervous system of Drosophila *3L. This discovery may point to a
unique propensity of poly-GA to spread throughout the brain, which may contribute to the
higher abundance of poly-GA in patient tissue. Interestingly, Khosravi and colleagues
discovered that poly-GA can spread and promote cytoplasmic mislocalization and
aggregation of TDP-43 in naive cells in a non-cell-autonomous manner 32, This suggests
that poly-GA may act as prion-like proteins, capable of spreading pathology from a focal
region to other areas of the brain and thus extending pathology in those regions. These
properties are consistent with those observed for other major neuropathological proteins
previously discussed in Table 1.1 (page 27). However, in vivo evidence of poly-GA toxicity

in naive cells (after spreading) in mammals is still lacking.
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1.4 Introduction to PhD project: aims and objectives

The C9-HRE is the primary genetic cause of both ALS and FTD, and its non-AUG dependent
translation into 5 types of dipeptide repeat proteins (DPRs) is thought to be a primary
pathogenic mechanism. Poly-GA has been found more frequently in histopathological
studies of C9 ALS/FTD CNS tissue than the other DPR types. As a result, there is a research
interest to elucidate the mechanisms by which C9 DPR aggregates, particularly poly-GA,
may cause toxicity and neurodegeneration in C9 ALS/FTD.

In my PhD project, | have investigated the role of poly-GA DPRs in disease spread. After
producing recombinant poly-GA DPRs, | have shown that small oligomers of this protein
can convert into solid-like aggregates and form characteristic -sheet fibrils in vitro (test-
tube). The amyloid nature of poly-GA DPRs is shared by other relevant pathological protein
aggregates (AP- tau, a-synuclein), thus suggesting that this DPR species may play a role in
C9 ALS/FTD neuropathology. Either oligomeric or fibrillar forms of poly-GA DPRs were
then administered in various cell culture systems, and their uptake was closely monitored
especially in glial cells such as astrocytes. | have also tested the potential role of endocytosis
in poly-GA uptake by blocking broad endocytosis (incubating cells at 4°C) or blocking
specific pathways, such as clathrin- and caveolin-mediated endocytosis, which rely on the
GTPase dynamin. Interestingly, it was discovered that when the same poly-GA species is
used at different amyloid stages (oligomers vs fibrils), the endocytic pathway for cell entry
varies. Potential prion-like properties of poly-GA DPRs were then explored, in particular by
looking into the possibility that poly-GA could propagate from astrocytes to motor neurons.
I have subsequently shown that astrocytes play a role in the transmission of poly-GA to
neighbouring motor neurons, which could be a non-cell autonomous contributor to C9
ALS/FTD neuropathology.

Overall, my findings shed light on the binding, uptake, and release pathways of poly-GA
aggregates in glial cells; hence improving our understanding of non-neuronal cell
contributions and mechanisms in C9 ALS/FTD. We believe that future therapies for C9
ALS/FTD could benefit from blocking DPR uptake and release routes not only in neuronal

cells but also in glia.
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2. Materials and methods
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2.1 Materials

2.1.1 Plasmid DNA

Table 2.1 Plasmid DNA. List of plasmid DNAs used in this project.

Plasmid

Obtained from:

pAG416-Gal-PAS0

pAG416-Gal-PA50 was a gift from Aaron Gitler (Addgene plasmid # 84902 ;
http://n2t.net/addgene:84902 ; RRID:Addgene_84902)

Sequence available in Addgene:
https://www.addgene.org/browse/sequence/166529/

This plasmid contains the DNA sequence encoding the poly-PAsy repeat
protein, followed by sequences encoding Myc and FLAG epitope tags.

420 Jovicic et al. Nat Neurosci. 2015 Sep;18(9):1226-9.

pCl-neo

The pCl-neo mammalian expression vector was a gift from Professor Kurt
De Vos (Promega plasmid # E1841, accession number GenBank: U47120.2)

Sequence available in GenBank:
https://www.ncbi.nIm.nih.gov/nuccore/U47120

This plasmid contains Xho!/ and Not/ restriction sites, which are then used for
the subcloning of the DNA sequence encoding poly-GAss repeat protein.

443 Brinster et al. PNAS 1988 85,836—40.

pETM11-ACS

PETM11-ACS was a gift from Frank Schulz (Addgene plasmid # 108943 ;
http://n2t.net/addgene:108943 ; RRID:Addgene_108943)

Sequence available in Addgene:
https://www.addgene.org/108943/

This plasmid contains the Tobacco Etch Virus (TEV) cleavage site and the DNA
encoding for 6 Histidine amino acid residues. These DNA sequences are
fundamental for the purification of the final recombinant proteins (either
poly-PAsq or poly-GAs,)

40 Dirkmann et al. Chembiochem. 19(20), 2146-2151.
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2.1.2 Antibodies

Table 2.2 List of antibodies used in this study

REAGENT DILUTION SOURCE IDENTIFIER
Antibodies
Chicken polyclonal anti-vimentin ICC (1:4000) Sigma-Aldrich Cat#AB5733
Goat anti-chicken 1gG (H+L) secondary ICC (1:1000) Thermo Fisher Cat# A-11039
antibody, Alexa Fluor 488 Scientific
Goat anti-mouse 1gG (H+L) Cross-adsorbed ICC (1:1000) Thermo Fisher Cat# A-11001
secondary antibody, Alexa Fluor 488 Scientific
Goat anti-mouse IgG F(ab), Atto488 ICC (1:1000) Hypermol Cat#t 2112-250UG
Goat anti-Mouse IgG(H+L)-HRP WB (1:5000) Bio-rad Cat# 172-1011
Conjugate antibody
Goat anti-rabbit IgG (H+L) Cross-adsorbed ICC (1:1000) Thermo Fisher Cat# A-11008
secondary antibody, Alexa Fluor 488 Scientific
Goat anti-rabbit 1gG (H+L) secondary ICC (1:1000) Thermo Fisher Cat#t A-21244
antibody, Alexa Fluor 647 Scientific
Goat anti-Rabbit IgG(H+L)-HRP WB (1:5000) Millipore Cat# 12-348
Conjugate antibody
Mouse monoclonal anti-Cathepsin B ICC (1:500) Santa Cruz Cat# sc-365558
Mouse monoclonal anti-Cathepsin D ICC (1:1000) Santa Cruz Cat# sc-377299
Mouse monoclonal anti-Cathepsin L ICC (1:1000) Santa Cruz Cat# sc-390367
Mouse monoclonal anti-Galectin 3 ICC (1:100) Santa Cruz Cat# sc-374253
Mouse monoclonal anti-LAMP1 Clone H4A3 | ICC(1:50) Abcam Cat# ab25630
Mouse monoclonal anti-V5 WB (1:1000) Thermo Fisher Cat# R960-25

Scientific
Mouse monoclonal anti-a-Tubulin Clone DM1A | WB (1:3000) Sigma-Aldrich Cat# 79026
Rabbit monoclonal anti-V5 Clone D3H8Q WB (1:1000) Cell Signaling Cat# 13202S

ICC (1:1000)

Rabbit polyclonal anti-AP repeat WB (1:1000) Proteintech Cat# 24493-1-AP
Rabbit polyclonal anti-Caspase 3, active (cleaved) | ICC (1:400) Cell signaling Cat# 96615
Rabbit polyclonal anti-CD44 ICC (1:1000) Abcam Cat# ab157107
Rabbit polyclonal anti-GA repeat WB (1:1000) Proteintech Cat# 24492-1-AP

Abbreviations: ICC= immunocytochemistry; WB = western blotting
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2.1.3 Reagents

Table 2.3 List of Chemicals, media, and compounds used in this study

REAGENT SOURCE IDENTIFIER
Chemicals, media, and compounds
(+)Blebbistatin Abcam Cat# ab120425
2-mercaptoethanol Thermo Fisher Cat# 21985023
Scientific
Animal-Free Recombinant Human EGF Peprotech Cat# AF-100-15
Bafilomycin Al from Streptomyces griseus Millipore Cat# 88899-55-2
Bovine Serum Albumin (BSA) Sigma-Aldrich Cas# 9048-46-8
Brain-derived neurotrophic factor (BDNF) human | Sigma-Aldrich Cat# B3795
BrightCell MEMO Photostable Media Sigma-Aldrich Cat#f SCM144
Bromophenol blue, Tracking dye Abcam Cat# ab146339
Catalase from bovine liver Sigma-Aldrich Cat# C9322-1G
Cysteamine Sigma-Aldrich Cat# M9768-5G

Defined Trypsin Inhibitor

Thermo Fisher

Cat# RO07100

Scientific
Dimethyl sulfoxide (DMSO) Merck Cat# PHR1309
DMEM, high glucose, HEPES, no phenol red Thermo Fisher Cat# 21063029
Scientific
Dulbecco’s Modified Eagle’s Medium/Nutrient Sigma-Aldrich Cat#t D6421
Mixture F-12 Ham
Dulbecco's Modified Eagle Medium (DMEM) Sigma-Aldrich Cat# D7777
Dynasore, dynamin inhibitor Abcam Cat# ab120192
Enhanced ChemiLuminescence (ECL) substrate Thermo Fisher Cat# 32106
Scientific
Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich Cat# E9884
Everspark buffer Idylle https://www.idylle-
labs.com/everspark-by-eternity
Fetal Bovine Serum (FBS) Sigma-Aldrich Cat# F6178
Fibronectin bovine plasma Sigma-Aldrich Cat# F1141
Fluoromount agueous mounting medium Sigma-Aldrich Cat# F4680
GDNF from mouse Sigma-Aldrich Cat# SRP3200

61


https://www.idylle-labs.com/everspark-by-eternity
https://www.idylle-labs.com/everspark-by-eternity

Gibco™ AlbuMAX™ [ Lipid-Rich BSA Gibco Cat# 11020021
Gibco™ B-27™ Supplement (50X), serum free Gibco Cat# 17504044
Gibco™ GlutaMAX™ Supplement Gibco Cat# 35050061
Gibco™ N-2 Supplement (100X) Gibco Cat# 17502001
Glucose oxidase Serva Cat# 22778.01
Glutaraldehyde solution Sigma-Aldrich Cat# 340855
Glycerol Sigma-Aldrich Cat# G5516
Glyoxal, 40 wt. % solution in water Sigma-Aldrich Cat# 107-22-2
Hanks' Balanced Salt solution (HBSS) Sigma-Aldrich Cat#t H9269
Heparin sodium salt from porcine intestinal Sigma-Aldrich Cat# H5515
mucosa

Hoechst Stain solution Sigma-Aldrich Cat# H6024

Human Clusterin (APQJ) ELISA Kit

Proteintech

Cat# KEOO110

Leu-Leu methyl ester hydrobromide (LLoMe) Sigma-Aldrich Cat# L7393

L-Glutamine for cell culture, 200 mM Lonza Cat# BE17-605E

LysoSensor Green DND-189 Thermo Fisher Cat# L7535
Scientific

Lysosome-Specific Self-Quenched Substrate Abcam Cat# ab234622

LysoTracker™ Green DND-26 Thermo Fisher Cat# L7526
Scientific

MG-132, proteasome inhibitor Abcam Cat# ab141003

Neurobasal™ Medium Thermo Fisher Cat# 21103049
Scientific

Nocodazole Sigma-Aldrich Cat# M1404

Nuclease-free water Qiagen Cat# 129117

Paraformaldehyde powder, 95% (PFA) Sigma-Aldrich Cat# 158127

Penicillin-Streptomycin Mixture Lonza Cat# 09-757F

Pierce BCA Protein Assay Kit Thermo Fisher Cat# 23225
Scientific

Poly-D-Lysine solution, 1.0 mg/mL Sigma-Aldrich Cat# A-003-M

Protease Inhibitor Cocktail Promega Cat# G6521

QuantiFast SYBR® Green RT-PCR Kit Qiagen Cat# ID: 204156

Recombinant Human FGF-basic (154 a.a.) Peprotech Cat# 100-18B
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Retinoic acid Sigma-Aldrich Cat# R2625
RNase-Free DNase Set Qiagen Cat# ID: 79254
RNeasy Mini Kit Qiagen Cat# 74104
Smoothened Agonist (SAG) Sigma-Aldrich Cat#t 566660
Sodium Deoxycholate Detergent Thermo Fisher Cat# 89904
Scientific
Sodium Dodecyl Sulfate (SDS) Sigma-Aldrich Cat#f 11667289001
TetraSpeck™ Microspheres, 0.1 um, fluorescent | Thermo Fisher Cat# 77279
blue/green/orange/dark red Scientific
Transferrin from Human Serum, Alexa Fluor 647 | Thermo Fisher Cat# T23366
conjugate Scientific
Tris base Sigma-Aldrich Cat# TRIS-RO
Triton™ X-100 Sigma-Aldrich Cat# X100
Trypan Blue solution Sigma-Aldrich Cat# 78154
Trypsin Sigma-Aldrich Cat# 1.08444
Tween® 20 Promega Cat# H5152
Vacuolin-1, lysosomal exocytosis inhibitor Santa Cruz Cat# 351986-85-1

Biotechnology
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2.1.4 Scientific devices and plates

Table 2.4 List of scientific devices used in this study

NAME BRAND IDENTIFIER
Devices, microscopes, plate formats
Bio-Rad C1000 Touch™ Thermal Cycler Bio-Rad https://www.bio-rad.com/

Laboratories

HTS microplate reader PHERAstar FSX

BMG Labtech

https://www.bmglabtech.com/

Ibidi p-Slide 8 Well Ibidi Cat# 80826

JEOL JEM-1400 series 120kV Transmission JEOL https://www.jeolusa.com/
Electron Microscope

Leica TCS SP5 Confocal Leica https://www.leica-

microsystems.com/

LSRII flow cytometer

BD Bioscience

https://www.bdbiosciences.com/

MSE Soniprep 150 MSE Centrifuges N/A

Nikon Eclipse Ti microscope Nikon N/A
Nitrocellulose Transfer Membrane- 0.22 um Abcam Cat# ab133413
Nunc MicroWell 96-Well Optical-Bottom Plates Thermo Fisher Cat#165305

with Polymer Base Scientific

Opera Phenix® high-throughput system PerkinElmer https://www.perkinelmer.com

Precision Cover Glasses, #1.5H Thickness, 22 x ThorlLabs Cat# CG15CH2

22 mm (for dSTORM)

Syngene G:BOX EF Syngene https://www.syngene.com/

Ultrasonic processor UIS250v Hielscher https://www.hielscher.com/s250I
Ultrasonic _vial_sonication_01.htm

XonaChips® Standard Neuron Device 450 um Xona Cat# SND450

barrier 5PK (SND450) microfluidics

Zeiss LSM 880 with Airyscan Zeiss https://www.zeiss.com/
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2.1.5 Image analysis: softwares, algorithms, macros

Table 2.5 List of softwares, algorithms and FIJI macros used in this study

NAME BRAND WEBSITE / PUBLICATION
Softwares, algorithms, macros

Arivis Vision 4D Arivis AG arivis.com

BD FACSDiva software (version 8.0.1) BD Bioscience N/A

Bio-Rad CFX Manager software

Bio-Rad
Laboratories

https://www.bio-rad.com/

Clus-DoC package for clustering analysis

Matlab 2014b or
later

Pageon et al., 2016

Columbus Image Data Storage and Analysis PerkinElmer perkinelmer.com

System

FIJI Macro: Quantification of cell fluorescent | Fiji https://github.com/pacloM1990/

intensity — by Paolo M Marchi Quantification-of-cell-
fluorescent-intensity

FIJI NanoJ-SQUIRREL plug-in Fiji Culley et al., 2018

FlJI software Fiji Schindelin et al, 2012

FIJI ThunderSTORM plug-in Fiji Ovesny et al, 2014

FlJI TrackMate plug-in Fiji Tinevez et al., 2017

FlJI Trainable Weka Segmentation plug-in Fiji Arganda-Carreras et al, 2017

GeneSys software for G:BOX EF Syngene https://www.syngene.com/

Graphpad Prism v8.4.1 GraphPad https://www.graphpad.com/

scientific-software/prism

Huygens Professional version 19.10

Scientific Volume
Imaging

http://svi.nl

Imarisv7.7.2

Bitplane AG

Imaris.oxinst.com

MATLAB analysis: Guide to TrackMate Matlab
MSD — by Paolo M Marchi

Matlab 2014b or
later

https://github.com/paocloM1990/
Guide-to-TrackMate-Matlab-MSD

MATLAB class @msdanalyzer — by Jean-Yves
Tinevez

Matlab 2014b or
later

https://github.com/tinevez/msda
nalyzer

NIS-Elements Microscope Imaging Software

Nikon

N/A
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2.1.6 Experimental in vitro models

Table 2.6 List of experimental In vitro models

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Cell Lines
1321N1 astrocytoma cell line Sigma-Aldrich | Cat#86030402

E15.5 embryos of wild-type C57BL/6 mice N/A University of Sheffield

Hb9-GFP mouse embryonic stem cells N/A Gift from Thomas Jessel, Columbia
University, New York

Human skin fibroblasts sample N/A University of Sheffield

Ethical approval to use human skin
fibroblasts is in place for this
project (REC approval 12/YH/0330)

2.1.7 DNA oligonucleotides

Table 2.7 List of DNA oligonucleotides.

The sequences of RT-gPCR primers (for Mus musculus) as they were ordered from Sigma.

Gene Symbol | Primer forward (5°-3’) Primer reverse (5’-3’)

ACTB GCTCCTCCTGAGCGCAAGTA AGCTCAGTAACAGTCCGCCTA
ATP6VOE1 GGGTCCTAACCGGGGAGTTA ACAGAGGATTGAGCTGTGCC
CTSB GCTCTTGTTGGGCATTTGGG ACTCGGCCATTGGTGTGAAT
CTSD CTTGGGCATGGGCTACCCTC TTGCCCTTCTGGGTCCCTGTT
CTSL CGCCTTCGGTGACATGACCA TCTTGTGCTTCTGGTGGCGG
GAPDH GGTCATGAGCCCTTCCACAA TGAAGGGTGGAGCCAAAAG
GBA GGGCAGCAAACTCCCTAGCAG GGATGCAGGGTTGGGCACCATA
MCOLN1 TGCTGTGGACCAGTACCTGA GTAGTACCGCTGGCAGAGAG
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2.2 Methods

2.2.1 Cell culture

1321N1 astrocytoma cells ** were cultured in DMEM supplemented with 10% FBS and
5U ml* Penstrep.

Hb9-GFP mouse stem cells were cultured as described °? and differentiated into motor
neurons with 2 uM retinoic acid and 1 uM Smoothened Agonist (SAG) for 5 days. Embryoid
bodies were then dissociated with papain. All cells were maintained in a 37 °C incubator

with 5% CO2.

2.2.2 Conversion of skin fibroblasts to induced neural progenitor cells

Skin fibroblasts from one healthy control and two C9 ALS patients (Table 2.6) were
reprogrammed as previously described #°3, Briefly, 10* fibroblasts were grown in one well
of a six-well plate. Day one post-seeding the cells were transduced with retroviral vectors
containing Oct 3/4, Sox 2, KIf 4 and c-Myc. Following one day of recovery in fibroblast
medium (DMEM and 10% FBS), the cells were washed 1x with PBS and the culture medium
was changed to Neural Progenitor Cell (NPC) conversion medium comprised of DMEM/F12
(1:1) GlutaMax, 1% N2 supplement, 1% B27, 20 ng/ml FGF2, 20 ng/ml EGF and 5 ng/ml
heparin. As the cell morphology changes and cells develop a sphere-like form, they can be
expanded into individual wells of a six-well plate. Once an induced neural progenitor cell
(iNPC) culture is established, the media is switched to NPC proliferation media consisting
of DMEM/F12 (1:1) GlutaMax, 1% N2, 1% B27, and 40 ng/ml FGF2.

Patient Cell type Gender Ethnicity Age at biopsy collection
sample (vears)

155v2 Healthy control Male Caucasian 40

161 Healthy control Male Caucasian 31

183 C9orf72 ALS Male Caucasian 50

78 C9orf72 ALS Male Caucasian 66

CS14 Healthy control Female Caucasian 52

Table 2.8 List and characteristics of iAstrocytes used in this study.
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2.2.3 1Astrocyte differentiation and co-culture system

INPC-derived human astrocytes (herein referred to as iAstrocytes) were yielded as
previously described #5344, Briefly, iNPCs were switched to astrocyte proliferation media,
which includes DMEM, 10% FBS and 0.2% N2 supplement. Cells were grown in 10 cm
dishes coated with fibronectin for 7 days unless otherwise stated. For the co-culture system,
we treated iAstrocytes with 1uM DPRs for 24h, then plated Hb9-GFP mouse motor neurons
on top of the astrocyte layer and kept this co-culture system for 48h before fixation and

confocal imaging.

