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Résumé

Des mutations dans plusieurs génes ont été liés a la sclérose latérale amyotrophique (SLA),
en particulier dans celui codant pour la protéine Fused in Sarcoma (FUS). Les mutations sont
retrouvées dans la partie codant pour le signal de localisation nucléaire, rendant la protéine

anormalement abondante dans le cytoplasme.



Abstract

Mutations in several genes have been linked to amyotrophic lateral sclerosis (ALS),
particularly in the gene coding for the Fused in Sarcoma protein (FUS). Those mutations are
found in the part encoding for the nuclear localization signal, making the protein abnormally
abundant in the cytoplasm. Combined with other observations, it suggests that a toxic gain
of function of FUS in the cytoplasm would be the cause of the neurodegeneration. ALS is a
neurodegenerative disease that affects motor neurons and causes progressive paralysis. The
molecular mechanisms causing the disease are still unknown. One of the hypotheses is the
disruption of local translation of mRNAs, which allows synapses to respond quickly and
independently from the cell body. Insufficient local translation to support long-term synaptic
activity would lead to synaptic loss and neurodegeneration. Thereby, the objective of my
study is to determine the role of FUS in the regulation of mMRNA translation by characterizing
its interaction with translational components and evaluate its function in an ALS-linked
condition. | have shown that FUS is associated with stalled polyribosomes, which suggests
that it plays a role in regulating mRNA translation by interacting with the core of translation.
There is also an increase in the presence of FUS in the cytoplasm and in its interaction with
polyribosomes following inhibition of translation through mTOR, suggesting its role as a
negative regulator. In addition, ALS-related mutations amplify FUS inhibitory function by
making FUS cytoplasmic and reducing protein synthesis. My results show that the FUS
protein would have a role as a translation inhibitor when it is cytoplasmic. Therefore,
increasing the presence of FUS in the cytoplasm in ALS would result in significant

translation inhibition, at a level insufficient to support synaptic activity.
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Introduction

1.1 Amyotrophic lateral sclerosis

1.1.1 Disease overview

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease
characterized by a loss of cortical and spinal motor neurons. It has been described for the first
time in 1869 by Jean-Martin Charcot, a French neurologist. ALS is age-dependent with a
peak observed around 40-60 years old for familial cases and 58-63 years old for sporadic
cases (Ingre and others 2015). Patients suffer from muscle weakness, leading to paralysis and
respiratory problems (Zhou and others 2013). They usually collapse 1 to 5 years after being
diagnosed. The prevalence of ALS is at its highest in the age group of 70-79 years old, with
20 out of 100,000 persons (Table 1.1). The most ALS cases are found in the age group of 60-
69 years old. ALS is also common between 60-69 and after 80 years old, as the prevalence
is 7 and 13 for those age group. At 40-49 years old, ALS is affecting 4 out of 100,000 and

bellow 40 years old only 0.5, as severe juvenile form of ALS is rare (Mehta and others 2018).

Age group

No. (%) ALS Prevalence estimated (cases per
cases

100,000 population), % (95% CI)

Population

18



Patients can be divided into two main categories, separating familial ALS (FALS)
cases from sporadic cases. Only 10 % of patients have the familial form, inherited in an
autosomal dominant pattern, and 90% have the sporadic one. Familial cases are caused by
mutations in the genes encoding for SOD1 in 20% of the cases, TDP-43 in 3%, FUS in 5%
and C90ORF72 in 38% (Figure 1.1) (Hayashi and others 2016).

Familial (~ 10%) Sporadic (~ 90%)

Other/ Unknown C90RF72 Other/ Unknown
— 38%

TDP-43 1.5%

SOD1 C90RF72
3% 6%

FUS <1%

Figure 1.1. Pie charts representing the major causes of familial and sporadic ALS. Mutations
in C9ORF72 is responsible for most familial cases, with 38%. The other cases of FALS are
caused by mutations in SOD1 (20%), FUS (5%), TDP-43 (3%) or in other genes (34%). The
same genes are known to cause sporadic ALS, but in smaller proportions (1.5% for TDP43,
less than 1% for FUS, 3% for SOD1 and 6% for C9ORF72). What causes the majority of
sporadic ALS cases (~89%) is unknown or it is mutations in other genes. Figure taken from
(Hayashi and others 2016).

SOD1, TDP-43 and FUS are found in insoluble protein inclusions or in
accumulation of misfolded proteins specific to ALS affected motor neurons (Taylor and
others 2016). In fact, protein aggregates is a hallmark of the disease (Blokhuis and others
2013). Although many studies focus on finding the altered process in ALS, the mechanism
leading to the neurodegeneration is still unknown. Thereby, no cures have been found yet for

this neurodegenerative disease.



1.1.2 Similarities with frontotemporal lobar degeneration

Half of ALS patients show impairment of frontotemporal functions (Giordana and
others 2011; Lomen-Hoerth and others 2003; Phukan and others 2007), as well as half of
frontotemporal lobar degeneration (FTLD) patients develop symptoms of motor neuron
dysfunction (Lomen-Hoerth and others 2002). Frontotemporal lobar degeneration is a fatal
neurodegenerative disease affecting neurons from frontal and temporal lobes of the brain.
Patients usually collapse 6 to 8 years after being diagnosed, but the median survival of FTLD
patients with ALS is shorter at 2-3 years (Van Langenhove and others 2012). FTLD is age-
dependent with a peak at middle age around 45-65 years old (Galimberti and Scarpini 2012;
Snowden and others 2002). The main symptoms of the lobar atrophy are changes in
personality, language and behavior (Graff-Radford and Woodruff 2007).



leading to the disease (Barber and Shaw 2010; Guo and others 2013). Over 150 mutations in
the gene have been linked to the disease, mostly missense mutations and few
deletions/insertions (Andersen 2006; Bastow and others 2016; Saccon and others 2013).
ALS-linked mutations in SOD1 gene cause partial misfolding of the protein at physiological
intracellular conditions and few can affect its dismutase activity (Munch and others 2011;
Rotunno and Bosco 2013). The SOD1 proteins tend to aggregate and accumulate in
mitochondria. It leads to mitochondrial dysfunction, axonal degeneration and defective
axonal transport (Tafuri and others 2015). Patients harboring mutations in SOD1 are less

likely to develop cognitive impairments (Wicks and others 2009).