2.2.4 Primary mouse cortical neurons

Primary cortical neurons were produced from E15.5 embryos of wild-type C57BL/6 mice.
Brains were harvested and hemispheres were divided. In HBSS-/- medium, meninges and
midbrain were removed in order to isolate the cortical tissue, which was then incubated with
trypsin for cell dissociation. Single-cell suspension was obtained by mechanical pipetting in
appropriate trituration solution (HBSS+/+ with 1% albumax, 25mg Trypsin inhibitor,
10mg/ml DNAse stock). Finally, cortical neurons were resuspended in Neurobasal medium
with B27, 1% Pen/Strep and 1% Glutamine, and seeded on Xona silicon device (#RD450)
coupled with a 35mm dish previously coated with poly-D-lysine. Cells were maintained in
a 37 °C incubator with 5% CO2, changing medium every two days. Neurotrophic factors
(2 ng/ml BDNF, 2ng/ml GDNF) were added into the medium to favour the correct
directionality of axonal growth through the microgrooves. After 12 days in culture, cells
were stained with Lysotracker Green and live imaging was performed with Airyscan
microscopy (Zeiss LSM 880) at 1.5Hz for 2 minutes (561 nm and 488 nm channels; 63x

1.4ANA oil immersion lens).
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2.2.5 Dipeptide Repeat Proteins cloning

V/5-tagged 34x GA repeat

The following method for the production of VV5-tagged 34x GA repeat was performed by
the group of Prof. Kurt De VVos (Department of Neuroscience, University of Sheffield, UK).

The V5-tagged 34x GA repeat was obtained using an expandable cloning strategy with Agel
and Mrel as compatible enzymes #*°.

A “start acceptor” pCl-Neo vector (Promega) was first constructed by cloning a V5-
3xGly/Ala insert into the Xhol1/Notl sites (ctc gag gcc acc atg ggc aaa ccg att ccg aac ccg
ctg ctg ggc ctg ctg gat age acc ggt gca ggt get gge gee gge gga tee gaa tte tag ccg cgg ccg )
and a “start donor” vector with a 14xGly/Ala insert (ctc gag acc ggt gca ggt gct gga get ggt
gca ggt gct gga gca ggt gca ggt get gga get ggt gea ggt get gga gea ggt get gge gee gge gga
tcc gaa ttc ccg cgg ccg c) in the Xhol/Notl sites. These vectors (“start acceptor” and “start
donor”) were then used to propagate the GA repeats to construct 34 GA repeats, as shown

in the following figure:

Start: Acceptor Vector

pciNeo-Xhol-ATG-V5- Agel 3XGAMDPR Mrel EcoRl Sacll/Not1-pciNeo
a|ccggt cg|ccggeg  glaattc
tggec|a gcggec|ge  cttaalg

Start: Donor Vector

pciNeo-Xhol Agel 14xGAMDPR Mrel EcoRlI Sacll/Not1-pciNeo
alccggt cglccggeg  glaattc
tggec|a gcggec|ge  cttaalg

Propagation:

Cut donor with Age/ EcoRlI

GAMDPR  Mrel EcoRl
cglccggeg 8
gcggee|ge  cttaa

Open acceptor with Mrel/ EcoRI

pciNeo-Xhol Agel GAM@DPR  Mrel --GAP-- EcoRl Sacll/Not1-pciNeo
a|ccggt cg aattc
tggec|a geggcc i1
Ligate
pciNeo-Xho1l-ATG-V5- Agel GAMPR Mrel/Age GA@DPR Mrel EcoRl Sacll/Not1-pciNeo
alccggt cg|ccggt cg|ccggeg glaattc
tggec|a gcggec|a gcggee|ge cttaalg

Figure 2.1 Cloning of Gly/Ala repeat constructs
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FLAG-tagged 50x PA repeat

The plasmid pAG416-Gal, which encodes for the PAX50 dipeptide repeats, was obtained
from Addgene as described in the thesis section 2.1.1 (Addgene plasmid # 84902).

Subcloning into pETM-11 vector

DNA sequences encoding V5 tag followed by 34 repeats of GA or 50 repeats of PA were
subcloned in a bacterial expression vector containing an N-terminal 6xHis-Tag and a TEV
protease cleavage site ()ETM-11 vector, EMBL).

In particular, the VV5-tagged 34x GA construct was subcloned in the pETM-11 vector using
Ncol and Notl restriction sites; whereas the FLAG-tagged 50x PA repeat construct was
subcloned in the pETM-11 vector using Ncol and Xhol restriction sites.

Transformation of bacterial cells (E. coli BL21) with plasmids containing these repeat

constructs was performed; and protein purification steps are described in Chapter 3.2.1.

2.2.6 Transmission electron microscopy

The morphology of poly-GA fibrils was assessed by Transmission Electron Microscopy in
a Jeol 1400 microscope before and after fragmentation following adsorption onto carbon-
coated 200 mesh grids and negative staining with 1% uranyl acetate. The images were
recorded with a Gatan Orius CCD camera (Gatan). The B-sheet amyloid component of
fibrillar poly-GA assemblies was also assessed and confirmed by Fourier-transform infrared
(FTIR) spectroscopy as described in a previous study from Dr Melki’s team 2%, Importantly,
before the addition to the medium, fibrillar DPRs were sonicated for 5 min at 80%
amplitude with a pulse cycle of 5 seconds on and 2 seconds off (MSE Soniprep 150); this

procedure is required to disperse the aggregated p-sheet assemblies.
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2.2.7 Coalescence measurements

For phase-separation experiments, soluble GA and PA DPRs (stock concentration = 100
M) were diluted in ddH20 to either 20 uM, 10 UM or 1 uM. After vortexing, the mixture
was pipetted onto glass-bottom slides (Ibidi), and assembly formation was monitored over
time. Images were acquired immediately, as well as after 2 and 24 hours using a Leica SP5
confocal microscope with a 63x 1.4NA oil immersion objective, 561 nm channel. To capture
fine details for 3D rendering, assemblies were imaged with a z-stack following Nyquist
sampling for optimized pixel density ***. Huygens Professional software (version 19.10) was
used to deconvolve z-stack data using the CMLE algorithm (with SNR:10 and 40 iterations)
and subsequently for 3D-volume and —surface rendering thus generating Movies S1 and S2.
The 3D rendering for Movies S3 and S4 was performed using the software Imaris v7.7.2;
no deconvolution was applied here. Number, circularity and size of DPR assemblies were
quantified with Fiji *” and plotted using GraphpadPrism 8. The Fiji plug-in Trainable Weka
Segmentation *°® was used to finely measure the circularity of liquid-like droplets in
heterogeneous PA assemblies (20 uM, 24h) (Figure 3.4D).

2.2.8 Immunocytochemistry

After the addition of the DPRs, all the single-cell cultures were washed five to six times with
PBS and fixed with 4% PFA for 30 min at room temperature. After fixation, cells were
washed two times with PBS, permeabilized for 10 minutes with 0.1% Triton-X 100:PBS and
additionally washed twice with PBS. Subsequently, cells were incubated with the blocking
agent 3% BSA for 30 min and then incubated overnight at 4°C with primary antibodies (in
3% BSA). Cells were then washed 3x with PBS and incubated for 1h with the corresponding
Alexa Fluor secondary antibodies at 1:1000 dilution (in 3% BSA) and with Hoechst when
needed. Cells were washed 3x with PBS, and coverslips were mounted onto glass slides
using Fluoromount aqueous mounting medium. In the case of imaging with Opera Phenix®
high-throughput system, coverslipping of 96-well plate is not required, and cells were
imaged in PBS solution. Primary antibodies used were: Anti-Vimentin (1:4000), anti-
aTubulin (1:1000), anti-CD44 (1:1000), anti-Cathepsin B (1:500), anti-Cathepsin D
(1:1000), anti-Cathepsin L (1:1000), anti-Galectin 3 (1:100), and anti-LAMP1 (1:50) (Table
2.2).
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2.2.9 Flow cytometry

1321N1 human astrocytoma cells (1.2 x 10%sample) were washed six times in PBS (to
eliminate any remaining DPRs in the media), trypsinized and then resuspended in 500ul of
PBS. Suspended cells were then analysed by using an LSRII flow cytometer (BD
Bioscience) with excitation at 488 nm and BD FACSDiva software (version 8.0.1; BD
Bioscience) to excite the ATTO550 fluorophore. Detection of ATTO550+ signal was set at
610/20 voltage. Cells not treated with DPRs acted as control producing the gating to
discriminate between the ATTO550+ and the ATTO550- cells.

2.2.10 Immunoblotting

In order to collect protein extracts, iAstrocytes were washed six times in PBS (to eliminate
any remaining DPRs in the media) and lysed in RIPA buffer (20 mM Tris-HCI pH 7.5, 137
mM NaCl, 10% glycerol, 1% Tryton X-100, 0.5% sodium deoxycholate, 2mM EDTA, 0.1%
SDS, supplemented with protease inhibitor cocktail) on ice for 20 minutes. The protein
extracts were then collected in the supernatant and the concentration of each protein extract
was estimated using a BCA assay. Equal quantities of protein were mixed with 4% loading
“Laemmli” buffer (0.4 M sodium phosphate pH 7.5, 8% SDS, 40% glycerol, 10% 2-
mercaptoethanol, 0.05% bromophenol blue), heated to 95 °C for 5 min, and processed for
either dot-blot or western blot. Nitrocellulose membranes (0.22um pores) were blocked in
1x TBS with 0.05% Tween (1x TBST) with 5% w/v non-fat dry milk for 1h, and then
incubated with primary antibodies in 1x TBST 5% w/v non-fat dry milk at either room
temperature for 2h or 4 °C overnight.

Primary antibodies used were: anti-V5 (1:1000; CellSignaling), anti-a-tubulin (1:3000),
anti-GA repeat (1:1000), anti-AP repeat (1:1000) (Table 2.2).

Membranes were then washed three times for 5 min with 1x TBST and incubated with either
an anti-mouse 1gG-HRP-conjugate (1:5000) or an anti-rabbit IgG-HRP-conjugate (1:5000).
Enhanced ChemiLuminescence (ECL) substrate was then added to the membrane to enable
detection, and nonsaturated images were acquired using a G:BOX EF machine and GeneSys

software.
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2.2.11 Perturbation of endocytosis

Exposure of cells to low-temperature conditions is a commonly used method for nonspecific
inhibition of endocytosis. Healthy control iAstrocytes were primed with 30 min of exposure
to 4°C, and then the DPR assemblies (diluted in ice-cold DMEM) were delivered to the cells
and incubated at 4°C for an additional time of 1 hour. The same procedure was applied for
Alexa647-labelled transferrin, an established marker of clathrin-coated pits **°. In parallel
conditions, cells exposed to DPR assemblies or transferrin were incubated with DMEM at
37°C for 1 hour. For the dynamin inhibition experiment, following the established protocol
460 cells were primed for 30 min with Dynasore (or 0.2% DMSO) and incubated at 37°C in
serum-free medium before addition of transferrin or poly-GA fibrils for 1 hour. Cells were
subsequently fixed in Glyoxal solution (pH=5) for 30 minutes “* and imaged with confocal
microscopy (Zeiss LSM 880, Airyscan mode) from the plane of sharp focus. From the

images, using FIJI and creating a macro (https://github.com/paoloM1990/Quantification-of-

cell-fluorescent-intensity), the Mean grey values of Atto550 or Alexa647 whole-cell signals

were calculated. In the case of the 37-4°C endocytosis experiment, mean grey values were

log-transformed (log10) only for better graph visualization.

2.2.12 Lysosomal assays

Lysosomal in situ Enzyme Activity was measured by using Lysosome-Specific Self-
Quenched Substrate (Abcam Cat No. ab234622) at manufacturers recommended dosage. In
brief, primary mouse cortical neurons were exposed to poly-GA DPRs for 24 hours (or were
left untreated), and Lysosome-Specific Self-Quenched Substrate was added during the final
1 hour of the 24-hour period. Cells were then fixed with 4% PFA at room temperature for
15 minutes before being imaged with a Zeiss LSM 880 confocal microscope on glass-bottom
slides (Ibidi). FIJI was used to analyse the images, and the mean fluorescence intensity of

the substrate was quantified per neuronal cell.

Lysosomal staining with the fluorescent acidotropic probe, LysoSensor Green DND-189,
was performed according to the manufacturer’s recommendations (ThermoFisher Scientific,
#L.7535). Briefly, HeLa cells on a 96-Well Optical-Bottom Plate were exposed to poly-GA
DPRs for 24 hours (or were left untreated), and LysoSensor Green was added during the
final 1 hour of the 24-hour period (1 uM final concentration). After incubation, live cells
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were transferred to the PerkinElmer Opera Phenix® high-throughput system for imaging
(40x 1.1NA lens). Using the Columbus Image Analysis System, the mean fluorescence

intensity of LysoSensor Green was quantified per cell.

2.2.13 Release of DPRs in the conditioned medium

To detect the cell release of ATTO550 DPRs into the conditioned medium, we initially added
1uM of DPRs to the culture medium for 24h. After DPR uptake, cells were washed at least
five times with PBS to remove remaining assemblies in the medium and then incubated for
24h with PhenolRed-free FBS-free DMEM. This conditioned medium (CM) was harvested
in tubes which were subsequently centrifuged at 200g for 4 minutes to remove any remaining
debris and dead cells. Finally, the HTS microplate reader PHERAstar FSX was used to
measure ATTO550 fluorescence intensity (thus relative DPR concentration) in the CM on a
96-well plate. The optical module used for the fluorescence intensity measurement of each
well was set to 540-20 nm (excitation light) and 590-20 nm (emission light), covering the
whole area of the well. Importantly, we tested for linear dependence of fluorescence on
concentration to evaluate potential inner filter effect 462 by using nine known dilutions of
purified DPRs in PhenolRed-free FBS-free DMEM; the plotted fluorescence values

originated a standard curve with R? > 0.95.

2.2.14 APOJ enzyme-linked immunosorbent assay (APOJ ELISA)

Apolipoprotein J (APOJ) (also known as clusterin) was measured in conditioned medium
from either untreated or treated iAstrocytes for 24 hours with various recombinant DPRs
(poly-GA fibrils, poly-GA oligomers, poly-PA oligomers). The conditioned medium was
collected in tubes and centrifuged at 500g for 4 minutes to remove any remaining debris and
dead cells. After that, samples were diluted 1:10 and analysed within the range of the
standard curve. APQOJ protein levels were measured using a human APOJ ELISA kit
(Proteintech, #KE00110) following the manufacturer’s instructions. The HTS microplate
reader PHERAstar FSX was used to measure the absorbance of APOJ standards at 450 nm
with the correction wavelength set to 630 nm. Regression analysis using the Four-parameter

logistic curve-fit (4-PL) method was used to determine the best-fit standard curve.
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2.2.15 Mean-Squared Displacement(At) analysis

Human iAstrocytes were exposed to 1uM ATTOS550-labeled Poly-GA DPR fibrils for 24h.
Cells were then washed several times with PBS and, while keeping them in 5% CO, and
37°C, z-stack live-imaging was performed by taking 60 frames at ~1frame/s rate (1 frame =
1 full z-stack) at ~190nm lateral resolution (Zeiss LSM880, airyscan mode).

Single DPR aggregates were then detected as single particles and analysed by the open-
source FIJI-plug-in TrackMate %62 using difference of Gaussians (DoG) detection (estimated
blob diameter = 0.8um; threshold = 100) and Simple LAP tracker (linking max distance =
1um; gap-closing = 1um; max frame gap = 5). Movie S5 was produced in 3D-volume
rendering mode using Arivis Vision 4D software after complete image stack deconvolution
was performed for each frame with Huygens Professional version 19.10 (CMLE algorithm,
SNR:20, 40 iterations).

The xy data for each tracked object was analysed to determine Mean-Squared Displacements
(MSD) as a function of time-step, At. For untethered non-interacting objects moving freely
within the media, MSD(At) is expected to evolve linearly with a gradient equal to 4D, where
D is the Brownian translational Diffusion coefficient. If the object also experiences ballistic
motion (i.e. constant translational velocity magnitude and direction), which could
approximately describe microtubule transport %64, the MSD(At) becomes quadratic and is
represented by the equation: MSD = 4DAt + v2At2, where v is the average ballistic velocity
485 Consequently, MSD(At) data was fitted to this expression to identify any trajectories that
showed non-zero values for v, and so possibly reflect microtubule directed motion. For this
analysis, the time range fitted was 20 seconds, and only trajectories greater than 30 seconds

in length were analysed (380 separate trajectories met this criterion).

For the MSD(At) analysis on DPR trajectories in primary mouse cortical neurons, we firstly
used TrackMate for producing DPR tracks and then we implemented the MATLAB class

@msdanalyzer written by Jean-Yves Tinevez (https://github.com/tinevez/msdanalyzer

GitHub), already used in a previous study “%® and explained in its details *¢”. MSD plots and
Log-Log fit plots were produced with MATLAB R2018b using the aforementioned class. A
detailed explanation of how the analysis was performed (from the generation of Trackmate
DPR tracks to the production of graphs after MSD analysis) can be found on Github at the
following link: https://github.com/paocloM1990/Guide-to-TrackMate-Matlab-MSD
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2.2.16 Colour deconvolution for detecting two lysosomal populations

We developed custom scripts in MATLAB to produce colour deconvolution algorithms that
separated “Non-Colocalized Lysosomes” (NCLs) and “Colocalized Lysosomes” (CLs).
NCLs corresponded to the signal of LysoTracker Green devoid of any overlapping with
ATTO550-DPRs signal. CLs, instead, corresponded to the merged signal generated by
LysoTracker Green — ATTO550-DPR colocalization.

Briefly, 8-bit RGB time-lapse images were split into individual frames and a fuzzy colour
detection algorithm was applied to identify and isolate regions of interest. Resulting images
were binarised by applying a global Otsu threshold, and then de-noised using a median filter.

2.2.17 mRNA isolation and RT-gPCR

Primary cortical neurons were produced from E15.5 embryos of wild-type C57BL/6 mice.
Total RNA from primary mouse cortical neurons (after 10 days in vitro) exposed to poly-
GA oligomers or poly-GA fibrils (or untreated) for 24h was isolated using RNeasy Mini Kit,
according to the manufacturer’s manual. During RNA extraction, treatment with DNase |

was applied to get rid of contaminating DNA.

RT-gPCR was carried out using the QuantiFast SYBR Green RT-PCR Kit. Briefly, a 10 pl
volume reaction was set up by using 2 ul total RNA (diluted to a concentration of 10 ng/ul
in nuclease-free H>0), 5 pl 2x QuantiFast SYBR Green RT-PCR Master Mix, 1uM forward

primer, 1uM reverse primer, 0.1 pl QuantiFast RT mix and nuclease-free water.

Following an initial reverse transcription step at 50°C for 10 min and a 5 min denaturation
step at 95°C, the cDNA was amplified by 39 cycles of 95°C for 10 sec followed by a
combined annealing/extension step at 60°C for 30 sec. This was followed by subsequent
melt curve analysis (to ensure primer specificity), with data collected over a temperature

range of 65-95°C in 0.5°C increments. The described thermocycler program is shown here:
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Reverse transcription:
50°C 10 minutes

Activation of Tag DNA polymerase (and inactivation of Reverse transcriptase):
95°C 5 minutes

Cycle 39x: Denaturation and combined annealing/extension:
95°C 10 seconds
60°C 30 seconds

Final elongation:
65°Cto 95°C  with 0.5°Cincrements

Hold:
10°C

RT-qPCR was performed on a Bio-Rad C1000 Touch™ Thermal Cycler. Bio-Rad CFX
Manager software was used to analyse signal intensity and relative gene expression values
were determined using the AACt method, with GAPDH RNA used as a reference gene.

The RT-gPCR product was then visualized on a 2% agarose gel, after loading 10ul of product
along with 2ul of 6x gel loading dye. After electrophoresis (at 120V for 40 minutes), the gel
visualization showed RT-gPCR products matching the expected bp size.
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2.2.18 dSTORM imaging

2.2.18.1 Sample preparation

High-precision (#1.5H Thickness) glass coverslips were thoroughly rinsed in deionized
water and dried. The glass coverslips were coated for 5 minutes at room temperature with
fibronectin diluted in PBS (1:400) before iAstrocytes were plated.

2.2.18.2 Immunocytochemistry and staining for dISTORM imaging

Healthy control iAstrocytes were exposed to 0.5uM ATTO-647N-labeled DPR fibrils and
oligomers for 24h. Cells were then washed 6 times with PBS to remove the remaining DPRs
in the medium and then fixed for 60 minutes in 4% PFA (+0.2% glutaraldehyde) diluted in

PBS. This long fixation period was used to minimize molecule motility 48,

For dual-colour dSSTORM imaging, PFA-fixed cells were quenched in 50 mM NH4Cl in PBS
for 5 min at room temperature, followed by permeabilization with 0.1% Triton-X 100 in
PBS and blocking of non-specific binding sites with 2% BSA.

Staining with anti-LAMP1 Mouse primary mAb (1:50) was performed overnight at 4°C.
Cells were washed with 3 x PBS for 5 minutes and incubated for 2h with Anti-Mouse IgG
F(ab) ATTO488 (H+L) (1:1000; HyperMOL) to yield minimal linkage error 4¢°. Post-
fixation in 4% PFA (+0.2% glutaraldehyde) for 30 minutes was applied to further reduce

molecule motility when needed.

Coordinates were tracked with Nikon NIS-Element software for computational drift
correction and, in a separate sample, tetraspeck beads (100 nm diameter) were imaged as
fiduciary landmarks for chromatic realignment. Dual-colour dSTORM imaging was
performed under reducing condition preparing a 1 ml solution of 39.5 mM Tris buffer with
7.9 mM NaCl (pH 8), 10% glucose (=100 mg), 100 mM cysteamine, 500 pg/ml glucose
oxidase, and 40 pg/ml catalase. Approximately 8’000-10°000 frames per channel were
acquired. Diffraction limited images of each channel were also acquired, providing the
reference for subsequent NanoJ-SQUIRREL analysis #’° of image artefacts (Figure 4.7C).
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All imaging was carried out on an inverted Nikon Eclipse Ti microscope equipped with a
100x oil immersion objective (N.A. 1.49) using an Andor iXon EMCCD camera (image
pixel size, 151.57 nm). ATTO-647N and ATTO-488 were imaged using 639 nm and 488
nm lasers for a 10-ms or 20-ms exposure time. We used Nikon NIS-Elements software for
both image acquisition and reconstruction. After image reconstruction, the package
ChriSTORM ! was used for translating NIS-Elements localization files into compatible
files for image rendering by the open-source FIJI plugin ThunderSTORM #72, Thus,
ThunderSTORM enabled the ultimate visualization of data acquired by STORM imaging
(Figure 4.7A). Using the Nikon NIS-Elements software, single molecules were localised
with a lateral localization accuracy of ~20 nm for 647 channel and of ~45 nm for 488 nm
channel based on the Thompson equation 43 (Figure 4.7B). In addition, by using NanoJ-
SQUIRREL FIJI plug-in, we have implemented block-wise FRC resolution mapping to
provide local resolution measurements of our dSTORM dataset *’° (Figure 4.7B).

2.2.18.3 Colocalization analysis in dual colour dASTORM

For colocalization analysis, graphs are indicative of ~5-6 healthy iAstrocytes with 5 ROIls
taken in regions juxtaposed to the nucleus of each cell (n = 3 biological experiments). The
choice of ROIs was based by excluding artefact-rich areas with the FIJI plug-in NanoJ-
Squirrel #7. For colocalization analysis, we used the open-source software Clus-DoC #7* to
generate colocalization maps (Co-Loc maps) which highlighted areas of molecular
interaction between the two channels with the following parameters: L(r)-r radius = 20nm;
Rmax = 500nm; Step= 10nm; Colocalization threshold = 0.4; Min colocalized points/cluster
= 10. These parameters were also chosen in accordance with a previously published study
that used LAMP1 staining (as in our case) #7°.
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2.2.18.4 3D dSTORM

Nikon NIS-Element software and a Nikon Eclipse Ti microscope were used for 3D STORM
imaging. We used an astigmatic lens in the light path - directly in front of the camera. To
summarise, the NIS-Element calibration algorithm was first applied to tetraspeck beads in
z-stack mode (600-800 nm of z-stack). Because of the astigmatism, the point spread function
(PSF) of the beads changes along the z-axis; this PSF change is used by the calibration
algorithm to estimate the position along the z-axis. For each imaged channel, a new
calibration was applied (although in our case we only imaged ATTO647N dye, thus one
channel).

2.2.19 Quantification and Statistical analysis

All data are presented as means + SEM or means + SD, where indicated. On normally
distributed data, statistical differences were analysed using Unpaired two-tailed Student's t-
test (with Welch’s correction, when SDs were not equal) for pairwise comparisons Or one-
way ANOVA (with Tukey's correction) for comparing groups of more than two. On non-
normally distributed data, the non-parametric Kolmogorov-Smirnov test or Kruskal-Wallis
test (with Dunn’s multiple comparisons) were used for pairwise comparisons or for
comparing multiple groups, respectively. Normal distribution was tested with Shapiro-Wilk
testand Q-Q plot. P <0.05 was considered statistically significant. All graphs and tests were

generated using GraphpadPrism 8.
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3. Recombinant poly-GA DPRs assemble
into oligomers and B-sheet fibrils
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3.1 Introduction

A crucial driver of C9orf72-mediated ALS/FTD pathology is the unconventional repeat-
associated non-AUG (RAN) translation of the GGGGCC repeat expansion into five toxic
dipeptide repeat proteins (DPRs). Post-mortem tissue of ALS/FTD patients contains
ubiquitin- and p62-positive DPR inclusions predominantly in the frontal cortex,
hippocampus and cerebellum of neuronal cells 356414416417 "with rare occurrence in glia 47®.
There is a near absence of DPR inclusions in spinal cord motor neurons from ALS cases
(0.1% of cells) **°; however, it could be argued that these DPRs could have resided in motor

neurons that had already died prior to histological examination.

Among the five different DPR species generated by RAN translation (-GA, -GP, -PA, -PR,
-GR), poly-GA appears to be the most abundantly detected in ALS/FTD patients' CNS post-
mortem tissues, and thus the longest lasting in the CNS #5477, Poly-GA toxicity has been
documented both in cell culture and in vivo 127418478 and correlates with motor deficits,
cognitive defects and inflammatory response in mice 128424427 nitial efforts to identify
molecular mechanisms of poly-GA toxicity revealed that these DPRs interact with
components of the ubiquitin-proteasome system, such as p62, ubiquilin-1, ubiquilin-2, and
UV excision repair protein RAD23 homologs A and B (HR23A and HR23B) 416:4294%0: gng
specifically lead the 26S proteasome to stalled degradation “4’. Emerging evidence shows
that poly-GAs can also rapidly spread throughout the Drosophila brain in a repeat length-
and age-dependent manner 3! in agreement with their ability to spread and drive

cytoplasmic mislocalization and aggregation of TDP-43 in cell cultures 126:130.132448

This chapter describes the first steps we took to produce recombinant poly-GA proteins. By
using an Escherichia coli-based expression system, we successfully produced and purified

poly-GA proteins consisting of 34-GA dipeptide repeats.

These 34-GA DPRs were subsequently labelled with a specific fluorescent dye to allow their
rapid visualization in cell culture settings via fluorescence microscopy. Furthermore, the
DNA sequence encoding the short V5 epitope tag (derived from the P and V proteins of the
paramyxovirus simian virus 5) was cloned into our constructs for producing the recombinant
proteins. Besides recombinant poly-GA, another recombinant protein such as poly-PA was

produced by the same techniques to serve as an experimental control in later studies.
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Briefly, the following scheme illustrates the various steps taken in the production of

recombinant proteins.

Production of \
Recombinant

DNA plasmids
Y I His tag l—l TEV cleavage site H V5 tag H GAx34 |
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Figure 3.1 Schematic diagram of recombinant proteins’ production

DNA sequences encoding V5-tag followed by 34 repeats of GA or FLAG-tag followed by 50 repeats
of PA were subcloned in a bacterial expression vector containing an N-terminal 6xHis-Tag and a
TEV protease cleavage site. The E. coli BL21 strain was transformed with these recombinant
plasmids. His-tagged proteins were purified on Talon columns. Eluted fractions were analysed by
SDS-PAGE, and proteins were quantified spectrophotometrically and labelled with fluorescent dyes.

Figure created with BioRender.com under academic license.

Each step of this experimental scheme will be discussed in detail during the course of this

Results’ chapter.

There are several advantages of having our recombinant proteins linked to a fluorescent dye
and, at the same time, being tagged with the V5 epitope. Fluorescent microscopy can be used
to rapidly detect the recombinant proteins via the fluorescent dye (both fixed- and live-
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imaging modalities can be used), and the dye’s fluorescent signal can be confirmed down
the line with anti-V5 immunoassays on fixed cells or blotted membranes (i.e.,

immunostaining, immunoblotting).

The construction of this easy-to-use system offers the exciting ability to monitor the presence
of 34-GA dipeptide repeats upon their administration to the cell culture medium. This
experimental setting mimics a situation in which an exogenous protein is potentially
circulating in the extracellular space (or cell culture medium) and can come into contact with
a cell or more than one cell.

Numerous biological processes such as plasma membrane binding, endocytosis,
phagocytosis, lysosomal degradation and cell-to-cell transmission can be studied in cell
culture to follow the fate of an exogenous recombinant protein after its addition to the cell
culture medium. Recombinant proteins are crucial instruments for investigating biological
processes, and their manufacture for research purposes is primarily motivated by the

process's cost-effectiveness, simplicity, and speed, as well as appropriate product yields.

This chapter will also describe the in vitro assembly of the generated recombinant proteins.
By “in vitro assembly”, we define the process underlying the coalescence of purified proteins
in the test tube, thus in vitro.

No research has yet looked into the potential for poly-GA recombinant proteins to undergo
liquid-liquid phase separation in vitro, contrarily to other DPR species such as poly-GR and
poly-PR for which this process has been extensively investigated 47°.

Along the line of in vitro experiments, we will also investigate whether our recombinant
poly-GA has the ability to form high-molecular weight species with characteristic and

distinct morphological features, for example, by forming fibrillar assemblies.

The investigation of poly-GA DPRs at various aggregation stages (oligomers vs fibrils)
represents an important opportunity for cell culture research. Because the repeat length is
the same (34-GA), potential differences in biological processes (e.g., membrane binding,
endocytic routes of uptake, cell-to-cell transmission) would be solely attributable to the
stage of aggregation. This area of research is largely unexplored in C9 ALS/FTD, as to the
best of our knowledge no study has yet provided a comparative assessment of the properties

of the same DPR species at different aggregation stages.

In the final section of this chapter, we will address the potential of our recombinant proteins

to bind to the cell surface upon administration into cell culture medium.
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3.2 Cloning, purification and labelling of recombinant DPRs

Some results had already been generated as part of this thesis project, which began in April
2018, by the groups of Professor Kurt De VVos (Department of Neuroscience, University of
Sheffield, UK) and Dr Ronald Melki (Institute Francois Jacob MIRCen, CEA and
Laboratory of Neurodegenerative Diseases, CNRS, France). These laboratories' work
consisted in the production of recombinant poly-GA and poly-PA proteins. In particular:

e Professor De Vos' team cloned the V5-tagged 34-GA repeat construct

e Dr Melki’s team produced the FLAG-tagged 50-PA repeat construct and produced

all recombinant proteins

V5-tagged 34-GA repeat
Briefly, V5-tagged 34x GA repeat was obtained using an expandable cloning strategy with

Agel and Mrel as compatible enzymes #°, as explained in detail in Section 2.2.5. The V5-
tagged 34-GA construct was then subcloned in the pETM-11 vector (Addgene plasmid
#108943), using Ncol and Notl restriction sites. The pETM-11 vector contains an N-
terminal 6xHis-Tag and a TEV protease cleavage site, which are useful sites for later
purification. Transformations of plasmids containing the 34-GA repeat were performed

using E. coli BL21 and purification steps are described in Chapter 3.2.1.

FLAG-tagged 50-PA repeat

Briefly, the plasmid pAG416-Gal, which contains the DNA encoding for 50-PA repeats,
was obtained from Addgene (Addgene plasmid #84902). The FLAG-tagged 50-PA repeat
construct was then subcloned in the pETM-11 vector, using Ncol and Xhol restriction sites.

Transformations of plasmids containing the 50-PA repeat construct were performed using

E. coli BL21 and purification steps are described in Chapter 3.2.1.

This collaboration among different groups enabled me to begin my PhD project in 2018,
when | could readily test these recombinant proteins for GA/PA immunoreactivity (Chapter

3.2.2) and for various cell culture experiments (3.3 onward Chapters).
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3.2.1 Protein purification, characterisation and fluorescent labelling

Poly-GA and poly-PA proteins were expressed in E. coli BL21 and purified on 5 mL Talon
column (Clontech®) loaded with Cobalt. The proteins were eluted with a linear gradient of
12 ml from buffer A (20mM Tris pH 7.5, 250mN NaCl, 5mM Imidazole, 1mM
BMercaptoethanol, Glycerol 10% PMSF 0.1mM) to buffer B (20mM Tris pH 7.5, 250mM
NaCl, 250 mM Imidazole, ImM BMercaptoethanol, Glycerol 10% PMSF 0.1 mM).

Eluted fractions were analysed by SDS-PAGE, and proteins were quantified
spectrophotometrically using a molar extinction coefficient of gca= 2980 M* cm™ and

epa= 4470 Mt cm™,

It is important to mention that the eluted fractions of poly-GA and poly-PA proteins are
composed of what we defined as “oligomers”, which essentially indicates that these
recombinant proteins are composed of a small number of identical monomers with defined
dipeptide repeat length (-34 for GA and -50 for PA). As demonstrated by our collaborator
Dr Melki 2%, the oligomeric state of poly-GA and poly-PA proteins was determined by
assessing their apparent molecular weights using size-exclusion chromatography (SEC). In
brief, proteins freshly solubilized in hexafluoroisopropanol (HFIP) were dried and the
resulting film was resuspended in PBS buffer. Following this treatment, all DPRs were
found to be soluble. In PBS, poly-GA protein showed two species with apparent molecular
weights of 21 and 6.4 kDa; and poly-PA protein showed two species with apparent
molecular weights of 105 and 32 kDa, as well as a third species corresponding to aggregated
PA protein. The weights were calculated using the SEC elution volume/void volume
(Ve/Vo) ratio. Poly-GA and poly-PA proteins were thus classified as "oligomers™ because
they were mostly monomeric in nature but contained varying amounts of low and high
molecular weight species, corresponding to small and larger multimeric species.
Furthermore, our collaborator Dr Melki investigated the secondary structure of these
oligomers using circular dichroism spectroscopy and discovered that poly-GA is 10% a-
helix, 1% B-sheet, and 89% random coil; whereas poly-PA is 20% a-helix, 2% B-sheet, and
78% random coil 2.

Prior to labelling these poly-GA and poly-PA oligomers with fluorescent dyes, we wanted
to see if these oligomers could assemble into high-molecular-weight species during various
assembly conditions (e.g., buffers, temperature and agitation). Poly-PA oligomers remained
mostly soluble in all conditions tested, with a fraction ranging from 10 to 20% of the proteins

86



forming amorphous aggregates 1. Poly-GA oligomers, on the other hand, successfully
assembled into fibrillar aggregates that bundled together in purification buffer or PBS at
4°C for 15 days without shaking. This result was observed using transmission electron
microscopy and will be explained in greater detail later in Chapter 3.4. The assembly of
poly-GA fibrils was followed using a sedimentation assay and SDS-PAGE analysis to
provide biochemical characterisation; in brief, poly-GA fibrils were spun at 100 000g for
30 minutes to remove unassembled polypeptides, and the disappearance of monomeric poly-
GA from the SDS-PAGE gel over time was measured and followed by Coomasie Blue

staining, as reported 2.

In the following chapters, we will further discuss the distinction between poly-GA oligomers
and poly-GA fibrils (i.e., Section 3.4 of Chapter 3).

Nonetheless, all recombinant proteins produced were labelled with one of the following
dyes:

e ATTO-488 -> Atto-Tec #AD488-35; labelling ratio is Atto:DPR 1:2

e ATTO-550 -> Atto-Tec #AD550-35; labelling ratio is Atto:DPR 5:1

e ATTO-647N > Atto-Tec #AD647-35; labelling ratio is Atto:DPR 2:1

Unreacted N-Hydroxysuccinimide-dye was removed by centrifugation (100°000g, 30

minutes, 4°C). Labelled assemblies were flash-frozen in liquid nitrogen and stored at -80°C.
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3.2.2 Analysis of GA/PA immunoreactivity and fluorescence labelling

Immunoreactivity and fluorescent labelling of the generated GA/PA-repeat recombinant
proteins were confirmed by resolving the samples with dot-blotting or protein gel

electrophoresis.

Recombinant poly-GA fibrils, poly-GA oligomers or poly-PA oligomers were blotted in a
2-fold serial dilution onto a nitrocellulose membrane. Vacuum filtration was used to transfer
proteins onto the membrane (dot-blotting), which was then stained with respective anti-
repeat antibodies (anti-GA=Proteintech 24492-1-AP; anti-PA=Proteintech 24493-1-AP).
Quantification of blots from anti-GA or anti-PA staining revealed a decreasing signal with
increasing serial dilutions (Figure 3.2A), indicating that our sample contains DPR-specific

sequences that are recognised and bound by anti-DPR antibodies.

Fluorescence labelling of poly-GA oligomers and poly-GA fibrils with ATTO-647N dyes
was also investigated. Recombinant proteins were loaded onto an acrylamide gel for SDS-
PAGE and then scanned with a gel fluorescent scanner. After SDS-PAGE, the ATTO-647N
fluorescence signal was detected on the gel, and Coomassie blue staining was used as a
loading control (Figure 3.2B). A similar procedure was used to detect a 647N fluorescence
signal from a dot-blotted membrane (Figure 3.2B). Furthermore, the fluorescence labelling
of poly-GA fibrils with ATTO-550 dyes was confirmed in similar blots by detecting the
ATTO550 signal with a gel fluorescence scanner (Figure 3.2C).
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Figure 3.2 Anti-GA or anti-PA immunoreactivity and fluorophore labelling for DPRs

A) Dot-blotted membrane of purified poly-GA fibrils, poly-GA oligomers or poly-PA oligomers in
serial dilution after staining with the respective anti-repeat antibodies (anti-GA=Proteintech 24492-
1-AP; anti-PA=Proteintech 24493-1-AP). PBS indicates a control condition with no purified
proteins. Graphs show quantification of Mean grey values for each corresponding condition. Data
information, sample numbers: n°1 = 1uM; n°2 = 0.5uM; n°3 = 0.25uM; n°4 = 0.13uM; n°5 =
0.06uM; n°6 = PBS only. B) Poly-GA oligomers and fibrils labelled by ATTO-647N (molar ratio
Atto:GA = 2:1) exhibit fluorescent signal and Coomassie staining after protein gel electrophoresis
and fluorescent signal after dot-blot. While both oligomers and fibrils exhibit fluorescence signal,
the fibrils’ signal is three times higher (left). On the Coomassie gel, the quantity of monomers and
fibrils is comparable (centre). C) 5 pL at 100 uM (4,5 pg) of fibrillar poly-GA labelled by ATTO-
550 (molar ratio Atto:GA = 5:1) were resolved on an acrylamide gel, and the fluorescence of Atto-
550 (black signal) was recorded (left). Two samples were also analysed by dot blot on nitrocellulose

membrane, and the fluorescence of Atto-550 is displayed (black signal) (right).
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3.3 Poly-GA oligomers coalesce into solid-like structures in vitro

Recently, it was discovered that arginine-rich DPRs, such as poly-GR and poly-PR, undergo
in vitro phase separation *’° and alter the liquid-like properties of stress granules and
nucleoli 42"48% However, it is unclear whether and how DPR phase-separation events
contribute to ALS/FTD pathogenesis.

In this section, we aimed to investigate the aggregation propensity of our recombinant poly-
GA and poly-PA DPRs in the test-tube, namely in vitro, which has yet to be described in

the literature.

Using confocal fluorescence microscopy, we first investigated the aggregation of poly-GA
and -PA at various concentrations. In brief, we diluted our recombinant poly-GA and poly-
PA DPRs (stock concentration = 100 uM) in ddH20 to either 20 uM, 10 uM or 1 pM.
Following vortexing, the mixture was pipetted onto glass-bottom slides, and assembly
formation was tracked over time using ATTO550 fluorescence detection. Images were
acquired immediately, as well as after 2 and 24 hours. To capture fine details for 3D
rendering, the DPR assemblies were imaged with a z-stack following Nyquist sampling #°°
for optimized pixel density (63x 1.4NA, oil objective).

We discovered that both ATTO550-labeled DPRs coalesced into microscopic protein
clusters in the absence of any molecular crowders and at low salt concentrations (Figure
3.3A and 3.3B). Cluster formation was much faster for poly-PA than poly-GA, and it
increased with increasing protein concentration (1uM, 10uM, 20uM) (Figure 3.3C) and
incubation length (Oh, 2h, 24h) for both DPR species (Figure 3.3D).
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Figure 3.3 In vitro coalescence of poly-GA and poly-PA recombinant DPRs
Aggregation of A) poly-GA and B) poly-PA oligomers in vitro, with relative quantification of the

number of assemblies formed upon C) increasing molarity or D) time. Scale bar = 50 um. Bar graphs
of mean + SEM. One-way ANOVA with Tukey’s multiple comparisons test. *P <0.05, **P <0.01,
and ****P < 0.0001. The data were collected from 2 independent biological replicates.

The shape and size of the generated poly-GA and -PA clusters differed significantly. As a
result, we examined their 3D-volume rendering using Z-stack confocal microscopy and
CMLE deconvolution (Figure 3.4A and 3.4B). The irregular and compact solid-like
structure of the 3D-reconstructed poly-GAs was revealed (Movie S1). The 3D-
reconstructed poly-PAs, on the other hand, were made of very small spherical particles
(circularity = 0.95; Figure 3.4C-E) that resembled liquid-like droplets (Movie S2).
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Importantly, additional methods should be used to determine the material state of these

assemblies; based on our data, we cannot conclude that poly-GA assemblies are solid and

that poly-PA assemblies are liquid, so we defined them as "solid-like" or "liquid-like."

Methods such as fluorescence recovery after photobleaching (FRAP) and measurement of

‘inverse capillary velocity’ should be used to provide more information on the material state

of these assemblies, and these will be briefly discussed later in chapter 3.6.
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Figure 3.4 In vitro coalescence of poly-GA and poly-PA in 3D-rendering

A) The largest poly-GA structures formed at 20uM 24h are shown in 3D rendered images; the

corresponding movie is shown in Movie S1. B) The largest poly-PA structures formed at 20uM

24h are shown in 3D rendered images; the corresponding movie is shown in Movie S2.
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C) Confocal image showing the in vitro coalescence of poly-PA assemblies at 20uM, 24h. The
image was first acquired with high laser intensity and then with low laser intensity and Nyquist
sampling, so the liquid-like droplets became distinguishable. D) After segmenting the poly-PA
liquid-like droplets with the Trainable Weka Segmentation FIJI plug-in %8 E) the liquid-like

droplets’ average circularity was calculated to be 0.95 (xSD).