1.1.3.2 CO90ORF72

The most common cause of familial and sporadic ALS is mutations in COORF72,
representing approximately 38% of FALS cases (Majounie and others 2012). The gene
usually contains repeats of the hexanucleotide GGGGCC, between 2 and 8 repeats for healthy
people. In ALS, the number of repeats can be a hundred and can even be up to thousands
repeats (Swinnen and others 2018). The gene is translated in dipeptide by repeat-associated
non-ATG (RAN) translation (Cleary and others 2018). Patients harboring mutations in
C90RF72 often display dipeptide aggregates and RNA foci (Guerrero and others 2016;
Taylor and others 2016). Indeed, RNA foci are formed by accumulation of GGGGCC
expanded repeat RNAs. They associate with RNA-binding proteins that are involved in
splicing, translation and transport. RNA foci formation leads to the sequestration of RNA-
binding proteins, thus preventing them from fulfilling their functions in RNA metabolism.
Furthermore, the dipeptides formed by RAN translation of the GGGGCC expanded repeat
RNAs are known to affect many cellular processes. The different types of dipeptide can
induce endoplasmic and nucleolar stress, the formation of toxic amyloids and membrane-less
organelles, impairment of stress-granules formation, splicing defects and neurotoxicity
(Kumar and others 2017).



1.1.3.3 TDP-43 and FUS

Mutations linked to both FTLD and ALS have been discovered in the genes
encoding for TDP-43 (Sreedharan and others 2008) and FUS (Kwiatkowski and others 2009).
Both are DNA and RNA binding protein with a similar structure and function. Mutations in
the gene encoding for TDP-43 and FUS represents respectively 3% and 5% of FALS cases
(Lattante and others 2013). Over 50 mutations in FUS have been linked to the disease, mostly
missense and truncating mutations found in the part encoding for the nuclear localization
signal (Figure 1.5) (An and others 2019; Lai and others 2011; Lattante and others 2013). As
for TDP-43, 47 mutations have been linked with ALS, principally missense mutations found
in the glycine rich region (Guerrero and others 2016; Lattante and others 2013; Mackenzie
and others 2010).

The two proteins are predominantly nuclear, but they can shuttle between the
nucleus and the cytoplasm (Lagier-Tourenne and others 2010). ALS-linked mutations cause
the protein to mislocalize to the cytoplasm (Barmada and others 2010; Lo Bello and others
2017). They share many functions related to RNA metabolism as they are involved in pre-
mRNA splicing, miRNA processing, mRNA stability, mRNA transport and mRNA
translation (Ratti and Buratti 2016) (Figure 1.2). FUS also has a role in DNA repair and
transcription (Ratti and Buratti 2016). Mutant forms of FUS have been found in stress
granules as well as TDP-43 (Andersson and others 2008; Colombrita and others 2009).
Depending on the stress source, wild-type FUS protein is also incorporated in stress granules
(Sama and others 2013).



DNA repair

@ transcription
pre-mRNA splicing |

miRNA processing

mRNA stability
mRNA transport
mRNA translation

stress-granules

RNA metabolism

Figure 1.2. Representation of FUS and TDP-43 functions and importance related to RNA
metabolism. FUS and TDP-43 both share many functions in RNA metabolism such as pre-
MRNA splicing, miRNA processing, mRNA stability, transport and translation. TDP-43 and
mutant FUS are also found aggregating with stress granules. FUS has a role in the nucleus in
DNA repair and transcription. Figure adapted from (Ratti and Buratti 2016).

1.1.3.4 Other genes associated with ALS

Few mutations have been found in other genes encoding for protein involved in
mitochondrial function, axonal transport, autophagy and RNA metabolism (Taylor and others
2016). The mitochondrial protein CHCHD10 have been linked to ALS and FTLD, but its
function is still unknown (Woo and others 2017). It is found in the mitochondrial
intermembrane space and is believed to be involved in oxidative phosphorylation (Bannwarth
and others 2014).

DCTN1 (component of dynein motor complex), PFN1 (actin-binding protein) and
TUBA4A (microtubule subunit) represent less than 1% of familial and sporadic ALS



(Nguyen and others 2018; Taylor and others 2016). Mutations in those proteins affect the
cytoskeleton network and dynamic, and thus affect axonal transport (Smith and others 2014).

TBK1, SQSTM1, UBQLN2 and OPTN are all proteins involved in autophagy and
they have all been linked to ALS (Fecto and Siddique 2012; Richter and others 2016). Protein
aggregates and damaged mitochondria need to be removed by autophagy in neuronal cells.
Mutations in the genes encoding for proteins important for autophagy leads to defective

clearance, and so neurodegeneration (Oakes and others 2017).

The valosin-containing protein (VCP) have also been linked to the ALS as well as
FTLD (Koppers and others 2012). It is involved in RNA regulation and translation in stress
condition, as it disassemble mMRNA-protein complexes (MRNPs) and associates with the 60S
ribosomal subunit of stalled ribosomes under stress (Meyer and Weihl 2014; Verma and
others 2013). VCP also has an important role in the disassembly of stress granules and RNA-
binding proteins aggregation (Buchan and others 2013; Meyer and Weihl 2014; Verma and
others 2013).