Overall, the events observed in our test-tube experiments highlight the propensity of poly-
GA and poly-PA oligomers to aggregate in vitro. When poly-GA and poly-PA oligomers
are incubated in the presence of low salt concentrations, they coalesce into heterogeneous

assemblies.

3.4 Poly-GA oligomers form high-molecular weight species

During amyloid formation, partially folded and/or unfolded proteins assemble into
oligomeric species, which can then recruit monomers and thus nucleate the assembly into
amyloid fibrils. The fibrils are then elongated until nearly all of the free monomer has been

converted to a fibrillar form 8.

As previously stated, we wanted to explore the ability of poly-GA oligomers to assemble

into higher molecular weight species when compared to poly-PA oligomers.

As a result, we used longer incubation times than in Figure 3.3 to investigate the ability of
poly-GA and poly-PA oligomers to assemble in vitro. We experimented with different
assembly conditions such as buffers, temperature, and agitation.

It is worth noting that only poly-GA oligomers formed fibrillar aggregates. Within 15 days
of incubation, poly-GAs were bundled together as fibrils in purification buffer or PBS at 4°C
without shaking, as observed by transmission electron microscopy after negative staining
with Uranyl acetate (Figure 3.5A). Poly-PA proteins, on the other hand, remained mostly
soluble in all conditions tested, with only a small percentage forming amorphous aggregates
(Figure 3.5B).
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Figure 3.5 Poly-GA oligomers form characteristic fibrils after 15 days in vitro

Electron micrographs show that poly-GA oligomers form characteristic fibrils after 15 days in vitro
(A), unlike poly-PA oligomers (B). Poly-GA fibrils are shown before and after sonication, which
drives the production of fragmented fibrils. Scale bars = 200 nm.

Fourier-transform infrared (FTIR) spectroscopy confirmed the p-sheet amyloid component
of the poly-GA fibrils. This result was obtained from our collaborator Dr Ronald Melki 2.
His team showed that the FTIR spectrum of fibrillar GA-34 proteins clearly shows a shoulder
at 1620 cm™ and a peak centred at 1628 cm™, indicating that GA-34 fibrils contain cross p-
sheets and are thus amyloid in nature (Figure 3.6A). Fourier deconvolution of the spectra
reveals that 42% of the GA-34 amino acid residues are involved in B-sheet structures within
the protein's fibrillar form, while the remaining 58% of amino acid residues are disordered
(Figure 3.6B).
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Figure 3.6 Deconvoluted FT-IR spectrum of GA fibrils
(A) GAx34 fibrils deconvoluted FT-IR spectrum. GAx34 fibrils were washed 3 times in D.O with

repeated cycles of spinning/resuspension. FTIR spectra (thick line), Fourier deconvolution (thin lines)
and curve fit (dashed line) data are presented. FT-IR spectrum was fitted using a Gaussian species
model centred at 1628, 1680 (B-sheets), 1649 (disordered and a-helix) and 1667 (loops) cm™. (B)
Secondary structure estimation of GAx34 fibrils obtained by deconvolution of FTIR spectrum. The
percent of the area and the associated number of peptide bonds are listed for each structure

assignment.

In summary, our poly-GA oligomers produced distinctive solid-like assemblies, nucleation

growth and 3D-architecture and uniquely assembled into characteristic f-sheet fibrils.
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3.5 Recombinant DPRs bind to cells in culture

Because poly-GA oligomers formed fibrillar assemblies in vitro, we raised several intriguing
questions about the possibility of comparing these two forms of the same protein not only in
vitro but also in cell culture by administering these assemblies directly into the cell culture

medium.

We initially began to investigate whether there would be differences in the ability of poly-
GA oligomers vs poly-GA fibrils to bind to cells in culture. We used an immortalised human
astrocyte cell line, 1321N1 human astrocytoma “!, to investigate this question because
increasing evidence implicates astrocytes as significant non-cell-autonomous contributors
of COORF72-associated ALS/FTD pathogenesis “8! and DPR aggregation in glial cells is

understudied.

Cultured 1321N1 human astrocytoma cells were first exposed to 1uM of poly-GA oligomers
or poly-GA fibrils (and poly-PA oligomers as a control) for 24 hours. This time period was
selected as a safe window during which recombinant proteins could potentially bind cells
and even undergo cell uptake. Importantly, before the addition to the medium, poly-GA
fibrils were sonicated to disperse the aggregated B-sheet assemblies and to generate fibrillar
particles that are suitable for endocytosis (with an average size of 45-55 nm). We then
eliminated any remaining DPRs in the media after 24 hours by performing six washes in
PBS. The cells were then trypsinized to remove them from the plate and resuspended in
500ul of PBS. Suspended cells were then analysed by flow cytometry with excitation light
at 488 nm. Cells that had not been treated with DPRs served as controls, producing gating
to distinguish between ATTO550+ and ATTO550- cells. We detected that 6.2%, 3.3% and
12.8% cells were positive for the ATTO550-labelled poly-GA fibrils, poly-GA oligomers
and poly-PA oligomers, respectively (Figure 3.7A).

Dot blotting was then used to validate the flow cytometry results. In brief, we extracted
proteins from 1321N1 astrocytoma and human iNPC-derived astrocytes (iAstrocytes) that
had been exposed for 24 hours to poly-GA oligomers or poly-GA fibrils. After that, vacuum
filtration was used to transfer proteins onto a nitrocellulose membrane, which was then
stained with an anti-V5 tag antibody, which recognises the V5 antigen covalently linked to
our poly-GA assemblies. We were able to confirm that the VV5-tag DPR signal was present

in all protein extracts derived from DPR-exposed 1321N1 astrocytoma and iAstrocytes
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(Figure 3.7B). Notably, these iAstrocytes were derived from a healthy individual (155v2
line: Caucasian male, age 60).

DPR binding in 1321N1 human astrocytoma
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Figure 3.7 Binding of poly-GA assemblies to cells in culture

A) Scatter density plots showing ATTO550+ (blue) and ATTO550- (red) light scattering events
detected by flow cytometry in 1321N1 human astrocytoma cells from a total of 10’000 events.
Detection of ATTO550+ signal was set at 610/20 voltage. Cells not treated with DPRs acted as
control producing the gating to discriminate between the ATTO550+ and the ATTO550- cells. The
data were collected from 3 independent biological replicates. After 24h DPR exposure, total protein
of 1321N1 human astrocytoma cells (B) or healthy iAstrocytes (C) was extracted into lysis buffer
and then dot blotted onto a nitrocellulose membrane using a microfiltration apparatus. The
membranes were then sliced into strips and analysed by anti-V5 immunostaining to show sub-
populations of cells positive for V5-tagged DPRs. The data were collected from 3 independent

biological replicates.
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Protein aggregates may organize as clusters at the recipient plasma membrane and establish
aberrant interactions that trigger increased cellular vulnerability 82, To quantitatively assess
the clustering of DPRs at the surface of glial cells, we took advantage of single-molecule
localization microscopy (SMLM) “% and total internal reflection fluorescence microscopy
(TIRFM) 484485,

We exposed healthy control-derived iAstrocytes to 1uM ATTO647N labelled poly-GA
fibrils over time and evaluated whether sub-diffractive assemblies could be detected on the
surface of the cell membrane via SMLM-TIRF. Only fibrils labelled with ATTO647N dye
were chosen for this experiment as this photoswitchable dye is highly suitable for single-
molecule detection applications and high-resolution microscopy *¢. We decided against
using poly-GA oligomers in this experiment because early time points, such as 6h, might not
be long enough for the oligomers to assemble into visible aggregates (few oligomers at 6h
might be below the resolution limit even using SMLM). Cells were extensively washed with
PBS (6x times) before fixation and imaging. Importantly, we imaged an iAstrocyte cell that
had previously not been exposed to poly GA DPRs to rule out potential imaging artefacts
caused by autofluorescent molecules illuminated by the 647nm laser source and confirmed

the absence of autofluorescence artefacts (Appendix - Figure 8.1, page 173).

After exposing iAstrocytes to ATTO647N poly-GA fibrils, we observed multiple sub-
diffractive assemblies that could not be visible and identifiable via conventional wide-field
microscopy (Figure 3.8A; Movie S9). These sub-diffractive assemblies of poly-GA fibrils
immediately clustered on the cell surface of iAstrocytes and were detected as clustered
molecules via a density-based clustering algorithm, namely DBSCAN (Figure 3.8B and
3.8C). From our SMLM-TIRF imaging we noticed that, in general, less than 30% of the total
fraction of the detected poly-GA molecules appears to be in clusters. This suggests that the
remaining fraction of poly-GA molecules (70%) is sparsely distributed along the membrane
surface and thus remains undetectable using a density-based clustering algorithm. Notably,
when exposure to poly-GA fibrils was conducted over 3 different experimental time-points,
such as 6h, 24h and 48h, these clusters did not present any significant rearrangement in the
2D membrane space over time. For example, we observed no change at 6h, 24h or 48h in
the percentage of clustered molecules or in the average number of molecules per cluster, as
well as in the average cluster area. Only the cluster circularity significantly decreased with
time (Figure 3.8D).
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Figure 3.8 SMLM-TIRF clustering analysis of poly-GA fibrils on the surface of iAstrocytes
A) Wide-field diffraction-limited image shows the diffuse presence of ATTO647N poly-GA fibrils

across the cell with no distinguishable aggregate structures. SMLM-TIRF super-resolved image
(8°000 frames, dSTORM) shows sub-diffractive clusters of poly-GA fibrils with colour-coded
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intensity (red=maximum, blue=minimum) wherein major aggregate structures can now be discerned,
as shown in the zoomed ROI. B) After dSTORM acquisition (left), clustering of ATTO647N poly-
GA fibrils was analysed by Clus-DoC DBSCAN algorithm (right) on 5 regions of interest (ROI) per
cell. Number of cells = 6 per biological replicate. The analysed ROIs are represented as black squares
(right), with the yellow square representing the panel B example. C) In the cluster density maps of
the ROI, the colour scale of the Cluster density map (bottom right) represents the normalized relative
density of clustered DPR molecules from 0 (min value) to 1 (max value). D) Quantification of the
clustering of ATTO647N poly-GA fibrils at the plasma membrane of healthy control-derived (n.155)
iAstrocytes 6h, 24h and 48h post-administration. Bar graphs of mean + SEM. Kruskal-Wallis non-
parametric test with Dunn’s multiple comparisons after testing normal distribution with the Shapiro-

Wilk test. *P < 0.05. The data were collected from 3 independent biological replicates.

We finally performed 3D-STORM to observe the clustering of poly-GA fibrils on the 3D-
membrane space of iAstrocytes after 24h. We found that a variety of clusters was present,
ranging from densely packed molecules at the membrane interface to spherical clusters,
probably indicative of potential compartmentalization into endo-lysosomal organelles
(Figure 3.9).

A B

3D STORM on iAstrocyte cell Zoomed view
ATTOB647N poly-GA fibrils ATTO647N poly-GA fibrils

' Nucleus ,
&

Figure 3.9 3D-STORM clustering analysis of poly-GA fibrils on the surface of iAstrocytes

A) 3D-STORM imaging was used to visualize ATTO647N labelled poly-GA fibrils in healthy
iAstrocytes after 24h uptake. Scale bar = 5 um. B) The zoomed view shows how molecules of poly-
GA fibrils can be densely clustered (inset a) but also compartmentalized in spherical structures (inset
b). Scale bar =5 pm.
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In conclusion, we demonstrated that poly-GA fibrils bind to the cell surface of iAstrocytes.
Some of these fibrils form molecule clusters, but these clusters do not appear to change over
the time periods we studied (6h, 24h, 48h). We also developed the first framework for
studying C9ORF72-derived DPRs at the cell surface using 3D high-resolution SMLM-
TIRFM.

3.6 Discussion

Recombinant proteins are extremely useful in the biological research. Their use offers
advantages in terms of production speed, cost-effectiveness, and the ability to rapidly
investigate cellular responses to stress and disease. Researchers can use this technology to
clone the DNA encoding a specific protein into an expression vector and then express the
protein in expression systems such as bacteria, yeast, insect cells, and mammalian cells 87,

After these steps, the protein is ready for purification and characterization.

We decided to create recombinant poly-GA DPRs as part of our research. This choice was
made because the most detectable ubiquitinated aggregates in the post-mortem brain tissue
of C9 ALS/FTD patients are poly-GA DPRs. The accumulation of these ubiquitinated
proteins observed in histopathological studies is most likely the result of the disease, rather
than the cause. Proteostasis imbalance probably begins decades before the patients' deaths
(pre-symptomatic stage), when cells go through a series of complex responses to counteract
protein supersaturation 4848 In support of this hypothesis, the end-stage inclusions are
mainly composed of fibrillar deposits; these are thought to be far less toxic than prefibrillar
oligomeric species that are present at earlier disease stages 44%°4%2. For most ALS/FTD
aggregation proteins, the question of which aggregation stage (monomers, oligomers, fibrils)
of the same misfolded protein contributes the most to disease pathogenesis remains
unresolved. To the best of our knowledge, only one study in the context of COORF72-
derived DPRs has shown a clear morphological aggregate via electron microscopy
corresponding to fibrillar end-stage inclusion of poly-GA in the post-mortem brain of a
patient with C9 ALS/FTD #*. This suggests that fibrillar aggregates of poly-GA DPRs are

101



most likely aggregated inclusions that have accumulated at the end-stage of the disease after
an initial disease phase (of unknown duration) dominated by monomeric and oligomeric
species.

Poly-GA toxicity has been documented both in cell culture and in vivo by several studies.
For example, poly-GA DPRs produce toxicity in Zebrafish 48 and mice 4128, These DPRs
are capable of recapitulating ALS/FTD pathological hallmarks in mice such as neuron loss,
TDP-43 abnormalities and muscle wasting 128, and some of these phenotypes are reduced or

prevented via active poly-GA vaccination 4,

For all of these reasons, we believed that studying poly-GA aggregation in vitro and in cell
culture settings by comparing oligomers vs fibrils would aid in our understanding of C9
ALS/FTD pathogenesis. In this chapter, we have described the production of recombinant
poly-GA and poly-PA DPRs. Poly-PA was used as an experimental control, as discussed
previously.

After showing how the recombinant proteins were produced, we wanted to investigate the
in vitro coalescence of poly-GA and poly-PA oligomers. We firstly showed that the in vitro
coalescence of poly-GA and poly-PA oligomers increased in correlation with protein
concentration and incubation time. However, while poly-GAs formed large and solid-like
assemblies, poly-PAs produced small spherical liquid-like droplets. This result is in
agreement with the reported reduced toxicity of poly-PA DPR species 3%34% since
maintenance of liquid-phase homeostasis was proposed to be non-pathogenic in protein
aggregation 12849449 However, in vitro features alone cannot predict cellular pathogenicity,
hence we caution against taking our in vitro findings as a meaningful association for poly-
PA lower toxicity described in the literature. Some of the concentrations used in our in vitro
assays (10uM, 20uM) are much higher than what we would expect to see in a cell. In fact,
in general, there is no conclusive evidence that the same principles demonstrated in in vitro
coalescence (or phase-separation) assays apply in the physiological environment inside
living cells in their crowded milieu 4. In this context, despite the excitement in the cell
biology community for phase separation studies in vitro, some researchers emphasise the
need of quantitative measurements on proteins in their endogenous state and physiological
abundance “%. Nonetheless, our coalescence study is intriguing because it demonstrates that
poly-GA aggregation is much slower than poly-PA aggregation and that these DPR species
form very distinct three-dimensional aggregates that resemble solid-like structures for poly-
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GA and liquid-like droplets for poly-PA. More experiments will be required to investigate
the relevance of this in vitro observation in the context of living cells, and a more intense
scientific effort is needed to provide better quantitative measurements on the endogenous
state and physiological abundance of DPR proteins in different cell models. On a different
note, as previously stated in chapter 3.3, we specifically refrain from drawing any
conclusions about the exact material state of poly-GA and poly-PA assemblies and instead
use the terms "solid-like" and "liquid-like™ to demonstrate that these results are in fact not
conclusive. To determine whether poly-GA assemblies are solid or poly-PA assemblies are
liquid, more precise and detailed methods should be used. Fluorescence recovery after
photobleaching (FRAP), for example, is frequently used to assess sample liquidity. A
defined region of the protein assembly is irreversibly bleached in a typical FRAP
experiment, and the kinetics of fluorescent signal recovery in the bleached area (due to the
exchange of bleached and nonbleached protein) can be used to extract diffusion coefficients
by fitting the data to a diffusion model *°’. These coefficients can provide some information
about the sample's liquid or solid material state, but they must be interpreted with caution
and supported by other complementary assays “°®. Measurement of ‘inverse capillary
velocity’, which is a ratio of viscosity to surface tension, is another method for determining
the material state of a protein assembly. This ratio can be estimated by using live-imaging
microscopy to follow the fusion of protein droplets and measuring the time it takes for two
droplets to completely fuse into one “°"; an example of this method can be found in the
context of germline P granules in Caenorhabditis elegans embryo experiments “*°. For more
information on some of these strategies and other techniques for determining the material
state of a protein assembly in the test-tube, we refer to two well-written reviews on the
subject %0501 One of the limitations of the results presented in chapter 3.3 is the absence of
some of the assays just described, which could have provided us with more information

about the material state of the poly-GA and poly-PA assemblies.

Next, we aimed to investigate whether poly-GA oligomers could form [-sheet fibrils in vitro.
Our results showed that poly-GA readily assembled into fibrillar structures within 15 days
of incubation, as opposed to poly-PA DPRs. Since the transition to B-sheet fibrils exposes
hydrophobic amino acid residues 52, we speculate that poly-GA could lead to significant
problems of insolubility as previously described in cell culture studies 127128418477 GA DPRs

have been previously described to have a strong propensity to aggregate and form fibrils
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positive for Congo red or thioflavin T #%. These fibrils would form a parallel p-sheet
structure speculated to display similar aggregation properties as the AP peptide in
Alzheimer’s disease *®. The ability of poly-GA oligomers to form distinct fibrillar
aggregates is consistent with a previous study that found short synthetic GA peptides to have
the highest propensity to aggregate %3, This is especially interesting given that the majority
of DPR inclusions in patient brains are poly-GA positive 4>477,

We next wanted to perform comparative experiments featuring poly-GA oligomers vs poly-
GA fibrils to explore whether differences in the aggregation stage could produce biological
differences in cell culture. Because the repeat length is the same (34-GA), any changes in
features like membrane binding would be due only to the aggregation stage. The comparison
of aggregation-prone proteins at different stages of amyloid assembly (i.e. early-stage
oligomers vs late-stage fibrils) is being extensively studied in the field of Alzheimer’s and
Parkinson’s diseases for proteins such as AP, tau, and a-synuclein 33 but has never been

explored in the context of dipeptide repeat proteins in C9-linked ALS/FTD.

The physiological concentration of DPRs in affected cells is likely to be far lower than 20
UM 3% Because we observed in vitro coalescence events with as little as 1 uM of DPRs,
we decided to perform our cell-based experiments using this concentration, which
presumably recapitulates more physiologically relevant conditions. We used a combination
of flow cytometry and dot-blotting methods to determine whether poly-GA binds to cells
after 24 hours in cell culture. We used flow cytometry to detect the fluorescent dye
covalently linked to the DPRs after exposing 1321N1 human astrocytoma cells or
iIAstrocytes to poly-GA assemblies (or poly-PA). Dot-blots and anti-V5 staining were also
performed on protein extracts from 1321N1 astrocytoma or iAstrocytes treated with V5-
tagged poly-GAs.

To further confirm that poly-GA binds to cells in culture we took advantage of SMLM and
TIRF microscopy. Single-molecule localization microscopy (SMLM) is a relatively new
imaging modality that won the Nobel Prize in Chemistry in 2014 and is regarded as one of
the most important super-resolution techniques %°. SMLM resolution exceeds the diffraction
limit of light microscopy, with resolutions of 10-20 nm. SMLM allows for the imaging of
single molecules as well as the study of low-level molecular interactions at the subcellular
level. Similarly to tau %%, AB "® and o-Syn aggregates %', our results showed that poly-GA

fibrils accumulated at the plasma membrane and formed detectable clusters. However, the
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percentage of molecules in clusters did not change over the course of 48 hours. These
findings imply that the clustering of poly-GA fibrils is kinetically slow, and that molecules
may re-cluster over time without any detectable change in molecule density (per cluster), at
least as far as our system can tell. Surprisingly, less than 30% of poly-GA SMLM molecules
appeared in clusters, implying that DPR molecules at the plasma membrane may
continuously diffuse and detach or undergo processing within the cell 91110508 These
findings show that fibril clustering is kinetically slower in a cellular setting, and that
assemblies may form persistent connections with their plasma membrane partners.
Importantly, the clustered fraction may represent the population of packaged molecules that
will be internalized and further processed 9%:110:508,

Cross-talk of protein aggregates with plasma membrane components may be responsible for
pathogenic protein uptake and the initiation of harmful signalling pathways, as previously

demonstrated for mutant Superoxide Dismutase 1 (SOD1) in the context of ALS 110112,

In the following Chapter, we will look more closely at the cellular uptake of poly-GA DPRs,

as well as the potential role of endocytosis in DPR uptake.
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4. Uptake and endocytosis of poly-GA In
glia and neurons
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4.1 Introduction

Over the last few decades, our understanding of neurodegenerative diseases has primarily
focused on neurons and their networks. However, the “neuron-centric” paradigm for these
ailments is a gross simplification of what happens in the central nervous system (CNS) of
people who are suffering from neurodegeneration “. It is becoming increasingly clear that
glial cells play a significant role in neurodegenerative diseases #°3°99-512 byt the degree to

which these cells contribute to pathogenesis and disease symptoms is not fully understood.