Less than 5 mutations each have been found in the genes encoding for Matrin3 and
hnRNPAL, being the cause of less than 1% of sporadic and ALS cases (Purice and Taylor
2018; Taylor and others 2016). Both are RNA-binding proteins that are known to interact
with FUS, suggesting the three proteins might share a common pathological mechanism
(Kamelgarn and others 2016).

1.1.4 Altered RNA metabolism

At first with SOD1, mitochondrial dysfunction and oxidative stress was believed to
be the altered process in ALS. It was also supported by the finding of ALS and FTLD
mutations in the gene encoding for the mitochondrial protein CHCHD10. Those genes
provide insights that the mechanism of disease was oriented toward oxidative stress and
mitochondrial dysfunction. By the association of genes encoding proteins important for
cytoskeleton network and dynamic (DCTN1, PFN1 and TUBAA4A), defective axonal

transport was then suspected to contribute to the neurodegeneration.



Subsequently, the discovery of COORF72 as the main genetic origin of disease and
the identification of mutations in RNA-binding proteins have shifted the focus of the disease
mechanism to altered RNA metabolism (DeJesus-Hernandez and others 2011; Nguyen and
others 2018; Rotem and others 2017; Yasuda and Mili 2016). Indeed, mutations in RNA-
binding proteins and C9ORF72 are known to form pathological protein aggregates and RNA
foci. RNA-binding proteins mislocalize to the cytoplasm and aggregates in inclusions or
stress granules. VCP is important for mRNA translation in response to stress and
disassembling stress granules. Finally, many proteins involved in autophagy have been
linked to ALS. Autophagy is essential to remove protein aggregates and damaged

mitochondria, particularly in neuronal cells.

Compiling information from previous studies lead us to think that RNA metabolism
is the altered process causing ALS, regrouping the different genetic causes and the disease
manifestations. Indeed, the different genetics of ALS tend to cause defective axonal transport,
excitotoxicity, RNA-binding protein aggregation and mislocalization, oxidative stress and
mitochondrial dysfunction. All of those features, individually or combined together, provide
an entry point into the pathological cascade of events. Once engaged, it leads to dysregulation
of axonal RNA translation and eventually to the axonal degeneration observed in the

neurodegenerative disease (Figure 1.3).
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Figure 1.3. Dysregulated axonal RNA translation as mechanism of disease. Oxidative stress,
RBP aggregation/mislocalization, excitotoxicity, transport defects and mitochondrial
dysfunction are all environmental triggers. Combined or not with genetic mutations, those
stimuli are providing an entry point of into the pathological events cascade. It leads to
dysregulation RNA transport and translation in axon. Altered RNA metabolism is the
believed mechanism of disease leading to axonal degeneration, regrouping the different
genetic causes and the disease manifestations. Figure taken from (Yasuda and Mili 2016).

1.1.5 Selective vulnerability of motor neurons

Mouse models expressing ALS-associated mutations display affected neurons
(Beirowski and others 2008). Nevertheless, somatic cells were not affected, suggesting that
a special physiological aspect in neurons provides a selective vulnerability. In neurons, there
is a complex network of dendrites and axons to ensure signal transmission between cells.
Those neuronal extensions need local processes to respond to stimuli independently from the

soma, which demands constant supply by active transport (Yasuda and Mili 2016).



One of the hypotheses is based on the fact that motor neurons do not divide, meaning
that damaged organelles and that toxic protein aggregates are not diluted through cell division
(Lee and others 2015; Ramesh and Pandey 2017). Thereby, they need a process to get rid of
toxic protein aggregates or dysfunctional mitochondria. Autophagy allows neuronal cell to
degrade the damaged cellular component (Chu 2019). Autophagosomes are formed
anywhere in the cell by an isolation double membrane surrounding toxic cytosolic elements
(Suzuki and Ohsumi 2010). The structures are transported to the soma, where they fused with
lysosomes and get their content degraded (Hurley and Young 2017; Maday 2016). The proper
functioning of autophagy and axonal transport is thus essential for neuron survival. The
impairment of those cellular processes in ALS might explain the selective vulnerability of
motor neurons. In fact, dysregulated autophagy has been suggested to cause many
neurodegenerative other than ALS, such as

10



Figure 1.4. Representation of mMRNA transport and local translation. RNA-binding proteins
bind to RNA and form mRNP complexes. The mRNP complexes bind to motor protein to be
transported on cytoskeletal component throughout the axon. In periphery, extrinsic cues will
activate local translation, which will produce proteins important for the neuron survival. The
MRNA being locally translated can encode for cytoskeletal, mitochondrial, signaling or other
types of proteins. Figure made, simplified and inspired from (El Fatimy and others 2016;
Jung and others 2014).

The genetic causes of ALS and the disease manifestations suggest that dysregulated
axonal RNA translation leads to the neurodegeneration observed in the disease. It is also
believed to be the cause of other neurodegenerative disease like spinal muscular atrophy
(SMA),

11



1.2 Fused in Sarcoma (FUS)

1.2.1 FET family

The FUS protein is part of the FET family along with EWS and TAF15. The unique
features of their RNA-recognition motif (RRM) are the common point that justifies the group
formation and it is what distinguishes them from other RNA-binding proteins (Chau and
others 2016). The FET family is a group of DNA and RNA binding proteins involved in
many steps of RNA metabolism (Law and others 2006; Schwartz and others 2015). They all
are highly conserved proteins that share a very similar structure, and similar functions. Their
cellular localisation is predominantly nuclear and they can shuttle between nucleus and
cytoplasm (Neumann and others 2011). Thus, they are involved in nuclear and cytoplasmic
processes. In the nucleus, they have roles in transcription, DNA damage response and RNA
splicing (Schwartz and others 2015). In the cytoplasm, they have a roles in RNA nuclear-
cytoplasmic transport and cytoplasmic stability, transport and translation of mMRNA (Svetoni
and others 2016).