Glia, or more specifically neuroglia, are a highly heterogeneous population of cells that
includes astrocytes, oligodendrocytes and microglia. Astrocytes, in particular, are star-
shaped glia that can be found in all parts of the brain, and are almost equal in number to
neurons in some regions (i.e. human cortex) '3, Astrocytes, in particular, play an important
role in the brain as they are involved in CNS homeostasis and repair >4, but they also nourish
neurons and regulate ion and neurotransmitter concentrations in the extracellular
environment, all of which are important factors in influencing synaptic signalling °°.
Remarkably, it is estimated that a single astrocyte can enter in contact with several hundred
dendrites and envelope up to 100,000 synapses in hippocampal or cortical regions of the

mammalian brain 516517,

Interestingly, some studies suggest that astrocytes, derived for example from reprogrammed
fibroblasts from an ALS patient, are characterized by dysfunctional or unbalanced
proteostasis. For example, in SOD1-ALS mouse models, astrocytes are immunopositive for
ubiquitinated-SOD1 inclusions 3!° and are specifically located in proximity to motor
neurons °8, The hypothesis that proteostasis imbalance in astrocytes could directly
synergize with proteostasis imbalance in neurons merits further investigation. One of the
first hints at this potential mechanism came from a cell culture study in which abnormally
reactive SOD1-astrocytes were capable of directly inducing ubiquitin- and p62-positive
inclusions in co-cultured motor neurons. This phenotype was linked to the secretion of the

multifunctional cytokine TGF-1 from astrocytes °°.

In post-mortem C9 ALS/FTD brains, DPR inclusions are substantially more common in
neurons than glia 8. Several studies failed to detect DPR inclusions in glial cells at autopsy
405414520 “aven in the glia-enriched subcortical and spinal cord white matter Y. Only

ependymal cells in the central canal of the spinal cord and the lateral ventricle wall had DPR
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glial inclusions #1°. Ependymal cells are a type of glial cell that is in direct contact with the
cerebrospinal fluid (CSF) and helps maintain fluid balance °2%. Interestingly, poly-GP DPRs
were detected in the CSF of C9 ALS/FTD patients 504522,

These findings suggest that DPRs can be released from cells. It is unclear why DPR
inclusions are so common in ependymal cells and what the significance of DPR
accumulation in the CSF is. However, based on these few studies, it appears reasonable to
conclude that DPR aggregation and propagation in glial cells has non-cell autonomous

effects that may influence neuronal viability.

Compartments of the endolysosomal system have been implicated in both seeding and cell—
cell propagation of misfolded protein aggregates. In Alzheimer's disease, for example,
intrancuronal AP accumulation has been observed to precede extracellular plaque formation
in the affected brain 523°24 and a population of toxic peptides may be released and then
taken up by different cells, thus initiating the aggregation cascade. Endocytic uptake of
several misfolded proteins, including Ap %852, tau 526527 g-synuclein %6528 and SOD1 °%°
has been extensively demonstrated to occur in cell culture settings through various
mechanisms (i.e. clathrin-dependent or -independent endocytosis, macropynocytosis), as

shown in Figure 4.1.

It has also been suggested that endolysosomal organelles might be critical cellular
compartments for aggregate seeding. For example, knockdown of the CHMP6 gene results
in strong enhancement of tau aggregation in cell culture . The CHMPG6 protein is part of
the endosomal sorting required for transport complex 11 (ESCRT-III) which is involved in
multivesicular bodies (MVBs) formation and sorting of endosomal cargo proteins into
MVBs %%, Similar mechanisms may be at work in the context of ALS-FTD because
impairing endocytosis increases TDP-43 toxicity, aggregation, and protein levels, all of
which correlate with exacerbation of locomotor dysfunction in a TDP-43 ALS fly model 5%,
According to a study in Saccharomyces cerevisiae, proteins involved in endocytic functions,
such as Cdc48/VCP and Ubx3, appear to be critical in regulating the turnover and toxicity
of TDP-43 5%,
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Figure 4.1 Endocytic pathways and uptake of misfolded protein aggregates

There are several endocytosis pathways, including clathrin-dependent, caveolin-dependent, and
clathrin- and caveolin-independent. Macropinocytosis is an actin-driven process of engulfment and
uptake of fluids and membranes. The figure also depicts phagocytosis, which is a cellular process
for ingesting and eliminating particles larger than 0.5 pm in diameter, such as microorganisms,
foreign substances, and apoptotic cells. Lipid rafts are also shown, and they are lipid-enriched
microdomains in the plasma membrane that have been proposed as a site for Ap aggregation and
uptake 5%,

Endocytosis, such as the clathrin-mediated pathway, can transport oligomeric or fibrillar aggregates
into cells. Internalized aggregates can then be sorted back to the cell's surface or into other
compartments (multivesicular bodies (MVBs) and lysosomes) for degradation. These aggregates
can seed and disrupt endosomal and lysosomal function within endosomes and lysosomes. Figure

created with BioRender.com under academic license.
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Almost all of the aforementioned cell culture studies have been made possible by the
widespread use of recombinant proteins. The use of recombinant proteins, combined with
the ease of access to continuous cell lines on a plastic dish, allows researchers to study
detailed mechanisms of cellular uptake. Indeed, uptake roots can be modulated using new
pharmacological tools or genetic manipulations. Small-molecule inhibitors, in particular,
are useful for studying rapid cellular effects because they can stop endocytosis in minutes
and are usually reversible. Small interfering RNA (siRNA)-mediated knockdown or other
genetic manipulations (for example, CRISPR-Cas9) can also be used to modulate gene

expression in genes that control various endocytic pathways.

A comprehensive understanding of the mechanisms that control aggregate uptake and
dissemination is critical for the development of therapeutics as well as understanding why

specific neuronal subtypes and brain regions are more susceptible to specific diseases.

Despite many efforts over the last decade to identify C9ORF72-derived dipeptide repeat
proteins 49640753 no equivalent effort has been put into understanding the underlying
mechanisms that control DPR uptake and spreading. To the best of our knowledge, only two
studies have provided some insight into the uptake > and release 1 roots that DPRs may
use to enter or exit cells and cause toxicity. However, the single study on DPR uptake only

revealed some cell entry mechanisms for poly-GR DPRs and no other DPR species ¢,

In this Chapter, we looked in depth at the cellular uptake of poly-GA DPRs in glial cells and
how it is influenced by endocytosis inhibition.

First, we looked into whether various cells could take DPRs from the medium and internalise
them. Second, we examined the mobility of the DPRs once they were internalised in glia
and neurons. Third, we conducted additional research on the movement of internalised
DPRs from the endosome to the lysosome compartment of these cells.

Importantly, we decided to perform all of our cell-uptake experiments using the
concentration range 0.5-1uM, which presumably recapitulates more physiologically

relevant conditions in live cells 5%,
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4.2 Uptake of poly-GA in glial cells

To evaluate DPR uptake, we exposed various cell types (HEK293T, HeLa, iNPC-derived
human astrocytes, human fibroblasts) to our recombinant DPRs for 1h, 2h and 4h. Using
high-throughput confocal microscopy, we quantified the number of largely visible DPR
aggregates in these cell types. Our results on ~8,000 cells/culture showed that in all these
cell lines poly-GA oligomers are taken up into large visible aggregates more readily than
poly-GA fibrils and poly-PA oligomers. Additionally, for all DPR species and across all cell

types, the uptake increases with time (Figure 4.2).

Uptake in different cell cultures
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Untreated mm hFibro Untreated— = hfibro
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Figure 4.2 DPR uptake in various cell lines and in healthy iAstrocytes

Quantitative analysis of the %cells displaying large DPR aggregates overtime (1h, 2h, 4h). Different
cell cultures were used in this experiment such as human fibroblasts (hFibro, red), iAstrocytes
(iAstro, green), HeLa cells (orange), and HEK293T cells (blue). ~8°000 cells/culture were analysed.

Bar graphs of mean = SEM. The data were collected from 3 independent biological replicates.

111



Because increasing evidence implicates astrocytes as significant non-cell autonomous
contributors of C9 ALS/FTD pathogenesis 8!, we aimed at investigating poly-GA DPR
uptake in healthy iNPC-derived human astrocytes (herein referred to as iAstrocytes). We
firstly confirmed DPR internalization in vimentin-stained iAstrocytes by using Z-stack
airyscan confocal microscopy, orthogonal views (Figure 4.3A) and 3D-volume rendering
(Figure 4.3B; Movies S3 and S4). Vimentin is a marker for intermediate filaments, which
are cytoskeletal structural components that form an intricate network in most cells'

cytoplasm.

A

Healthy iAstrocytes Healthy iAstrocyte: lateral view
Poly-GA Fibrils

Vimentin Poly-GA Oligomers Vimentin Poly-GA Fibrils

Vimentin Poly-GA Fibrils

R = Segmented assemblies 7 =

Figure 4.3 DPR uptake in healthy iAstrocytes shown by orthogonal views and 3D-rendering

A) Orthogonal views from airyscan microscopy show the uptake of poly-GA oligomers and poly-
GA fibrils in vimentin-stained healthy iAstrocytes after 24h exposure. Scale bar = 10um. B) 3D-
rendered lateral view of a single vimentin-stained healthy iAstrocyte shows the uptake of poly-GA
fibrils through the xz dimension. Corresponding movies are shown in Movies S3 and S4. The data
were collected from 3 independent biological replicates.

We further showed DPR uptake in glial cells via a “trypan blue quenching” experiment.
Trypan blue is a cell impermeable dye and is often used as a quenching agent for green
fluorescence. Since the dye does not penetrate into live cells, it has the capacity to quench
only the fluorescence signal on the cell membrane but not the signal located in the internal
milieu of the cell 53"°%, This experiment was carried out for both poly-GA fibrils and

oligomers, but we will only show a proof-of-concept example for fibrils.

112



The 1321N1 astrocytoma cell line was exposed to ATTO488-labelled poly-GA fibrils for 24
hours (5uM). After several PBS washings, cells were stained with the nuclear marker
Hoechst 33342 for 5 minutes and subjected to live imaging with confocal microscopy.
Subsequently, 4 mg/ml trypan blue was applied in the cell culture medium for 2 minutes to
quench the extracellular/membrane-bound ATTO488-fluorescence. Green fluorescence was
analysed before and after the addition of trypan blue in live cells. We demonstrated that the
majority of the green fluorescent signal of poly-GA fibrils is maintained after the addition
of trypan blue (Figure 4.4), suggesting that these proteins are indeed taken up by the cells

from the medium and subsequently internalised.

DPR uptake in 1321N1 human astrocytoma
After Trypan Blue

Before Trypan Blue

ATTO488-PolyGA

ATTO488-PolyGA

Figure 4.4 Trypan blue quenching effect on ATTO488 poly-GA fibrils

To confirm the uptake of Poly-GA fibrils in glia, trypan blue was used to quench any external or
membrane-bound fluorescence coming from ATTO488-labelled poly-GA added to the medium of
1321N1 human astrocytoma cells for 24h. As shown in the figure, the majority of poly-GA
fluorescent signal is conserved after the addition of trypan blue (arrow heads), suggesting that these
aggregates are taken up by the cells and internalised. The data were collected from 2 independent

biological replicates.
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DPR uptake was further evidenced by live imaging of iAstrocytes and subsequent
quantification of DPR average velocity (v) with a Mean Square Displacement analysis.
Extensive details on how this analysis was performed are reported in section 2.2.15
(Materials & Methods, page 73).

Briefly, the Mean Square Displacement (MSD) is a measure of the deviation of the position
of a particle with respect to a reference position over time. The MSD is measured over time
to determine if a particle is spreading solely due to random diffusion (also named Brownian
diffusion), or if an active force is also contributing. The MSD was calculated for all the
trajectories of ATTO550 positive DPRs during live imaging over time. Subsequently, a
mathematical model was created to fit the MSD vs time data for an object undergoing

Brownian diffusion, also with the possibility of a ballistic propulsion velocity.

Our analysis showed non-zero values for DPR average velocity (v), which, according to our
mathematical model, indicates that DPR motion is not solely due to random diffusion, but
an active force is also contributing (Figure 4.5A and 4.5B). Interestingly, our model
suggests that this active force could be descriptive of microtubule-mediated transport, as

reported in a previous study 464,

To obtain the experimental confirmation, we exposed healthy iAstrocytes to DPRs (24h)
and subsequently subjected the cells to a 30 minute-treatment with the microtubule de-
polymerising agent nocodazole (30 uM). Cells were fixed and stained with anti-tubulin
antibody to confirm microtubule de-polymerization. Our results show that the microtubule
de-polymerising agent nocodazole induces cellular relocation of these DPRs (Figure 4.5C),
hence suggesting that a certain fraction of poly-GAs undergoes microtubule-mediated

transport after cell entry.
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DPR uptake and trajectories in healthy iAstrocytes
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Figure 4.5 DPR motion after uptake in healthy iAstrocytes

After 24h exposure to DPRs, healthy iAstrocytes were prepared for confocal live-imaging and
ATTO550 DPR trajectories were analysed via mean Square Displacement. A) Some tracks, analysed
with TrackMate, are shown in the xy space. Corresponding movie shown in Movie S5. B)
Quantification of DPR average velocity v is displayed in the corresponding graph, in which
trajectories that show non-zero values for v are suggestive of microtubule-directed motion. C) After
24h exposure to DPRs, healthy iAstrocytes were subjected to a 30 minute pre-treatment with the
microtubule de-polymerising agent nocodazole (30 uM) before fixation. Confocal images are shown,
following anti-tubulin (green) immunostaining and ATTO550 fluorophore detection for DPRs
(magenta). Nocodazole treatment induces cellular relocation of DPRs. Scale bar = 10um (upper

panel), 5um (lower panel). The data were collected from 2 independent biological replicates.
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4.3 Endocytosis perturbs DPR uptake

To test the potential involvement of endocytosis in DPR uptake, we performed a generalised
block of all endocytic pathways by lowering the culture temperature to 4°C prior to fixation
53 To confirm the successful inhibition of endocytosis we visually monitored the uptake of
transferrin, a well-established marker of the coated pit pathway #°*°4, Interestingly, low-
temperatures reduced the uptake of poly-GA oligomers by 2.2-fold and of poly-GA fibrils
by ~8-fold (P**** < 0.0001) in iAstrocytes (Figure 4.6A). We next inhibited dynamin-
dependent endocytosis by the use of dynasore 46541 and this resulted in a 2.4-fold uptake
reduction of poly-GA fibrils (P**** < 0.0001) but no change in poly-GA oligomers uptake
(Figure 4.6B). Upon comparison with other DPR oligomeric species (such as poly-PA), we
observed that specifically poly-GA oligomers do not use dynamin-dependent endocytosis

for cell entry.
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Figure 4.6 Oligomeric vs fibrillar poly-GA DPRs entry-routes in glia

A) Confocal images of Alexa647-Transferrin (control) and ATTO550-Poly-GA aggregates after 1h
uptake at 37°C or at 4°C in healthy iAstrocytes. Quantification of the log10 transformed-Mean grey
values is reported in bar graphs of mean + SEM. >300 cells/condition. Kolmogorov-Smirnov non-
parametric test after testing normal distribution with the Shapiro-Wilk test. **P < 0.01, and ****P
< 0.0001. The data were collected from 4 independent biological replicates. B) Quantification of
the Mean grey values of Alexa647-Transferrin (control) and ATTO550-DPRs upon 1h treatment
with Dynasore (or 0.2% DMSO). Bar graphs of mean = SEM. >250 cells/condition. Kruskal-Wallis
non-parametric test with Dunn’s multiple comparisons after testing normal distribution with the
Shapiro-Wilk test. ***P <0.001, and ****P < 0.0001. The data were collected from 3 independent

biological replicates.

To better investigate the differences in uptake between oligomeric vs fibrillar poly-GA DPRs,
we evaluated the accumulation of these proteins in endolysosomal organelles following 24h
from administration. We exposed healthy iAstrocytes to ATTO647N-labelled poly-GA
fibrils or oligomers (0.5uM for 24h) and quantified the degree of colocalization with
LAMP1-stained endolysosomes by dual-colour dSSTORM. As mentioned in Chapter 3, the
ATTOG647N dye is highly suitable for single-molecule detection applications and high-

resolution microscopy “e°.

Our dual-colour dASTORM analysis revealed that while ~17% of the input poly-GA fibrils
co-localized with endolysosomes, only less than 5% poly-GA oligomers did (3.4-fold
difference; P*** < 0.001). Additionally, LAMP1 organelles showed higher enrichment for
poly-GA fibrils than for poly-GA oligomers (1.6-fold difference; P*** < 0.001) (Figure
4.7A). The achieved lateral resolution of dual colour dSSTORM as well as the analysis of
potential imaging artifacts is shown for both DPR and LAMP1 channels (Figure 4.7B and
4.7C).

Together, these findings suggest that DPR uptake is present in various cell culture systems

and endocytosis plays a role in DPR uptake in iAstrocytes.
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A Healthy iAstrocytes
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Figure 4.7 Oligomeric vs fibrillar poly-GA DPRs colocalization with lysosomes

A) Healthy iAstrocytes were imaged by dual colour STORM after 24h incubation with ATTO647N-

PolyGA oligomers or fibrils (magenta) and anti-LAMP1 staining (green). Clus-DoC co-localization
analysis for Poly-GA relative to LAMP1 (magenta graph), and LAMP1 relative to Poly-GA (green

graph) shows the respective %colocalized molecules (among total molecules detected). Scale bar =

5 um. Bar graphs of mean + SEM; graphs are indicative of 30 ROIs (4pm x 4pm) per condition

chosen only in artefact-free regions. Unpaired two-tailed t-test with Welch’s correction. ***P <

0.001. The data were collected from 3 independent biological replicates. B) The lateral resolution of
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dSTORM images was measured implementing block-wise Fourier Ring Correlation (FRC)
resolution mapping in NanoJ-SQUIRREL “7°. As the resolution is anisotropic, the maps represent
specific colour-coded regions of estimated resolution for each channel. The lateral resolution
achieved, on average, is approximately 50-60 nm for both ATTO488 and ATTO647N channels. We
also show the estimations of the lateral localization accuracy of both channels based on the
Thompson equation " (calculated with NIS-Elements software). C) For lysosomes-Poly-GA fibrils
co-localization analysis, diffraction-limited images of each channel were acquired. These images
were used as a reference for subsequent NanoJ-SQUIRREL analysis of image artefacts in super-
resolution dSTORM images. Each panel (upper and bottom) shows (from left to right): single
iAstrocyte cell imaged in TIRF (reference image), super-resolution reconstruction of dASTORM data
set on that same cell (’SR’), super-resolution image convolved with appropriate Resolution Scale
Function ("Convolved SR with RSF’), and a quantitative map of errors between reference and
convolved SR images (’Scaled error map’; colour scale indicates the magnitude of the error). Based
on NanoJSquirrel-analysis of artefacts, specific ROIs for all the co-localization analysis performed
in our work were chosen in artefact-free regions of the cell.

4.4 DPR uptake in cortical neurons and lysosomal colocalization

Our DPR-endolysosomal colocalization finding led us to hypothesize that poly-GA
oligomers might have the ability to escape endolysosomal routes and trigger cellular toxicity
via lysosomal disruption. Therefore, we next sought to test whether poly-GAs could cause
lysosomal impairment in cortical neurons, which are cells that undergo typical degeneration
in ALS-FTD and display a large number of DPR inclusions in post-mortem tissue of ALS-
FTD patients 44°.

Primary cortical neurons were produced from E15.5 embryos of wild-type C57BL/6 mice.
After growing primary mouse cortical neurons into microfluidic culture chambers, we used
live imaging and detected poly-GA uptake in the soma (point of DPR exposure) as well as
in the proximal axon. We subsequently performed a Mean Square Displacement analysis of
the trajectories of poly-GA oligomers and poly-GA fibrils during live imaging at the
proximal axon compartment.

Our findings show that poly-GA DPRs shuttle along axons by a mixture of diffusive

(Brownian), transported and constrained motion (Figure 4.8).
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DPR motion along cortical neuron axons
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Figure 4.8 DPR motion after uptake in primary cortical neurons

Mean Square Displacement (MSD) analysis of the trajectories of poly-GA oligomers (A) or poly-
GA fibrils (B) after AiryScan live-imaging in cortical neuron axons. The plots of MSD values vs
time delay are shown; alongside with the plots showing the Log-Log Fit of the MSD. In a Log-Log
Fit plot, the MSD curves can be approximated by straight lines of: slope 1 for diffusion motion,
slope 2 for transported motion, and less than 1 for constrained motion; these are quantified and
shown in the respective pie charts. >1000 tracks/condition. The data were collected from 3
independent replicates.
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Constrained motion was the predominant DPR motion throughout the axons (Figure 4.8);

suggesting that these proteins are mostly anchored to static axonal structures.

We indeed found that poly-GA DPRs accumulated in large spherical structures in the axon,
implying a failure of their axonal transport (Figure 4.9A, middle panel). Interestingly, by
zooming into few spherical axonal structures with higher resolution, we observed the
presence of small poly-GA proteins erratically moving within each structure (Figure 4.9A,
right panel; Movie S6). We then used the lysosomal dye LysoTracker Green and observed
that some of these axonal structures contain poly-GA DPRs colocalizing with lysosomal

organelles (Figure 4.9B), as also shown in Movie S7.

DPR uptake in primary cortical neurons’ axons

AiryScan live-imaging

DPRs
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Figure 4.9 Poly-GA DPRs colocalize with endolysosomal organelles after uptake and
accumulate in spherical axonal structures enriched with lysosomes

A) Confocal images showing accumulation of poly-GA assemblies in large spherical structures

(arrow heads) along the axons of primary mouse cortical neurons. A combination of brightfield
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imaging and fluorescence detection of the ATTO550-labeled poly-GAs was used to detect these
swellings specifically in the axons residing in the microfluidic chamber microgrooves. By zooming
into few spherical structures with higher resolution (airyscan mode), during live-imaging, we report
the presence of small poly-GA assemblies’ particles erratically moving within each structure
overtime (right panel); corresponding movie is shown in Movie S6. B) Confocal images showing
accumulation of poly-GA assemblies in large spherical structures along the axons of primary mouse
cortical neurons. Upon the application of the lysosomal dye LysoTracker Green, we show that some
of these structures contain poly-GA DPRs that colocalize with lysosomal organelles (arrowheads);
corresponding movie is shown in Movie S7. The data were collected from 3 independent biological
replicates.

In conclusion, we demonstrated that poly-GA DPRs can enter primary mouse cortical
neurons after being added to the cell culture medium. Interestingly, some DPRs accumulate
in the soma while others accumulate in the proximal axon compartment. We show that poly-
GA DPRs are abundant in spherical axonal structures and co-localize with lysosomal

organelles.
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4.5 Discussion

When aggregate seeds are exposed to the extracellular milieu and then internalised by naive
receiving cells, aggregate pathology spreads across brain regions. It has been proposed that
cellular uptake of protein aggregates is a critical step in determining their seeding potential.
In fact, vesicles and membranes have been proposed to be used by aggregate seeds to
promote further seeding and propagation in the cell's internal environment.

The mechanisms governing the uptake of exogenous DPR aggregates are not well
understood. However, this is likely a fundamental process driving DPR aggregation and
pathogenicity, and we think that future therapies in the context of C9 ALS/FTD would
benefit from understanding the specific routes of DPR-uptake- and -release that could be

targeted pharmacologically.

This Chapter sheds new light on the uptake routes of DPR aggregates, particularly in glial
cells but also, to a lesser extent, in neurons. We chose to focus on DPR uptake in astrocytes
because increasing evidence implicates them as significant non-cell autonomous
contributors of C9 ALS/FTD pathogenesis 2°4%8!, We covered several aspects of DPR

uptake in astrocytes, particularly using human iAstrocytes derived from a healthy donor.

One of the aspects we covered, which had never been seen before, was the DPR motion after
24 hours of exposure to the cell medium. We developed a mathematical model to which we
fitted experimental data, specifically DPR trajectories in live astrocytes (measured by
confocal live imaging), and as a result, we discovered that a subset of DPRs exhibits motion
characteristics typical of microtubule-driven transport. We confirmed this finding by using
the microtubule depolymerizing agent nocodazole, which caused uptaken DPRs to relocate
within the cells. If we can disrupt poly-GA distribution in our data by depolymerizing
microtubules, this could imply the presence of direct or indirect polyGA-microtubule
interactions. This observation is in line with recent findings related to poly-PR DPRs, which
have been shown to associate with multiple proteins involved in microtubule-based
transport in spinal cord lysates, and to directly bind microtubules >*2. More research is
needed to determine whether poly-GA can bind with key partners of the microtubule-

transport system, disrupting key components of this fundamental cell transport.
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We then presented findings that included mechanistic details of DPR uptake in glial cells.
We found that at least some poly-GA DPRs are internalised by endocytosis in iAstrocytes:
low-temperature exposure (which inhibits all endocytic pathways) reduced poly-GA
oligomer uptake by 2.2-fold and poly-GA fibril uptake by 8-fold. Another research group
had previously demonstrated DPR uptake via endocytosis, but only for poly-PR; in that case
the uptake of poly-PR peptides was significantly inhibited by clathrin knockdown or

chlorpromazine, an inhibitor of clathrin-mediated endocytosis 3.

When we used the drug dynasore to inhibit dynamin-dependent endocytic pathways, we
only saw a decrease in poly-GA fibril uptake but no change in poly-GA oligomer uptake.
This could rule out the possibility that poly-GA oligomers use dynamin-dependent pathways
for cell entry, such as clathrin-mediated or caveolin-dependent endocytosis. The discovery
that the same poly-GA aggregate species, but at different amyloid stages (oligomers vs
fibrils), uses different cell entry routes remains intriguing. Our results indeed show that

poly-GA fibrils are dynamin-dependent, whereas poly-GA oligomers are not.

One possible explanation is that small oligomers can directly translocate across the plasma
membrane, avoiding cellular uptake and clearance >-°%, This is a well-known phenomenon,
and some scientists believe that oligomers (rather than fibrils) are responsible for pathology
because they invade endolysosomal organelles, damage their membranes, and cause more
aggregate seeding as well as cellular toxicity. To test the hypothesis that oligomers might
escape lysosomal vesicles, we used super-resolution imaging to examine the degree of co-
localization between poly-GA DPRs and LAMP1-stained endolysosomal organelles in
iAstrocytes and found that poly-GA oligomers had lower lysosomal co-localization than

poly-GA fibrils. Thus, our findings suggest that poly-GA DPRs may evade lysosomes.

We then decided to administer poly-GA DPRs to primary mouse cortical neurons to see if
the neurons could uptake these assemblies. When poly-GAs were administered to the
neuronal soma in microfluidic culture chambers, they were readily taken up and appeared
in the soma and proximal axon after 24 hours. We demonstrated (via Mean square
displacement analysis) that poly-GAs move with a combination of Brownian motion,
diffusion, and microtubule-directed motion by monitoring their motion with live imaging.
Furthermore, poly-GAs are transported along axons and accumulate in stalling lysosomes

which are found in spherical axonal structures.
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In this Chapter, we provided detailed mechanistic insights into DPR uptake in glia and, to a
lesser extent, neurons. Overall, our findings emphasise the importance of endocytosis as a
route of internalisation for C9ORF72-derived DPRs, expanding previous knowledge of

DPR uptake 5% to alanine-rich species.

Interestingly, Zhou and colleagues recently demonstrated that uptake of poly-GA DPRs, if
it occurs in cells expressing the GGGGCC repeat expansion, can result in the formation of
nuclear RNA foci 1%, Although we haven't tested the uptake of DPRs in cells that express
the repeat expansion in depth, it remains an intriguing observation because it demonstrates
how exogenous DPRs, when taken up by naive receiving cells, cause subsequent toxicity

with C9ORF72-specific pathological hallmarks.

We believe that future therapies for C9 ALS/FTD could benefit from blocking DPR uptake

and release routes in glia as well as neuronal cells.
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5. Lysosomal damage and cell-to-cell
propagation of DPRS
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5.1 Introduction on lysosomal damage

Numerous studies have suggested that amyloid-mediated neurodegenerative disorders are

linked to abnormalities in the autophagic-lysosomal degradation pathway.

Lysosomes are membrane-enclosed cytoplasmic organelles that contain hydrolytic enzymes
and regulate critical aspects of autophagy. Most of these enzymes work at low pH (pH < 5)
in the lysosomal lumen, which is kept acidic by the vacuolar (H*) ATPase (or V-ATPase).
When the membrane of lysosomes is damaged or permeabilized, a process called Lysosomal
Membrane Permeabilization (LMP), the luminal contents of these organelles can be released
into the cytosol and cause indiscriminate degradation of cellular components >*’. As a result
of LMP, lysosomal proteases such as cathepsins >* can accumulate in the cytosol and initiate

a cascade of events culminating with the activation of cell death 173549

Importantly, it was recently found that misfolded protein aggregates can induce or
exacerbate LMP in cell culture studies. After cell-entry, exogenous misfolded aggregates
accumulate in lysosomal organelles and damage their membranes via LMP 172177:5305%0 Thjg
mechanism has been proposed to either directly induce cell death or, perhaps more
intriguingly, to promote further seeding of the aggregates within the cell. The latter
hypothesis could be caused by damaged autophagic vesicles which are unable to degrade
amyloid aggregates, thus providing fertile ground for further aggregation and spreading.
Exogenous o-synuclein 12177 tau °3°, and polyQ-expanded huntingtin > trigger LMP after
endocytic uptake and, in some cases, LMP is linked to an increase of their aggregate seeding
177,530 However, the mechanisms by which LMP may lead to further seeding are not well

understood.

Nonetheless, the cell can repair or contain LMP in a variety of ways. For example, cytosolic
proteins known as "galectins" can recognise a damaged lysosomal membrane by binding to
B-galactosides on the luminal membrane leaflet >!. Following that, as in the cases of
galectin-8 and galectin-3, these proteins target the damaged lysosome for autophagic
degradation %2, This mechanism prevents LMP from causing lysosomal degradation and cell
death in the long run. Galectins have already transitioned from a cytosolic "diffuse"
distribution to a lysosomal "punctate” distribution when they bind to their carbohydrate

ligands. This transition is easily detected by immunofluorescence and has evolved into a
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powerful assay for determining when a cell experiences lysosomal damage/repair °*°.
Interestingly, Flavin et al. found that exogenous a-synuclein fibrils can induce a punctate
distribution of galectin-3 after being added to cell culture medium °%°. This study exemplifies
the following proof-of-concept: exogenous protein aggregates (i) enter cells through

endocytosis, (ii) invade lysosomal organelles, and (iii) activate LMP.

In this Chapter, we wanted to see if our recombinant poly-GA assemblies could cause
lysosomal damage in neurons.

The levels of some cathepsin proteins in DPR-treated cells were determined using
immunofluorescence assays. Likewise, we assessed the levels of apoptotic markers. In
addition, we looked at the lysosomal profile of DPR-positive cells versus DPR-negative cells.
We accomplished this by employing a variety of assays that measured lysosomal pH levels
as well as lysosome capacity to degrade specific substrates.

Because previous research has shown that oligomers can cause lysosomal damage more
frequently than fibrils >, we perform systematic comparisons of poly-GA fibrils vs poly-

GA oligomers in the majority of our experiments.
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5.2 Poly-GA DPRs produce partial lysosomal dysfunction

Previously, in Chapter 4.4, we demonstrated the uptake of poly-GA in primary cortical
neurons, particularly in the soma and proximal axon compartments. Moreover, we reported
that poly-GA fibrils and oligomers strongly co-localize with lysosomal organelles in these

neurons, especially in spherical axonal structures.

Here, we wanted to follow up on these findings by exploring whether lysosomes that co-
localize with DPRs ("Colocalized Lysosomes”, CLs) have different characteristics or
functionality compared to those lysosomes that do not colocalize with DPRs (“"Non-
Colocalized Lysosomes", NCLs). We separated these lysosomal populations using colour
deconvolution algorithms (Movie S8). In proximal axonal regions, CLs exhibited decreased

displacement, decreased speed, and increased size compared to NCLs (Figure 5.1).
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Figure 5.1 Endolysosomal organelles that colocalize with poly-GA DPRs present aberrant
characteristics

Co-localization analysis between all the poly-GA oligomers (A) or the poly-GA fibrils (B) and the
lysosomes contained in the cortical neurons’ proximal axons. We separated “Non-Colocalized
Lysosomes” (NCLs) and “Colocalized Lysosomes” (CLs) to analyse displacement, speed and size.
Scale bars = 1 um. Bar graphs of mean + SEM. Unpaired two-tailed t-test with Welch’s correction.

***P < 0.001. The data were collected from 3 independent biological replicates.
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Next, we exposed the cortical neurons to poly-GA fibrils and oligomers for 24 hours and
examined the transcriptional profile of various lysosomal metabolism genes. In particular,
RNA was extracted and RT-gPCR was performed for the following genes: CTSL, CTSB,
CTSD, GBA, MCOLN1, and ATP6VOEL. The genes CTSL, CTSB, and CTSD encode
cathepsin L, B and D, respectively. These genes were chosen because of the importance of
cathepsins in the degradation of protein aggregates including a-synuclein and AB
conversely cathepsin deficiencies lead to increased aggregate burden %553, The gene GBA
encodes for glucocerebrosidase and was chosen because its level negatively correlates with
o-synuclein aggregation 4. Finally, the genes MCOLN1 and ATP6VOE1, which encode
mucolipin-1 and the subunit of the V-ATPase VO complex, were chosen to assess whether
poly-GA could lead to alterations of functional lysosomal channels which regulate

important processes such as fission and fusion or acidic pH in the lysosome.

While transcripts encoding various cathepsins (CTSL, CTSB, CTSD), a lysosomal hydrolase
(GBA), and a cation-permeable lysosomal channel (MCOLNL1) did not change in response
to DPRs, transcriptional levels of ATP6VOEL (a component of the V-ATPase) increased in
response to poly-GA fibrils (Figure 5.2). In conclusion, our findings suggest that poly-GA
fibrils (rather than oligomers) disrupt the transcript levels of ATP6VVOEL in neurons.
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Figure 5.2 ATP6VOE1 mRNA levels in cortical neurons are altered by poly-GA fibrils

Quantification of relative expression levels after RT-qPCR for genes involved in lysosomal
metabolism. RNA was isolated from primary mouse cortical neurons (10 days in culture) exposed

or not to poly-GA oligomers or poly-GA fibrils for 24h, retrotranscribed and subjected to
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guantitative real-time PCR. Only the transcriptional levels of ATP6VOEL (a component of the V-
ATPase) were increased upon treatment with poly-GA fibrils compared to control untreated neurons.
One-way ANOVA with Tukey’s multiple comparisons test. **P < 0.01. The data were collected

from 3 independent biological replicates.

Next, we used immunofluorescence assays to determine the levels of some cathepsin
proteins in neurons treated with poly-GA DPRs for 24 hours. We concentrated our research
on cathepsins L, B, and D in particular because each of these enzymes has previously been

linked to the degradation of misfolded protein aggregates 15755355,

In our results, the levels of cathepsins L, B, and D in neurons exposed to poly-GA (or poly-
PA) DPRs for 24 hours showed no difference when compared to untreated neurons (Figure

5.3).
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Figure 5.3 DPR exposure does not change cathepsin levels in primary cortical neurons

Immunofluorescence assays were used to compare the protein levels of cathepsins L, B, and D in
neurons exposed to DPRs for 24 hours versus untreated neurons. Our study found no difference in
cathepsin levels between DPR-treated and untreated cells. One-way ANOVA with Tukey’s multiple

comparisons test. ns = P > 0.05. The data were collected from 2 independent biological replicates.
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Using self-quenched enzymatic substrates (LysoSubstrate) that are targeted to lysosomes °°°,
we then quantified in situ lysosomal enzyme activities in primary mouse cortical neurons.
Neuronal lysosomes showed no difference in LysoSubstrate levels after 24 hours of poly-
GA exposure, indicating that poly-GA does not cause significant changes in lysosomal
functionality (Figure 5.4A and 5.4B).
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Figure 5.4 DPR exposure does not change in situ lysosomal enzyme activities

(A) Primary mouse cortical neurons were exposed to poly-GA DPRs for 24 hours (or were left
untreated), and Lysosome-Specific Self-Quenched Substrate (Abcam, #ab234622) was added during
the final 1 hour of the 24-hour period to measure lysosomal in situ enzyme activity. Scale bars =
Sum. (B) Mean fluorescence intensity of Lysosome-Specific Self-Quenched Substrate was quantified
per neuronal cell. Bar graphs of mean = SEM. One-way ANOVA with Tukey’s multiple comparisons

test. ns = P > 0.05. The data were collected from 3 independent biological replicates.
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Next, we used immunofluorescence assays to see if the 24-hour DPR exposure caused an
increase in apoptosis in neurons. The cleaved (thus active) form of caspase-3 is generally
considered a universal marker of apoptosis because caspase-3 activity is required for most
biochemical events associated with this pathway **’. As a result, we used a specific antibody
that recognises the fully active cleaved form of caspase-3 as an apoptosis marker. For this
assay, we combined DPR exposure with the cell-permeable proteasome inhibitor MG132.
We reasoned that by inhibiting the 26S proteasome with MG132, we could potentially
increase the DPR aggregate burden and stimulate neurons to undergo apoptosis more quickly.
Thus, we treated neurons with DPRs for 24 hours, and added 1mM of MG132 during the
last 1 hour (or 3 hours, or 5 hours) of the 24-hour span.

The levels of cleaved caspase-3 in proteasome-impaired neurons exposed to poly-GA (or
poly-PA) DPRs for 24 hours showed no difference when compared to proteasome-impaired
neurons that did not receive DPRs (Figure 5.5).
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Figure 5.5 Proteasome impairment and DPR exposure do not increase cleaved caspase-3 levels
in primary cortical neurons

Immunofluorescence assays were used to compare cleaved caspase-3 protein levels in proteasome-
impaired neurons with or without DPR exposure for 24 hours. During the last 1 hour (or 3 hours, or
5 hours) of the 24-hour span, the cell-permeable proteasome inhibitor MG132 (at 1mM) was utilised
to cause proteasome impairment. The levels of cleaved caspase-3 did not differ between the groups
studied. One-way ANOVA with Tukey’s multiple comparisons test. ns = P > 0.05. The data were

collected from 2 independent biological replicates.

133



Finally, we used the galectin-3 puncta assay to look for lysosomal damage in DPR-exposed
cells. We used the lysosomotropic drug L-leucyl-L-leucine Methyl Ester (LLoMe) as a
positive control that causes lysosomal damage and thus the formation of galectin-3 puncta
552 Lysosomotropic drugs initially diffuse across lysosomal membranes and then
accumulate in the lysosomes to disrupt its membrane integrity, resulting in the release of
lysosomal proteases in the cytosol and, eventually, apoptosis °8:°%°,

Our primary mouse cortical neurons appeared to be extremely LLoMe resistant. Various
LLoMe concentrations and time points were tested, but this experimental framework proved
difficult because we needed to use large amounts of LLoMe for a long time to see galectin-
3 puncta formation, which produced the desired phenotype but also killed most of the cells.
Because we couldn't easily induce lysosomal damage in primary mouse cortical neurons, we
chose HelLa cells for a proof-of-concept experiment. We exposed HelLa cells to poly-GA
fibrils for 24 hours and then added 1mM LLoMe for the last hour. As expected, LLoMe
treatment resulted in the formation of galectin-3 puncta (Figure 5.6A). However, galectin-
3 immunofluorescence levels in DPR-exposed HeLa cells did not increase when compared

to untreated cells, regardless of LLoMe treatment. (Figure 5.6B).
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Figure 5.6 Galectin-3 levels do not increase in DPR-exposed HeL a cells

The galectin-3 immunofluorescence assay was used to compare galectin-3 protein levels in HeLa
cells exposed or not exposed to poly-GA fibrils for 24 hours. During the last 1 hour of the 24-hour
span, the lysosomotropic drug LLoMe (at 1mM) was used to induce lysosomal damage, which is
visible by galectin-3 puncta formation (positive control) (A). Regardless of LLOME treatment, the
levels of galectin-3 did not differ between HeLa cells exposed or not exposed to poly-GA fibrils. Bar
graphs of mean + SEM. Unpaired two-tailed t-test with Welch’s correction (B). ns = P > 0.05 and

****p <(.0001. The data were collected from 3 independent biological replicates.
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Despite the lack of evident lysosomal malfunction in cells treated with poly-GA in these
assays, we discovered that HelLa cells decreased their lysosomal pH after 24 hours of
exposure to poly-GA fibrils or oligomers, which corresponded to an increase in LysoSensor
fluorescence (Figure 5.7A and 5.7B). This suggests that poly-GA may impair lysosomal
acidification and stimulate cellular responses aimed at increasing lysosomal pH.

HelLa cells

A

LysoSensor DND-189 Atto550 Hoechst Merge

LysoSensor DND-189

dk ok

kK
=
—_

=
o
1

Untreated
5
Il

LysoSensor DND-189
[
T

Fluorescence (Fold change)

o
=

T T T
Untreated GA GA
fibrils oligomers

Poly-GA fibrils

Poly-GA oligomers

Figure 5.7 HelLa cells decrease their lysosomal pH after exposure to poly-GA

(A) HelLa cells were exposed to poly-GA DPRs for 24 hours (or were left untreated), and LysoSensor
Green DND-189 was added during the final 1 hour of the 24-hour period to measure changes in
lysosomal pH (this dye exhibits increasing fluorescence as pH decreases). (B) Mean fluorescence
intensity of LysoSensor was quantified in live HeLa cells. Bar graphs of mean + SEM. One-way
ANOVA with Tukey’s multiple comparisons test. ****P < (0.0001. The data were collected from 3

independent biological replicates.