The three FET family proteins have an overlapping range of RNA targets, as they
have the same RNA-recognition motif (RRM), the common feature of the FET family (Hoell
and others 2011). As for their interacting partners, they all interact with each other, with each
other, suggesting they form protein complexes (Thomsen and others 2013). There is a large
overlap between the interactome of the FET family proteins. In particular, they all bind to
many miRNAs and miRNA-processing protein Drosha, probably providing them a role in
miRNA processing and stability (Schwartz and others 2015). In FTLD cases with FUS
inclusions, the three proteins are less present in the nucleus and tend to accumulate together
in FUS inclusions (Thomsen and others 2013). Those inclusions were found in neuronal as
well as glial cells (Mackenzie and Neumann 2012). Interestingly, the same pattern is not
found in ALS, as FUS has no impact on the localisation and aggregation of EWS and TAF15
(Neumann and others 2011). Many mutations linked to ALS are found in the coding sequence
of FUS, but also few mutations are found in the coding sequences for the two other FET
family proteins, EWS and TAF15 (Figure 1.5) (Svetoni and others 2016).

12
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Figure 1.5. Sequences of the FET family proteins annotated with domains, functions and
ALS-linked mutations. FUS, EWS and TAF15 have very similar structure and functions. All
of them have a transcriptional activation domain in the N-term, consisting of a region rich in
Serine (S), Tyrosine (Y), Glycine (G) and Glutamine (Q). Their DNA/RNA binding domains
is composed of three arginine/glycine rich domains (RGG), an RNA recognition motif
(RRM) and a zinc finger (ZF). At the C-term, they all have the same proline-tyrosine nuclear
localisation signal (PY-NLS), necessary for the nuclear import of the protein. Over 50 ALS-
linked mutations are found in FUS and few are also found in EWS and TAF15. Figure made
and adapted from (Svetoni and others 2016).
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1.2.2 Structure and functions

FUS shares its structural domains with the two other members of the FET family
(Figure 1.5). There are only few differences in their sequences, mainly the length in amino
acids (Svetoni and others 2016). It explains why they bind to the same RNA targets and why

have similar functions in DNA and RNA metabolism.

1.2.2.1 Structural domains

First of all, the FET family proteins all have a domain rich in Serine (S), Tyrosine
(YY), Glycine (G) and Glutamine (Q). This domain is called SYCQ rich or prion-like domain,
because it is similar to domains in yeast proteins that self-aggregates and fold into amyloid
(Monahan and others 2018). This domain is believed to trigger the pathological aggregations
of the protein observed in ALS (Bogaert and others 2018; Rhoads and others 2018). It is a
low complexity domain that is known to be involved in the reversible phase separation of
FUS, forming liquid droplets and hydrogels (Bogaert and others 2018). This process would
be partly responsible of the association of FUS with dynamic structures like mRNP granules
that sequesters and transport RNAs (Qamar and others 2018). This domain is also required

for transcriptional activation and chromatin binding by FUS (Yang and others 2014).

The FET family share a common feature, which is the RNA-recognition motif. It
can bind to numerous RNAs as the RNA-recognition motif has a low binding affinity (Liu
and others 2013). The motif could also be responsible for FUS binding to DNA, as it binds
the promoter element of several genes (Tan and others 2012). The zinc-finger is believed to
play a role in RNA recognition of FUS, giving a better specificity and affinity to the RNA-
recognition motif (Liu and others 2013). It is also play a role in chromatin binding (Yang and
others 2014).

FUS has three Arginine (R) and Glycine (G) rich domains. The majority of proteins
containing RGG domains are RNA-binding proteins, suggesting its role in RNA binding
(Thandapani and others 2013). The second RGG domain, RGG2, is also a low complexity
domain and thus participate in phase separation of FUS (Bogaert and others 2018). It is now
known to be important for RNA binding, and it can also bind DNA (Yagi and others 2018).

14



The RGG domains are disordered, meaning that they can adopt many conformations when
they do not bind RNA. This adaptability and plasticity provide a variety of possibilities for
RNA binding and it is easy to regulate (Ozdilek and others 2017).

A part of their sequence encodes for a proline-tyrosin nuclear localisation signal
(PY-NLS) (Nomura and others 2014). This tag located in C-term of the protein is necessary
for its nuclear import, as the PY-NLS is being recognized by Transportinl (Trnl) (Dormann
and others 2010; Niu and others 2012). Most of the ALS-linked mutations are found in the
PY-NLS or near it, in the RGG3 domain (Svetoni and others 2016). Thus, the nuclear import

is crucial for FUS to fulfil its functions in neuronal cells and for their survival.

1.2.2.2 Functions of FUS

FUS has several roles in many steps of DNA and RNA metabolism (Figure 1.6).
FUS is involved in transcription, by binding to transcription factors, promoters of several
genes and directly to the C-terminal of RNA polymerase 11 (Reber and others 2016; Schwartz
and others 2012). It also plays a role in DNA damage prevention and repair (Singatulina and
others 2019). More specifically, FUS is recruited to double strand breaks of DNA, to help
form the D loop and recruit other proteins involved in DNA damaged. The D loop is a step
of the initial phase of homologous recombination (Hill and others 2016; Wang and others
2013).

The FET family member is also very important for RNA metabolism. The first step
of RNA metabolism is per-mRNA splicing. FUS has been identified to play a role in this
process as it is present in spliceosomal complexes (Reber and others 2016). It also interacts
with many splicing factors and pre-mRNAs, preferably with long intronic regions (Meissner
and others 2003; Rogelj and others 2012). It is regulating the splicing of over 300 genes
(Lagier-Tourenne and others 2012).

FUS also regulates miRNA processing. Those are small non-coding RNA that
direct translational repression and degradation of mMRNA (Bartel 2018; Hu and Coller 2012;
Wilczynska and Bushell 2015). Processing miRNA consist of cropping the RNA into a
hairpin-shaped pre-miRNA, which is made by the enzyme Drosha (Shukla and others 2011).
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FUS role in miRNA processing is to facilitate the recruitment of Drosha on the miRNA
(Morlando and others 2012). The pre-miRNA is then exported to the cytoplasm and be
cleaved by Dicer to form a mature miRNA (Shukla and others 2011). They associates with
RISC complex and bind to their target MRNA by antisense recognition, leading to its
degradation (Wilczynska and Bushell 2015).

The FUS proteins is important RNA transport, especially in neurons. It is involved
in nuclear export of RNA, as it has been found to bind to RNA while shuttling between the
nucleus and the cytoplasm (Tan and Manley 2009). In addition, FUS is associating with
RNA-transporting proteins and is binding to the kinesin KIF5 in RNA-transporting granules
(Zinszner and others 1997). In fact, in neuronal cells RNAs bound to FUS are recruited to
dendrites via actin and microtubules filaments. Also, many studies found evidences
supporting the hypothesis that FUS would be involved in local processes of neurons. FUS
coimmunoprecipitates with N-methyl-D-aspartate receptors (NMDAR) multiprotein
complex and its accumulation at dendritic spines correlates with an RNA increases in
dendrites, in response to mGIuRS5 activation (Fujii and others 2005; Husi and others 2000).
In fact, this accumulation would result from an increase in FUS mRNA local translation.
Although, the local protein synthesis of FUS is decreased when it harbors the ALS-linked
mutation R521G (Sephton and others 2014). This finding highlights the difference between
the two FUS forms by their divergent responses to mGIuR1 activation, which might
contribute to ALS-FUS pathology.

The stability of mRNA is important for the lifespan and the expression of the
MRNA. It is determined by the
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Finally, the role of FUS in mRNA translation have been hypothesized. Even though
some advances have been made in the past few years, the specific role of FUS in mRNA
translation is still unknown. Indeed, many interacting partners of FUS have been identified
and a lot of them were ribosomal components (Kamelgarn and others 2016). However, the
regulatory function of FUS in translation remains unclear, whether it is an inhibitor or an
activator. The mutant forms of FUS are known to be associated with stress granules (Bosco
and others 2010). Those complexes play an important role in the dynamic of RNA
metabolism and mRNA translation. They disassemble polyribosomes, to protect RNA and
translational components in stress conditions (Anderson and Kedersha 2002). Thus, FUS
would be important for mRNA translation in response to stress, or inhibition condition. It has
also been found in APC-RNP granules, where translation is active, in contrary to other
granule types. The overexpression of wild-type FUS or expression of FUS harboring ALS-
linked mutations result cytoplasmic FUS inclusions including APC-RNP complexes. FUS is
also required for efficient translation of mMRNA in those type of granules (Yasuda and others
2013). Nevertheless, some evidence shows that ALS-linked mutations of FUS would repress
translation. In fact, protein translation is lower in cells expressing FUS with ALS-linked
mutations compared to the wild-type FUS (Kamelgarn and others 2018). FUS would thus
play a role in translation of several genes. Neuronal cells expressing mutant forms of FUS
have a significant decrease in local translation, while translation near the soma is not affected
(Lopez-Erauskin and others 2018). This observation suggests that FUS can directly repress
local mRNA translation or transport (LOpez-Erauskin and others 2018). The exact
mechanism by which FUS would regulate translation is not known, and it is far from
unanimous. At least, all the studies noted an implication of FUS in translation as protein

synthesis is affected in cells expressing ALS-linked mutations in the protein.
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Figure 1.6. The roles of FUS in DNA and RNA metabolism. FUS has many roles in
important cellular processes. As it is a predominantly nuclear protein, its functions are linked
to DNA metabolism like DNA repair and transcription. FUS is also involved in steps of RNA
metabolism, such as pre-mRNA splicing and miRNA processing. The shuttling of FUS
between the nucleus and the cytoplasm also imply mRNA, as FUS is also involved in mRNA
transport and mRNA stability. The role of FUS in mRNA translation have not been
confirmed, but evidences support its function. Stress granules are an important feature of
RNA metabolism and mRNA translation to protect RNA and translational machinery from
damage in stress and for inhibition of translation by disassembling polyribosomes. Figure
made, adapted from (Ratti and Buratti 2016)

1.2.3 FUS and ALS

Mutations in the gene encoding FUS are known to be generally more severe than
mutations in other genes, as 60% of ALS cases with mutations in FUS present clinical
features of the disease before 40 years old (Shang and Huang 2016). The most common
mutations are R521C and R521H (Vance and others 2013), and the most severe mutations
are P525L (Mackenzie and others 2011; Shang and Huang 2016; Zou and others 2015). In
fact, ALS cases with P525L mutation in FUS develop the disease in late teen or early twenties
(Kwiatkowski and others 2009; Shang and Huang 2016). Compiling information from
previous studies led us to think that FUS in a key protein for motor neurons survival.
Therefore, studying FUS and its most severe mutations is a great way to identify the

mechanism leading to ALS.
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ALS-linked mutations in FUS are mostly found in the PY-NLS, which weakens the
interaction of FUS with the protein that mediates its nuclear import, Transportin-1 (TRN1)
(Kapeli and others 2017). The mutations will affect FUS by increasing its presence in the
cytoplasm. The mutations also induce the formation of aggregates containing FUS and other
proteins (Marrone and others 2019). Those observations suggest that a gain of toxic function
of FUS in the cytoplasm is causing the disease. In the functions of FUS that could be affected
in the disease and that could explain the selective vulnerability of neurons, local mMRNA

transport and translation stand out.