In summary, there was no obvious lysosomal damage in mouse cortical neurons or HelLa
cells after 24 hours of poly-GA exposure, but cellular responses aimed at increasing or
regulating lysosomal acidification were detected (increase of ATP6VOE1 mRNA, and

LysoSensor signal).
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5.3 Introduction on cell-to-cell spreading

A variety of harmful amyloid proteins move from cell-to-cell during neurodegenerative
diseases, accelerating the development of cellular pathology and disease progression.
Understanding how disease-associated amyloid proteins invade target cells and cause
cellular dysfunction is critical to understanding how neurodegenerative disorders progress.
The cell-to-cell transmission of pathological aggregates is a possible unifying mechanism

underlying the progression of various neurodegenerative diseases, including ALS/FTD 2,

Because of their ability to template further aggregation, SOD1 and TDP-43 assemblies have
prion-like properties in cell culture and in vivo. In cultured cells, mutant SOD1-aggregates
have been shown to spread '? and spinal cord homogenates from transgenic animals
overexpressing mutant SOD1 can produce wild-type and mutant SOD1 aggregation in naive
cell cultures °%°. When the same homogenates are injected into non-symptomatic transgenic
mice with SOD1 mutations, they cause early-onset pathology in the spinal cord, midbrain,
and brainstem 114, As for TDP-43, Nonaka and colleagues reported convincing evidence for
its prion-like behaviour when they added human ALS TDP-43 pathological brain extracts
into cultured cells and observed the formation of ubiquitinated, phosphorylated, and

insoluble cytoplasmic TDP-43 inclusions %62,

Because the GGGGCC pathogenic repeat expansion in the COORF72 gene is the primary
genetic cause of both ALS and FTD, it is necessary to investigate mechanisms by which
C90ORF72-derived DPRs may cause toxicity and neurodegeneration, potentially causing the
pathology to spread in different interconnected neuronal regions.

Recent evidence suggests that DPRs possess prion-like propagation features in cell culture
settings. The cell-to-cell propagation of DPRs may be relevant to the disease process, which
is an important question for future research. DPRs may affect important cellular processes
and create a positive feedback loop of toxicity in the cells in which they propagate by altering
C90RF72-dependent cellular processes such as C9ORF72 transcription levels, RNA foci
formation, and further DPR production.

Studies have shown that DPRs can spread in neuroblastoma cells, iPSC-derived spinal motor
neurons, and fibroblasts from ALS patients 125126130 a5 well as in the Drosophila nervous

system 3L This propagation can occur via both exosome-dependent and exosome-
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independent pathways 3°. Poly-GP DPRs have also been found in the cerebrospinal fluid of
C9ORF72 ALS/FTD patients, indicating that DPRs can be secreted by cells 04522,

A number of cell culture and in vivo studies have shown that ALS astrocytes contribute to
motor neuron death 291:294295453562-567 ang jt has been speculated that the release of
pathological proteins may be at the heart of the observed neurotoxicity. Previous research
has implicated astrocytes in the intercellular traffic of the scrapie isoform of the prion protein

(PrPSc), a-synuclein and Ap assemblies, and subsequent neuronal injury 99:568:569,

In this section of the Chapter, we wanted to look into the ability of poly-GA DPRs residing
in glia to propagate in neighbouring neuronal cells, particularly cells that undergo classic
degeneration in ALS-FTD such as motor neurons. In fact, neuron-to-astrocyte spreading for
DPRs has previously been reported 1% but the opposite directionality has yet to be
investigated. The spread of DPRs may cause pathology to spread in connected neuronal

pathways, leading to disease progression.

5.4 Poly-GA DPRs spread from astrocytes to motor neurons

Although it has been shown that DPRs can transfer from neurons to astrocytes *°, nothing
is known about the role of glial cells in the dissemination of DPRs. For example, no study
to our best knowledge has yet unveiled whether DPRs can propagate from astrocytes to
neurons. To test the possibility of this directionality, we established a co-culture system
between iAstrocytes and Hb9-GFP mouse motor neurons. Briefly, we treated healthy
IAstrocytes with 1 uM DPRs for 24h, performed a number of PBS washes to remove
remaining assemblies, and subsequently plated Hb9-GFP mouse motor neurons over the
astrocyte layer. We kept this co-culture system for 48h before fixation and confocal imaging
(Figure 5.8A). We observed that, after astrocytic uptake, DPR assemblies underwent
astrocyte-to-neuron propagation as confirmed by orthogonal views (Figure 5.8B). Different

DPRs showed different percentages of propagation to motor neurons, with poly-GA fibrils
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being the most efficient at spreading (detected in 24% of motor neurons) when compared to

oligomeric species (poly-GA: 4%; poly-PA: 7%) (Figure 5.8C).
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Figure 5.8 Alanine-rich DPRs undergo astrocyte-to-motor neuron propagation

A) Schematic representation of the iAstrocytes-MNs co-culture system. B) Orthogonal views from
confocal images show the presence of ATTO550 DPRs (red) in the GFP-positive MNs (green);
CD44 is shown in violet as the astrocytic marker. C) Quantification of the percentage of motor
neurons containing at least one DPR aggregate in the various 48h co-culture systems. Bar graphs of
mean + SEM. One-way ANOVA with Tukey’s multiple comparisons test. ~120 neurons/condition.

ns = P > 0.05. The data were collected from 3 independent biological replicates.
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To make sure that iAstrocytes indeed release DPRs, we also ran an assay on single-cultured
1Astrocytes in which we quantified the release of DPRs into the conditioned medium (CM).
To do so, we have initially added 1uM of DPRs to the culture medium for 24h, washed in
PBS and then incubated for 24h with CM. The CM was harvested in tubes, centrifuged and
analysed at the spectrophotometer, which quantified ATTO550 fluorescence intensity (thus
relative DPR concentration, after normalization with known DPR concentrations: R? > 0.95).
Our findings show that all DPRs are indeed detected in the CM (Figure 5.9A).

We then investigated whether the astrocyte-to-neuron transmission of DPRs could contribute
to motor neuron damage as a non-cell autonomous effect. However, no evident cytotoxicity
was found in motor neurons upon co-cultures with iAstrocytes that contained and
transmitted DPRs (Figure 5.9B).
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Figure 5.9 Propagated DPRs do not show toxicity in receiving motor neurons

A) Quantification of DPR levels present in the conditioned medium of healthy iAstrocytes, via

spectrophotometric analysis. Bar graphs of mean + SEM. One-way ANOVA with Tukey’s multiple
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comparisons test. ns = P > 0.05, and ***P < 0.001. The data were collected from 4 independent
biological replicates. B) Quantification of motor neuron survival upon 48h co-culture with
iAstrocytes containing and transmitting DPRs. Bar graphs of mean + SEM. One-way ANOVA with
Tukey’s multiple comparisons test. ~120 neurons/condition. ns = P > 0.05. The data were collected
from 3 independent biological replicates.

Furthermore, no increase in APOJ, a lipoprotein secreted in lipoparticles that has been linked
to astrocyte-induced toxicity °°, was found in the CM of single-cultured iAstrocytes (three
distinct control groups) exposed to different DPRs. APQOJ levels, as measured by enzyme-
linked immunosorbent assay (ELISA), were actually reduced after exposure to poly-GA
oligomers (and partially to poly-PA), implying that DPRs may interfere with APOJ-
mediated lipoparticle release (Figure 5.10A and 5.10B).
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Figure 5.10 APOJ enzyme-linked immunosorbent assay

Apolipoprotein J (APQOJ) protein levels were measured in three distinct healthy lines of iAstrocytes'
conditioned medium. (A) Regression analysis with the Four-parameter logistic curve-fit (4-PL)
method was used to determine the best-fit standard curve based on 2-fold serial dilutions of APOJ
standards and absorbance at 450nm. (B) iAstrocytes were either left untreated or treated for 24 hours
with various recombinant DPRs (poly-GA fibrils, poly-GA oligomers, poly-PA oligomers), and then
APQJ protein levels in their conditioned medium were measured and calculated using the previously
generated 4-PL standard curve. Bar graphs of mean + SEM. One-way ANOVA with Tukey’s
multiple comparisons test (control group is “untreated”). *P < 0.05, **P < 0.01, ***P < 0.001, and

**#%p <0.0001. The data were collected from 3 independent biological replicates.
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We then wanted to create co-cultures of astrocytes and motor neurons using COORF72-
patient derived iAstrocytes. We treated these astrocytes with our recombinant DPRs and then
co-cultured them with motor neurons for 48 hours. We hypothesised that because COORF72-
ALS-derived cells have been shown to have autophagy deficits 3, adding DPRs to them
would further seed aggregation and potentially toxic effects on co-culture motor neurons.
However, when motor neurons were co-cultured with COORF72-patient derived iAstrocytes

containing uptaken DPRs, no obvious cytotoxicity was observed (Figure 5.11A).

We then investigated whether inducing pharmacological changes in biological pathways
such as autophagy, lysosomal exocytosis, or apoptosis could affect the amount of DPR
aggregates released by single-cultured healthy iAstrocytes. Indeed, lysosomes may
participate in intercellular aggregate transfer, including lysosomal exocytosis of their
contents, or they may travel through actin-based structures known as "tunnelling nanotubes"
for direct cell-cell transfer *5"1, In a similar context, autophagic failure has been linked to
the exocytosis and intercellular transfer of pathological protein aggregates such as a-
synuclein 572, We found no difference in DPR release into the conditioned medium of
IAstrocytes when Vacuolin-1 inhibited lysosomal exocytosis and Bafilomycin-Al inhibited
autophagic flux (Figure 5.11B). Also, blebbistatin-induced inhibition of membrane
blebbing, which could improve astrocyte survival, had no effect on DPR release (Figure
5.11B).

Taken together, our results show that iAstrocytes can efficiently release poly-GA and poly-
PA DPRs into the culture medium and, when co-cultured with motor neurons, they are able
to transmit DPRs to neuronal cells. Although we did not observe any obvious cell death after
transmission with our system, we hypothesise that astrocytes may serve as hubs for the
internalisation and release of abnormal peptides in ALS.

141



DPR propagation Motor neurons
Impact on motor neuron survival Survival
S , mmm Astrocytes C9orf72 patient n.183

g 1.25—
} 1.00—

] : -
b & _
C9orf72-patient :
derived iAstrocytes
0.00-
GA PA

DMEM GA
fibrils oligomers oligomers

o

~

a1
\

Survived
motor neurons (24h)

]

[s)]

o
|

o

)

a1
|

B
DPR release DPR release
in iAstrocytes Conditioned Medium (CM) in iAstrocytes CM
‘,%gl B 0.2 uM Vacuolin
- = 7 exacellularly 100+ E= 0.2 pM Bafilomycin
3 D : —_ E= 2.5 puM Blebbistatin
" i < == 0.2% DMSO
S 55 80 /0
AN - = c
1 Conditioned medium © o
harvesting n w i ns
Treatment with S S 60
pharmacological ¢ Q£ ©
compounds 8 O 404 ,I,
wn 2> ns
o=
f— =©
<35 20
=
A ‘ 0_
(sp2§f‘oii$?,‘g32‘e,) GA oligomers PA oligomers

Figure 5.11 Alanine-rich DPRs undergo astrocyte-to-motor neuron propagation

A) Quantification of motor neuron survival upon 48h co-culture with CO9ORF72-patient derived
iAstrocytes containing and transmitting DPRs. Data were normalized to control condition (co-culture
between motor neurons and DPR-free astrocytes). One-way ANOVA with Tukey’s multiple
comparisons test; ns = P > 0.05. The data were collected from 3 independent biological replicates.
B) Spectrophotometer quantification of DPR levels (ATTO550 fluorescence) present in the
conditioned medium of healthy control-derived iAstrocytes treated with pharmacological
compounds. Upon inhibition of lysosomal exocytosis (0.2uM Vacuolin-1), autophagic flux (0.2uM
Bafilomycin Al) or membrane blebbing (2.5uM Blebbistatin), we did not observe any decrease of
DPR release. Data were normalized to 0.2% DMSO control condition for ATTO550 background
fluorescence. One-way ANOVA with Dunnett multiple comparisons test. ns = P > 0.05. The data

were collected from 2 independent biological replicates.
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5.5 Discussion

Pathological protein aggregates in neurons and glia are a hallmark of most
neurodegenerative diseases °”. In the context of COORF72-ALS/FTD, aggregation of the
RAN translation-derived poly-GA DPRs is one of the proposed mechanisms for inducing
proteasome impairment, DNA damage, cognitive disability, motor deficits, pro-
inflammatory responses and neurodegeneration, as demonstrated by numerous cell culture

and in vivo studies 127,128,424,430,447,535

Our findings that poly-GA DPRs accumulate in abnormally immotile and enlarged
lysosomes imply that these proteins may impair the function of these organelles in neurons.
Because of the polarity of neurons, the regulation of lysosomal motility and size is especially
important: lysosomes need to access specific cytoplasmic locations to perform their various
functions, and lysosomal size is critical for fission and fusion events. Mutations in genes
that encode for components regulating lysosomal motility cause a variety of neurological
disorders °’4, and lysosome size is altered in a number of human diseases °°.

It should be noted that lysosome positioning and movement are dependent on a complex
interplay of interactions with microtubule motors, the actin cytoskeleton, and other
organelles °"*, Our recombinant DPRs could also disrupt key lysosomal partners, such as
microtubules or microtubule motors. Indeed, it was recently shown that arginine-rich DPRs
impede translocation of dynein and kinesin-1 motor complexes and bind microtubules
promoting their pausing and detachment %*2. We speculate that similar mechanisms could
be behind the behaviour observed following poly-GA DPR internalization, as our data
showed that poly-GAs are cellularly relocated upon nocodazole treatment, thus suggesting

the presence of poly GA-microtubule interactions.

Our data on lysosomal functionality also revealed that 24h exposure to poly-GA fibrils
increased ATP6VOEL1 transcript levels when compared to untreated or poly-GA oligomers
exposure. ATP6VOEL is a component of the multi-subunit ATPase enzyme, which is
essential in eukaryotes for the acidification of intracellular organelles. As demonstrated in
HeLa cells with a drop in lysosomal pH (LysoSensor) after poly-GA exposure, upregulation
of ATP6VOE1 mRNA may represent a biological response to poly-GA clearance,
presumably by maintaining or enhancing lysosomal pH acidic gradients via V-ATPase

activity.
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We also looked into whether recombinant DPRs could affect the levels of lysosomal
enzymes. Cathepsins are the most abundant lysosomal proteases, found primarily in acidic
endo/lysosomal compartments where they play important roles in intracellular protein
degradation, energy metabolism, and immune responses **°. In our study, we looked at the
protein levels of three important cathepsins: cathepsin L, B, and D. These three cathepsin
proteins have been associated with ALS-FTD neuropathology, especially cathepsin B and
D. Indeed, cathepsin B protein and mMRNA levels are increased in post-mortem spinal cords
from ALS patients 169161 | as well as cathepsin D mRNA 6, In our results, the levels of
cathepsins L, B, and D in neurons exposed to poly-GA (or poly-PA) DPRs for 24 hours
showed no difference when compared to untreated neurons. Because some cells in DPR-
treated cells do not internalise these assemblies, the cathepsin results may be skewed by this
cell population. Alternatively, cathepsins could rise immediately after poly-GA exposure or

at other times that were not included in our study (24h exposure only).

We then wanted to see if poly-GA oligomers and poly-GA fibrils could cause apoptosis or
lysosomal damage after being internalised in primary mouse cortical neurons. DPR-treated
cells showed no signs of increased apoptosis when compared to DPR-free neurons. We also
evaluated in situ lysosomal activity and found no clear lysosomal damage mechanism
produced by exposure to poly-GA. Furthermore, we were unable to detect increased damage
in HelLa cells after 24 hours of exposure to poly-GA fibrils using galectin-3 as a sensitive
reporter for endo-lysosomal damage. These findings could imply that DPRs are not toxic at
these early time points. New experiments with more time points and different DPR
molarities are required to determine whether and when DPRs may cause cellular damage.
Despite the lack of evident lysosomal malfunction in cells treated with poly-GA in these
assays, we discovered that HelLa cells decreased their lysosomal pH after 24 hours exposure
to poly-GA fibrils or oligomers, which corresponded to an increase in LysoSensor
fluorescence. This suggests that poly-GA may enhance lysosomal acidification.

We finally sought to investigate whether poly-GA oligomers and poly-GA fibrils could show
differences in the ability to undergo cell-to-cell propagation, a process previously observed
for various DPR species in neuronal cell cultures 125126130132 55 el as in the Drosophila
nervous system 3!, We proceeded to explore these questions by establishing a co-culture
system between iAstrocytes and Hb9-GFP mouse motor neurons; this system was used
because of two main reasons: (i) the largely unexplored role of glia in DPR propagation with

relation to neurons, (ii) and the previously described role of astrocytes as “hubs” for
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intercellular propagation of protein aggregates %8569 Qur co-culture experiments showed
that poly-GA DPRs undergo astrocyte-to-motor neuron propagation, with the fibrils being
6-times more efficient in transferring to motor neurons compared to oligomers. Thus, DPRs
at later stages of aggregation might be more prone to transfer from affected to naive cells,
which is in agreement with previous findings related to other amyloid proteins °’®. The
release of DPRs into the conditioned medium of a monolayer of cultured iAstrocytes did not
decline when lysosomal exocytosis or membrane blebbing were inhibited. Therefore, we
speculate that DPRs may passively reach the extracellular space by leakage through
damaged cell membranes, as already shown for a-synuclein and tau >"°7° or via other
routes, possibly involving secretion via exosomes 1%,

Somewhat surprisingly, we were not able to detect any cytotoxicity in co-cultured motor
neurons associated to poly-GA DPRs, nor any increase in APQOJ lipoprotein in iAstrocyte
conditioned medium, which has previously been linked to astrocyte-induced toxicity and
astrocyte activation °’°, Because multiple DPR species were not present in our experiments
at the same time, it is possible that cytotoxicity of motor neurons is dependent on the
synergistic presence of several DPR species in iAstrocytes. Additional DPRs may cause
higher levels of astrocyte activation that may negatively affect motor neurons.

Activation of astrocytes or microglia in transgenic mice expressing poly-GA has been
demonstrated in a number of studies. For example, at six months of age, GFP-GAsg mice
have higher transcript and protein levels of the astrogliosis marker Gfap in the brain 4°,
whereas CFP-GA149 mice have upregulation of phagocytic microglia markers such as CD68
and lbal in the spinal cord #?*. Furthermore, GFP-GA175 mice, but not GFP-PR175 mice,
exhibit disease-associated microglial pro-inflammatory responses as well as an interferon-
response microglial signature consistent with COORF72 ALS patients 28, It is intriguing to
speculate that extracellular poly-GA aggregates released from glial cells (as observed in our
study) may be present in mice and play a role in the activation of pro-inflammatory responses
that promote the damage of motor neurons. Microglia activation correlates with disease
progression in ALS patients, and C9ORF72 carriers have higher microglia activation than

non-carriers %8; however, the role of poly-GA aggregation in this response remains unknown.

Overall, our findings suggest that astrocytes (and, more broadly, glial cells) play an
important role in the transmission of C9ORF72-derived DPRs to neighbouring motor
neurons. Whether this mechanism could constitute a “non-cell autonomous” contributor in

C90ORF72-ALS/FTD neuropathology remains to be fully elucidated.
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6. Final discussion and future perspectives

6.1 Summary and project highlights

It is now understood that ALS and FTD are closely related conditions with clinical,
pathological, and genetic similarities. ALS is known as the most common adult-onset motor
neuron disorder and one of the most common adult-onset neurodegenerative disease °8.
FTD is the second leading cause of dementia in people under the age of 65, after Alzheimer's
disease 2% and, according to the World Health Organization, the number of people with
dementia worldwide is expected to rise significantly between 2030 and 2050 °82,

Overall, ALS and FTD are two fatal diseases that relentlessly progress to death within 3-5
years of diagnosis for ALS patients 1°°2% or 4-8 years after the onset of symptoms for FTD
patients 21253 Currently, the Food and Drug Administration (FDA) has approved two drugs
for the treatment of ALS: riluzole and edaravone, both of which provide modest
improvements in mortality and/or function %%, There are currently no FDA-approved
disease-modifying drugs for FTD, but symptomatic treatments are frequently used 2°.
Recent advances in our understanding of the underlying pathophysiologic processes that
contribute to ALS and FTD have resulted in the development of numerous investigational
therapies. Despite extensive research, the vast majority of human clinical trials have failed
to demonstrate clinical efficacy. Recently, Biogen and lonis' tofersen failed to meet the
primary endpoint in a phase 11l trial of an antisense candidate for SOD1-linked fALS %8 in

late 2021. These findings were yet another setback for ALS patients and their families.

The impact of these devastating diseases on working-age people with young families
represents a significant health and economic burden on society. The national economic
burden of ALS in the United States is estimated to be between US$ 279-472 million 5,
with some estimates reaching US$ 1.3 billion 5%, Despite the lack of aggregated national
data, the economic burden of FTD has been estimated to be as high as US$119,654 per
patient, which is nearly double the patient costs reported for Alzheimer's disease *%’. Aside
from the financial burden, research has revealed significant psychological distress in both
ALS/FTD patients and caregivers, revealing the truly devastating nature of this disorder.