Several studies provide evidences that support the hypothesis that FUS lead to
neurodegeneration through altered local mRNA translation. Indeed, it has been shown that
wild-type and FUS with ALS-linked mutations associates with ribosomal proteins, that local
translation is altered in neurons expressing ALS-linked mutations and that the mutant form
of FUS reduce protein synthesis (Kamelgarn and others 2016; Kamelgarn and others 2018;
Lépez-Erauskin and others 2018). Likewise, dysregulated axonal mRNA translation is
suspected to cause many neurodegenerative diseases, and ALS is one of them (Jung and
others 2014; Khalil and others 2018).
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1.3 Translation

The process underlying protein synthesis is MRNA translation. Nuclear DNA contains genes
encoding every protein. Through transcription, specific DNA genes are copied in RNA,
which is exported to the cytoplasm to be translated. Translation of mMRNA into proteins is a
dynamic and highly regulated process, as it is fundamental to cellular functions and survival.
The exact mechanism regulating specific mRNA translation is still unclear, but the overall

process of translation has been well studied.
1.3.1 Translation overview

1.3.1.1 Polyribosomes

The basic component necessary for mRNA translation is the ribosome. This
macromolecular assembly is localized in the cytoplasm, bound to the endoplasmic reticulum
or circulating freely. It is divided into 2 subunits, the small (40S) and the bigger one (60S).
Each sub-unit is composed of several proteins and ribosomal RNA (rRNA). The 60S subunit
is composed of 49 proteins and three ribosomal RNAs. 5.8S, 5S and 28S rRNA respectively
have 160, 120 and 4,700 nucleotides. The 40S subunit is smaller, with 33 proteins and one
rRNA, the 18S with 1,900 nucleotides. The ribosomal RNA and subunits are named
according to their Svedberg value (S). The S unit measures the sedimentation velocity of a
molecule subjected to a centrifugal force. A higher S value means a faster sedimentation

velocity, usually for a larger molecule (Watson 2014).

MRNA translation is divided into four main steps, which are all highly regulated.
The initiation phase is the most regulated cascade of events, leading to the recruitment of the
small ribosomal subunit (40S). The 60S will complete the translation initiation by binding to
the 40S. Together, the two subunits form the monosome (80s). During the second step of

translation, the elongation phase, the ribosome walks on the mRNA to extend the amino acid

20



Many ribosomes can simultaneously translate the same mRNA, forming a chain
called polyribosome. One ribosome associates with 30 nucleotides, but because of its large
size there can only be one ribosome for every 80 nucleotides (Watson 2014). In a mammalian
cell, there is approximately 10s ribosomes and 10s mRNA (Raveh and others 2016).
Polyribosomes are thus common as there is ten times more ribosome than mRNA.
Polyribosomes can be formed of an mRNA with 3 to 28 ribosomes, with an average number
of 8 (Ostroff and others 2002). They can be organized into different structures, whether

spirals, staggered lines or clusters (Myasnikov and others 2014).

Pausing translation by stalling ribosomes on mRNA is a useful way for the cell to
regulate specific mRNA translation. In fact, it has been shown that some mRNA encoding
proteins involved in stress response are in stalled polyribosomes in normal condition (Richter
and Coller 2015; Rilegsegger and others 2001). This way, translation elongation can occur
rapidly in stress conditions (Chapman and Walter 1997). The stalling process is also
suggested to be particularly important and prevalent in neuronal cells (Graber and others
2013; Myasnikov and others 2014).

1.3.1.2 Types of translation

The majority of mRNA in the cells are translated through cap-dependent

translation. All eukaryotic mRNA contains a cap, consisting of a N7-methylated guanosine
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is responsible for the majority of eukaryotic translation. The initiation factor elF4E recognize
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Figure 1.7. Translation initiation cascade. Ribosomal recycling leads to the binding of the
40S to elF3, elF1 and elF1A. It then binds to elF2-GTP-Meth-tRNA to form the 43S
complex. The attachment of the 43S to the elF4F and elF4B bound mRNA allow mRNA
scanning to find the start codon. GTP hydrolysis occurs and a P is released from elF2-GDP.
To complete the initiation, the initiation factor complex is replaced by the 60S subunit. Figure
from (Jackson and others 2010).

23



24



releases the factor. Then, a peptide bound is formed between the present amino acid at the
A-site and the previous one at the P-site in the peptidyl transferase center (PTC). The PTC is
composed of ribosomal RNA of the 60S and function to position the substrates for the
catalysis. The tRNA with the polypeptide chain at A-site is then translocated to the P-site at
the same time as the empty tRNA moves to the E-site, to exit the ribosome. The translocation
is GTP-dependent and mediated by eukaryotic elongation factor 2 (eEF2). The factor also
prevents backward shift during the translocation (Dever and Green 2012; Kaul and others
2011). Those three major steps are then repeated until the ribosome reach the stop codon.

Then, it initiates the termination phase.