For example, studies have revealed that ALS patients suffer from hopelessness, end-of-life
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anxiety, and depression °%. Furthermore, families affected may require assistance in coping
with such an overwhelming disease, as it has been reported that children with an ALS parent
are at a higher risk of internalising behaviour, depressive symptoms, and reactive problems
than children with healthy parents . Feelings of depression, anxiety and distress also
increase in ALS caregivers as the patient's disease progresses °°°%! Patients with ALS
require increasing assistance with all activities of daily living, their ability to speak or write
deteriorates and the physical demands of their care become more onerous. ALS caregivers
are estimated to spend 11 hours per day with the patient °°2 and feel a strong sense of
responsibility for their care and survival, especially when mechanical ventilation is used.
Similarly, assistance of FTD patients 2! is linked to caregiver distress, depressive symptoms,
and poor quality of life °%5°%_ This reality emphasises the critical need for progress in the
treatment of these disorders, which can only be accomplished by developing fundamental
research on the underlying pathophysiology and using this knowledge to pursue new

therapeutic avenues.

Over the last 25 years, our understanding of the genetics of ALS and FTD has evolved, with
the discovery of an increasing number of genes linked to both familial and sporadic cases;
for example, more than 120 genetic variants have been associated with an increased risk of
ALS (http://alsod.iop.kcl.ac.uk) 1%. Because it is the most common genetic cause of both
ALS and FTD, the hexanucleotide expansion of the C9ORF72 gene (C9-HRE) is an

appealing therapeutic target for which an effective treatment would benefit a large number

of patients and have a significant impact on affected families. However, the pathological
mechanisms of C9-HRE are not completely understood, particularly the role of dipeptide
repeat proteins (DPRs). Misfolding and aggregation of disease-specific proteins, which
results in the formation of filamentous cellular inclusions, is a feature of neurodegenerative
diseases. These aggregated proteins usually form fibrillar shapes that are enriched in B-sheet
secondary structures and accumulate in neurons and glia progressively spreading in different

CNS regions via 'prion-like propagation'.

In this thesis, we have explored a role for poly-GA DPRs in disease spread. We created
recombinant poly-GA and poly-PA DPRs with the help of collaborators Prof De VVos and Dr
Melki. We described the characterization of these recombinant proteins in Chapter 3 and
demonstrated that poly-GA oligomers can directly convert into solid-like aggregated states
in vitro (test-tube) without the formation of any liquid-like intermediaries. Previous research

has shown that other DPR species have similar in vitro properties. In particular, poly-PR and
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poly-GR have been shown to coalesce in vitro and undergo liquid-liquid demixing 427432479,
a process thought to be involved with the transition from a soluble protein to a solid and
aggregated species, that could potentially alter stress granules and nucleoli 427:480.595.5%
However, as discussed in Chapter 3 (page 97), these in vitro features alone cannot predict
cellular pathogenicity, and these studies should be interpreted with caution.

In the same Chapter, we demonstrated that poly-GA can form characteristic B-sheet amyloid
fibrils in vitro. The fibrillization of poly-GA (but not poly-PA) into fibrillar structures similar
to those found in pathological proteins of sporadic or genetic TDP-43 proteinopathies °7,
tauopathies °%, and synucleinopathies °%° suggests a link between these diverse
neurodegenerative diseases. This finding is especially intriguing given that the majority of
DPR inclusions in patient brains are poly-GA positive 4’8, According to FTIR measurements,
the fibrillar poly-GA we generated are amyloid in nature, which is consistent with previous
observations made with poly-GA with a low number of repeats 4. As previously stated, our
study was unable to generate fibrillar poly-PA, and our collaborator Dr Melki was also
unable to successfully generate fibrils from poly-GP 2. These findings suggest that the
formation of poly-GA amyloid fibrils could contribute to pathogenicity as a C9-HRE-

mediated gain-of-function mechanism.

In Chapter 4, we wanted to closely monitor the fate of poly-GA DPRs in either their
oligomeric or fibrillized forms after administration in cell culture medium. In particular, we
wanted to compare cellular uptake of recombinant poly-GA oligomers and fibrils to see if
differences in the aggregation stage could lead to differences in cell entry. In a variety of
cell culture systems (HelLa, HEK, human fibroblasts, iAstrocytes), we discovered that poly-
GA oligomers are more easily taken up into large visible aggregates than poly-GA fibrils or
other oligomeric species such as poly-PA. We then chose glial cells as our primary cellular
system, specifically iAstrocytes. C9ORF72-derived DPR inclusions are much more
abundant in neurons than glia in post-mortem ALS/FTD brains #’. As a result, the non-cell
autonomous role of glial pathological aggregates in the neuropathology of ALS/FTD is
currently unknown. We went on to show that poly-GA DPRs are taken up by iAstrocytes
via dynamin-dependent and -independent endocytosis, eventually converging at the
lysosomal compartment. Interestingly, while a dynamin-specific inhibitor strongly inhibits
the cellular entry of poly-GA fibrils, it has no effect on the entry of oligomeric poly-GA.
Thus, fibrils seem highly susceptible to cell-mediated uptake, which is consistent with the

behaviour of other fibrillar aggregates such as a-synuclein and tau >*>%_ Despite a clear
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endocytic contribution to fibrillary species uptake, other cell entry mechanisms cannot be
ruled out. For example, because DPR fibrils were densely clustered at the plasma membrane
at all times (6h, 24h, 48h), these species could puncture the plasma membrane thus accessing
the cell; as shown for other pathological proteins %,

Overall, our findings in Chapter 4 emphasise the importance of endocytosis as a route of
internalisation for DPRs, expanding on previous knowledge of DPR uptake, which was
previously demonstrated only for poly-GR 5%. Many extracellular or cell-surface
macromolecules that are taken up by the endocytic pathway end up in lysosomes %2, Because
we discovered that cell-mediated uptake of poly-GA is mostly dependent on endocytosis,
we wanted to see if these species would be degraded by astrocyte proteolytic systems.
According to our findings, 20% of GA fibrils but only 5% of GA oligomers co-localized
with lysosomes. As a result, we hypothesise that oligomeric poly-GA assemblies may evade
the endolysosomal system, avoiding internalisation and lysosomal surveillance; a feature

that has been linked to toxicity of certain oligomers 7,

Inducing lysosomal membrane damage is one of the proposed mechanisms for avoiding
lysosomal degradation, and this is a topic covered in Chapter 5. There has been little research
into the ability of exogenous DPR to cause lysosomal damage after cell entry. The only study
that shows the effects of DPR uptake on cell functionality is the work of Zhou and colleagues
which revealed that exposure to recombinant poly-GA increases repeat RNA levels and
seeds aggregation of all DPR proteins in cells expressing a C9-HRE %, Our findings do not
indicate any obvious lysosomal damage mechanism triggered by poly-GA DPR exposure;
however, we show that poly-GA may impair lysosomal acidification.

In the final section of Chapter 5, we looked into whether poly-GA DPRs could undergo cell-
to-cell transfer. We used a co-culture system to show astrocyte-to-motor neuron DPR
propagation, implying that astrocytes may serve as hubs for the internalisation and release

of abnormal peptides during disease pathogenesis.

The key results of this PhD research project are highlighted in Figure 6.1.
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Figure 6.1 Project outcomes and highlights

Schematic illustration summarising the main outcomes of this project. We closely monitored the fate
of poly-GA DPRs in either their oligomeric or fibrillized forms in iAstrocytes after administration
in cell culture medium. In iAstrocytes, a general block of most endocytic pathways (via 4°C
incubation) reduces the uptake of both poly-GA fibrils and poly-GA oligomers. However, the
compound dynasore (a GTPase dynamin inhibitor) only reduces the uptake of poly-GA fibrils but
not poly-GA oligomers, implying that the same DPR species but at different stages of amyloid
formation can use different cell entry pathways. Both poly-GA DPRs eventually converge at the
lysosomal compartment in iAstrocytes — and cause lysosomal swelling in neurons (not shown).
Interestingly, when we used a co-culture system between astrocytes and motor neurons, we
discovered astrocyte-to-motor neuron DPR propagation, indicating that astrocytes may act as hubs
for the internalisation and release of aberrant peptides in disease pathogenesis; however, no apparent

increase in toxicity was observed in our experiments.
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6.2 Future directions and main challenges

The most exciting studies demonstrating the critical role of astrocytes in ALS-FTD
neuropathology were carried out by looking at ALS-associated mutations. Numerous cell
culture and in vivo studies have revealed that astrocytes from various ALS models contribute
to motor neuron death 294299493:362-566 ' Njon-cell autonomous effects of SOD1 mutations in
astrocytes are required for motor neuron death in mice 45% as restricted expression of

mutant SOD1 in neurons is insufficient 6%,

My thesis work highlights the importance of non-cell autonomous mechanisms in C9
ALS/FTD by demonstrating that astrocytes can spread poly-GA DPRs to motor neurons in
cell culture. However, it is unclear how the astrocyte-to-neuron spread plays a role in disease
because we found no evidence of toxicity in motor neurons where the poly-GA was
transmitted. In vivo studies will be required to clarify the role of glial-specific DPR
aggregation as a potential contributor to neurotoxicity, as cell culture studies are frequently
limited by their relatively simple environment, which lacks other cell components or
adaptive immune responses % that could influence complex processes like cell-to-cell
transmission. All of these processes may be influenced further by ageing and the disease
penetrance of certain ALS/FTD mutations, such as the C9-HRE, which was extensively
discussed in the Introduction chapters. An intriguing line of research would be to investigate
whether recombinant DPRs injected in a localised area of the brain in a mouse (i.e., via
intracranial stereotaxic injection) could further spread and extend in other neuroanatomical
regions, and whether this would be influenced by DPR-repeat length, mouse age, and the
presence or absence of C9-HRE in these mice. These studies were discussed during my PhD
project but were not pursued due to time constraints, most of which were caused by the
COVID-19 pandemic. It is significant to note that Virginia Lee's seminal research
established that injecting recombinant human a-syn fibrils is completely sufficient to cause
Lewy bodies and Lewy neurites far from the injection sites (striatum and cortex) and to start
the disease in vivo in M83 transgenic mice (these mice express the mutant human A53T a-
syn under the mouse prion protein promoter) %%, What is perhaps even more remarkable is
the evidence that intrastriatal injection of mouse recombinant a-syn fibrils in wild-type
nontransgenic mice can seed the aggregation of endogenous mouse a-Syn and cause

Parkinson's-like Lewy pathology in interconnected brain areas, progressive loss of dopamine
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neurons in the substantia nigra pars compacta, and reduced dopamine levels culminating in
a few motor deficits %”. These two landmark investigations by Virginia Lee’s team may serve
as the impetus for further research into the potential prion-like propagation properties of
poly-GA and other DPRs in mice or other mammals. However, it is important to note that
these experiments would necessitate C9-HRE-expressing animals because the injected seeds
(e.g., poly-GA recombinant fibrils) would require a substrate for the spread of aggregation
and, possibly, the start of a neurodegenerative cascade. The extent to which the selection of
a specific C9-HRE-expressing animal model would influence the outcome of these
experiments is unknown. As previously stated, C9-500 BAC mice recapitulate the molecular
hallmarks of C9 ALS/FTD, such as the presence of RNA foci and dipeptide repeat proteins,
but fail to consistently show disease-associated behavioural phenotypes, neurodegeneration
and decreased survival 393%3% Fyrthermore, these mice still carry the entire murine
C90ORF72 gene, as well as the inserted “partial” 3% or “full” 3953%7:3% hyman C9ORF72 gene,
and it's unclear whether the C9-HRE can successfully drive C9 haploinsufficiency of both
the murine and human genes, therefore all loss-of-function pathogenic mechanisms are
unlikely to be replicated by these mouse models. The use of C9-HRE-expressing animal
models developed by the Cleveland group could potentially better recapitulate both gain-of-
function and loss-of-function pathogenicity mechanisms of the C9-HRE #%; in fact, these
mice were created by breeding (i) C9ORF72 knockout mice to (ii) BAC transgenic mice
expressing a portion of the C9ORF72 gene (with 450 repeat expansions) that does not encode
the 54 kD C9orf72 protein. Because a number of studies have recently proposed that
C90RF72 haploinsufficiency-driven autophagy dysregulation synergizes with DPR gain-of-
function toxicity 366441442 it is likely that the Cleveland mouse model *? would be more
informative for addressing the aforementioned experiments looking at the potential prion-
like propagation properties of poly-GA and other DPRs.

In conclusion, progress in defeating ALS/FTD is not helped by polarized yes—no debates,
which have previously paralysed the field. Decades of research have revealed the
complexities of these devastating diseases, as well as the wide range of disease
manifestations and progression. This complexity, which appears insurmountable even with
today's cutting-edge technologies, stems from the fact that the majority of ALS and FTD
cases are reported as sporadic and linked to environmental risk factors that are still being
investigated. Previous studies have also suggested an oligogenic and/or polygenic basis for
ALS, where multiple ALS gene variants have been identified in both familial and sporadic

cases and are thought to act together to cause ALS or influence clinical manifestations.
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Although the frequency of oligogenic contributions appears to be low, we cannot rule out
the presence of additional genetic risks or variants that have not yet been identified and
might act in concert to cause disease or influence its progression. This complex genetic
architecture of ALS, and potentially FTD, complicates therapeutic approaches, which would
have to target multiple mutation-derived pathological mechanisms, each of which may act
differently or have different penetrance from one individual to the next. Recruitment of
patients into clinical trials is complicated by the strong heterogeneity of disease progression
and manifestations, as well as the different disease penetrance of important mutations such
as the C9-HRE; additionally, ageing, environmental, lifestyle, and geographically based risk
factors complicate clinical trials and may confound drug efficacy results. ALS and FTD are
complex disorders that frequently coexist, and akin to cancer, it is unlikely that a single

simple hypothesis and a single silver bullet will explain and treat all.

Overall, our findings shed light on the uptake and release pathways of poly-GA DPRs in
astrocytes and, to a lesser extent, neurons. We propose that astrocytes play a role in the
transmission of DPRs to neighbouring motor neurons, which could be a non-cell
autonomous contributor to the neuropathology of C9 ALS/FTD. We hope that this basic
research into pathophysiological mechanisms will help to elucidate druggable molecular
pathways for future therapies. The sole nature of cell culture observations was a significant
limitation of our work; these are extremely useful for rapidly investigating potential
molecular mechanisms driven by poly-GA DPRs but would need to be confirmed in animal

studies, as previously discussed.
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8. Appendix

STORM-TIRF control images
No poly-GA DPRs added - iAstrocyte

LAMP1
488 channel

Figure 8.1 STORM-TIRF control images

To rule out potential imaging artefacts caused by autofluorescent molecules illuminated by the
647nm laser source, we imaged an iAstrocyte cell that had previously not been exposed to poly GA
DPRs and was later stained with anti-LAMP1 antibody (and AlexaFluor 488 nm secondary antibody).
As illustrated in the figure, we detect no signal in the 647 channel, indicating that our imaging

settings did not result in the production of any artificial autofluorescence signal for the 647 channel.
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L_egends for supplementary Movies

Supplementary Movie S1. 3D-volume and -surface rendering of poly-GA phase-separated
oligomers at 20uM and 24h in low salt solution in the test tube. After deconvolution, 3D-
surface rendering algorithms were applied to better visualize the massive and compact
structure of the assemblies, along with concavity features. Deconvolution and 3D-rendering

criteria are explained in the Method’s section 2.2.7.

Supplementary Movie S2. 3D-volume and —surface rendering of poly-PA phase-separated
oligomers at 20uM and 24h in low salt solution in the test tube. The application of 3D-
rendering algorithms on deconvolved data enables to better appreciate the presence of
extremely circular poly-PA liquid-like droplets (average circularity = 0.95) coalescing in the
test tube. The 3D-reconstructions exhibit a bulk loss of sphericity of the assemblies in the
three-dimensional space concomitant with elongation along the z-axis; this is due to poor Z-
axis resolution. Deconvolution and 3D-rendering criteria are explained in the Method’s

section 2.2.7.

Supplementary Movie S3. 3D-volume and —surface rendering of iAstrocyte-mediated
uptake of poly-GA fibrils. The movie illustrates the presence of the aggregates in the
perinuclear region of the cell, by showing the lateral view of the cell along the XZ axes. Red
= ATTO550 poly-GA fibrils; Green = Vimentin-stained cell.

Supplementary Movie S4. The iAstrocyte-mediated uptake of poly-GA fibrils (same of
Movie S3) is further presented as dynamic orthogonal views (XZ, YZ) moving along the Z-

stack planes.

Supplementary Movie S5. Poly-GA fibrils undergo a mixture of Brownian motion, directed
motion and constrained motion after 24h uptake in a healthy iAstrocyte cell. Poly-GA fibrils
are colour-coded by the signal intensity (blue=min; red=max). 60 frames were imaged at
1Hz at ~190 nm lateral resolution in Airyscan mode. Deconvolution was applied to each
frame, and the movie was generated as reported in the Method’s section 2.2.13. Fibrils were,
by approximation, treated as single particles and their trajectories were analysed by Mean
Square Displacement (MSD(At) analysis; Method’s section 2.2.13).
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Supplementary Movie S6. Accumulation of poly-GA DPRs (magenta) in large spherical
structures (arrow heads) along the axons of primary mouse cortical neurons. By zooming
into few of these structures with higher resolution (airyscan mode), during live-imaging, we
report the presence of small poly-GA proteins (by ATTO550 fluorescence) erratically
moving within each structure overtime.

Supplementary Movie S7. Poly-GA DPRs (magenta) and LysoTracker Green (green) in
large spherical structures (arrow heads) along the axons of primary mouse cortical neurons.
The time-lapse shows that these spherical axonal structures contain poly-GA DPRs that
colocalize with lysosomal organelles (merged in white colour).

Supplementary Movie S8. The movie shows a three-dimensional view of co-localization
between all the DPRs (magenta) and the lysosomes (green) contained in the proximal axons
of mouse cortical neurons. Each region-of-interest (ROI) is delimited by a white square. On
the right panel of the movie, each ROI is presented in a zoomed view moving through the
Z-planes of the Z-stack dataset. This shows that co-localization between DPRs and
lysosomes is consistent throughout the three-dimensional space.

Supplementary Movie S9. The movie compares widefield imaging to dSTORM imaging.
Both imaging modalities were used on the same iAstrocyte cell that had been previously
exposed to ATTO647N-polyGA fibrils. The comparison is explained in terms of a few
technical aspects, such as xy resolution achieved, laser power used, and imaging principles

used.

179



Research outputs from PhD

Communications in conferences

Oral platform communications:

Oral Presentation at the European Network to Cure ALS (ENCALS 2019)

Marchi P.M., Bousset L., Ferraiuolo L., Hautbergue G., Melki R., & Azzouz M..

Role of potential cell-to-cell transmission of dipeptide repeat proteins in C9ORF72
ALS/FTD pathology.

Presented in Tours, France, at The European Network for the Cure of ALS (ENCALS)
conference in May 2019.

Conferences/Seminars attended:

Quantitative Biolmaging (QBI) 2020 Conference, Oxford, England, UK
I had the pleasure of partecipating at the Quantitative Biolmaging Conference in Oxford

in early January 2020, with renowned experts of optical imaging.
The American Society of Gene & Cell Therapy 2020 Annual meeting, Virtual
| followed virtually the annual meeting of The American Society of Gene & Cell

Therapy 2020, regarding the latest achievements in the field.

Vesicle Trafficking & Pathways to Neurodegeneration 2021

UK Wellcome Genome Campus, Virtual

Mechanistic insights into the pathophysiology of ALS 2021
UK Dementia Research Institute, Virtual
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Courses attended:

e ESRIC 2019 Super-resolution Summer-school, Edinburgh, Scotland, UK
I had the pleasure of partecipating at the 5-day course at the Edinburgh Super-Resolution
Imaging Consortium and learn more about Super-resolution techniques for optical

microscopy.

e CamBioScience Cerebral organoids
Online Course (October 2020)
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Scientific publications

Research papers

Marchi P.M., Marrone L., Brasseur L., Bousset L., Webster C.P., Destro M., Walther
C.G., Alfred V., Marroccella R., Robinson D.,... Melki R., Azzouz M., 2021.

C9orf72-derived poly-GA DPRs undergo endocytic uptake in iINPC-derived astrocytes
and spread to motor neurons.

Life Science Alliance. Status: under revisions. First author.

Marrone L., Marchi P.M., Webster C.P., Marroccella R., Coldicott I., Reynolds S.,
Cruzeiro J.A., Yang Z.H, Higginbottom A., Khundadze M., Shaw P.J., Hibner C.A.,
Livesey M.R., Azzouz M., 2022.

SPG15 protein deficits are at the crossroads between lysosomal abnormalities, altered
lipid metabolism and synaptic dysfunction.

Human Molecular Genetics. Status: accepted. Second author.

ACCEPTED MANUSCRIPT

SPG15 protein deficits are at the crossroads
between lysosomal abnormalities, altered lipid
metabolism and synaptic dysfunction

Lara Marrone, Paclo M Marchi, Christopher P Webster, Raffaele Marroccella,
lan Coldicott, Steven Reynolds, Jodo Alves-Cruzeiro, Zih-Liang Yang,

Adrian Higginbottom, Mukhran Khundadze ... Show more

Human Molecular Genetics, ddac063, https://doi.org/10.1093/hmg/ddac063
Published: 21 March 2022  Article history
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e KarykaE., Ramirez N.B., Webster C.P., Marchi P.M., Graves E., Godena V., Marrone
L., Bhargava A., Ray S., Ning K., Hautbergue G., El-khamisy S., and Azzouz M., 2022.

SMN-deficient cells exhibit increased ribosomal DNA damage.

Life Science Alliance. Status: under second revisions. Fourth author.
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