Figure 1.8. Translation elongation steps. An aminoacyl-tRNA enters the free A-site of the
ribosome and pair with the mMRNA sequence codon. A peptide bond is made between the
amino acid of A-site and the one at P-site. The initiation codon, AUG, pair with a Meth-
tRNA. Once the peptide bond is made, the free tRNA translocated to the exit site while the
tRNA at A-site translocated to the P-site with the polypeptide chain. Figure adapted from
(Watson 2014).
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1.3.2.3 Termination

The elongation phase is over when the ribosome reaches one of the three stop
codons (UAG, UAA, UGA). The three stop codons are recognized by eukaryotic release
factor 1 (eRF1), which will bind to the A-site of the ribosome (Figure 1.9). Then, the
recruitment of the eukaryotic release factor 3 (eRF3) leads to hydrolysis of the polypeptide
chain bond with the tRNA. RF1 contains a conserved glycine-glycine-glutamine sequence
(GGQ) that is located near the 60S subunit PTC when RF1 is bound to the A-site of the
ribosome. The GGQ sequence is essential for the hydrolysis of the peptide. The eukaryotic
release factor 3 will also stimulate the release of eRF1 and itself in a GTP-dependent manner,

after the dissociation of the polypeptide chain from the ribosome (Watson 2014).

Figure 1.9. Translation termination steps. Eukaryotic release factor 1 (eRF1) recognize one
of the three stop codons and bind to the A-site. Eukaryotic release factor 3 (eRF3) association
with RF1 stimulates the peptide hydrolysis and release the polypeptide chain. In a GTP-
dependent manner, the RF3 will stimulate the release of RF1 and itself. Figure adapted from
(Watson 2014).
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1.3.2.4 Recycling

After the polypeptide chain and the release factors are released from the ribosome,
the recycling phase initiates (Figure 1.7). The eukaryotic initiation factor 3 (elF3) is the
principal actor of ribosomal recycling. In fact, elF3 binds to the 40S to disrupt the association
with the 60S and cause a conformational change of the 40S (Jackson and others 2010). The
association of elF3 to the small ribosomal subunit also prevent the reassociation. The two
eukaryotic initiation factors 1 (elF1) and 1A (elF1A) bind to the 40S near the P-site surface
and to the 40S A-site to block the 60S subunit access to the 18S rRNA (Kolupaeva and others
2005; Lomakin and others 2003). The role of the eukaryotic initiation factor 1 is to release
the deacetylated tRNA bound to the P-site of 40S. Indeed, more than 15% of deacetylated
tRNA were still bound to the 40S after the recycling phase without elF1 (Pisarev and others
2007). The release of the polypeptide chain and the ribosomal recycling by elF3 and elF1A
still destabilizes the tRNA binding to the P-site, but it is not enough to release all the tRNA.
Another important factor is the eukaryotic initiation factor 3j (elF3j), which mediates the
dissociation of the ribosomal subunit to the mRNA (Jackson and others 2010). ABCEL is an
ATPase also required in recycling, participating in the steps of subunits dissociation and
tRNA and mRNA release from the 40S (Pisarev and others 2010). The ribosomal subunit

40S in then ready to re-initiate another cycle of translation.
1.3.3 Regulation
1.3.3.1 mTOR

It is known mTOR signaling pathway is a major regulator of local and general cap-
dependent translation (Khlebodarova and others 2018). Cell-surface receptors are coupled to
MTORC1 to transduce extrinsic cues, amino acids and growth factors, to regulate many
cellular processes like protein synthesis (Figure 1.10) (Bourdeau Julien and others 2018; Hay
and Sonenberg 2004).
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Figure 1.10. The mTORCL1 signal transduction pathway is an important regulator of main
cellular processes. The cascade regulating mTORCL1 activity are sensors of amino acids,
growth factors and energy status. Sestrin, SAMTOR and CASTOR are respectively sensors
of leucine, SAM and arginine. They repress GATOR?2 inhibition of GATORL1, a GTPase
activating protein that repress Rag A/C. Growth factors are sensed by PI3K, the activator of
AKT pathway. AKT repress the inhibition of TSC toward Rheb. Rag-A/C and Rheb are GTP-
binding proteins necessary for mTORC1 activity. The energy status of the cell, indicated by
the AMP/ATP ratio, is sensed by AMPK and is forming a regulatory loop between this
pathway and the growth factor signaling one. The downstream target processes of mMTORC1
are aerobic glycolysis, pentose phosphate, nucleotide biosynthesis and protein synthesis.
MRNA translation is regulated by two paths. mTORCL1 can activate S6 kinase, which activate
translation by phosphorylating the ribosomal protein S6, and it inhibits 4E-BP1, which
sequesters the eukaryotic initiation factor 4E (elF4E) necessary for translation initiation.
Figure adapted from (Bourdeau Julien and others 2018).

28



In a general way, mMTORCL1 pathway is a central regulator as it senses amino acids,
growth factors and energy status in the cell. The energy status, defined by the AMP/ATP
ratio, is sensed by AMP-activated protein kinase (AMPK). The increase of AMP/ATP ratio
in stress condition activates AMPK (Wang and others 2003). Through a cascade of event, the
AMPK activation will inhibit mTOR and energy-consuming processes that mTOR positively
regulates (Agarwal and others 2015). Moreover, insulin and insulin-like growth factor-1 are
two growth factors that activate mMTORC1 and so cellular processes involved in cellular
growth by the PI3K/AKT signaling pathway (Bond 2016). Amino acid starvation inhibits
GATORZ2 through selective sensors. The GATOR2 complex is composed of 5 proteins, Seh1,
Sec13, Mio, WDR24 and WDRS59. The multi-protein complex GATOR?2 inhibits another
complex, the GTPase activating protein GATORL. This one is composed of three protein,
Npri2, NprI3 and DEPDC5 (Cai and others 2016). GATORL is an upstream regulator of
mTORC1I, inhibiting the GTP binding proteins RagA and Rag C. When activated, the binding
of both Rags to the Raptor subunit of mMTORCL1 stimulate its kinase activity (Shaw 2008).
The mTOR complex 1 is composed of mMTOR, DEP domain containing mTOR-interacting
protein (Deptor), regulatory associated protein of mTOR (Raptor), AKT/PKB substrate
40kDa (PRAS40) and mammalian lethal with Sec13 protein 8 (mLST8) (Kim and others
2013).

The downstream targets of mTORCL1 are numerous and are involved in many
cellular processes such as nucleotide biosynthesis, pentose phosphate, aerobic glycolysis and
protein synthesis. For the purpose of the present study, information will be focused on the
last cellular process, which is protein synthesis. mMTORC1 regulates mRNA translation by
phosphorylating S6 kinase and 4E-BP1 (Choo and others 2008; Wang and others 2019).
Mammalian cells have both S6K1 and S6K2. They both share similar structure and functions,
and both are downstream targets of mMTORCL. The first identified target of S6K, and the most
studied, is the ribosomal protein S6 (Biever and others 2015; Weatherill and others 2010). In
addition to S6, several other targets have been identified. They are involved in cellular
processes regulated by mTOR, such as protein synthesis, cell size, glucose homeostasis and
cell-cycle progression. The ribosomal protein S6 is phosphorylated at many sites
(Ser235/236, Ser240/244 and Ser247). Both S6K1 and S6K2 are required for full S6
phosphorylation (Ruvinsky and Meyuhas 2006). The other downstream target of mTORC1
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important for its regulation of MRNA translation is the eukaryotic translation initiation factor
4E-binding protein 1 (4E-BP1). When activated, mMTORC1 phosphorylates 4E-BP1 on
several sites (Thr37, Thr46, Ser65 and Thr70). The phosphorylation of 4E-BP1 releases the
eukaryotic initiation factor 4E, which is important to form the pre-initiation complex required
to initiate MRNA translation (Figure 1.11). The unphosphorylated form of 4E-BP1 sequesters
elFAE and represses translation (Jossé and others 2016; Shives and others 2016).

Figure 1.11. mTORC1 regulates 4E-BP1 activity toward elF4E. When mTORC1 is inactive,
4E-BP1 sequesters elF4E. When mTORCL is activated, it releases elF4E by phosphorylating
4E-BP1. The eukaryotic initiation factor 4E, along with elF4A and elF4G, constitute elF4F,
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MTORC2 has been less studied than mTORC1, three main downstream targets of mMTORC2
have been identified. AKT, SGK and PKC are all phosphorylated by mTORC2 (Guertin and
Sabatini 2009). By activating AKT, mTORC2 regulates the activity of mMTORC1 and so the
cellular processes downstream. The complex activates SGK by phosphorylation to regulate
sodium transport and cell survival as well as PKC to regulate actin cytoskeleton function
(Luo and others 2018b).

1.3.3.2 Stress granules and processing bodies

Even if polyribosomes are common in the cells, not all the mRNAs are regulated
the same way. As protein synthesis has the highest energetic cost in all cellular processes, it
is inhibited under different conditions like stress (Buttgereit and Brand 1995; Liu and Qian
2014). In those conditions, polyribosomes are disassembled, and translational components
are dispatched into different types of structures (Figure 1.12). RNP granules are an important
feature of translation regulation and RNA metabolism (Jayabalan and others 2016; Moon and
others 2019). One of those RNP granules are stress granules (Chantarachot and Bailey-Serres
2018). Under stress conditions, the protein TIA-1 promotes aggregation that mostly contains
RNA with preinitiation complex (small ribosomal sub-units and initiation factors) (Gilks and
others 2004). Stress granules formation is a way to stop most of the protein synthesis by
disassembling polyribosomes. It is protecting RNA and translation machinery from damages
and it is keeping the energy of the cell for its response to stress by ensuring a specific
production of proteins involved in stress and recovery, to eventually repair damages induced
by stress (Anderson and Kedersha 2002).

Another important component in the dynamic of translation regulation are
processing bodies (PBs). They are cytoplasmic RNP granules associated with translation
repression (Luo and others 2018a). In fact, PBs contain proteins involved in translation
repression, RNA-mediated gene silencing, mMRNA surveillance and degradation. The
suggested role of those RNP granules is mMRNA degradation. However, PBs could be sites of
MRNA and protein factors storage, as well as recycling or modification sites for decay factors
(Anderson and others 2015). Although both are induced by stress, PBs differ from stress

granules by their different composition and so functions (Luo and others 2018a).
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Figure 1.12. Dynamic of translation regulation under stress. Actively translated mRNA in
polyribosome structure are stalled under stress condition. Stress granules (SGs) and
processing bodies (P-bodies) formation are also trigger by stress. P-bodies contain mMRNA
and proteins involved in mMRNA decapping and degradation. Stress granules contains
initiation factors, proteins important for its assembly and mRNA. The role of processing
bodies is to eventually degrades mRNA as stress granules is for mRNA storage. The two
types of granules can interact with each other. TDP-43 and FUS are found in stress granules
in ALS. Figure from (Li and others 2013).
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1.3.4 Translation in neurons

The process of mRNA translation is highly regulated, especially in neurons, to
adequately respond every metabolic change in the cell (Kapur and others 2017). Indeed,
synaptic plasticity requires rapid and local activation of protein synthesis. For this reason,
MRNA might be transported to periphery directly in paused polyribosomes, called stalled
polyribosomes (Figure 1.4). They are believed to be present and transported in RNA granules
at dendrites and synapses. This way, it is faster to reactivate the ribosomes on mMRNA than to
recruit new ribosomes (Graber and others 2013). In fact, the initiation step of translation is a
long process, as it is highly regulated and requires many actors. Skipping this rate-limiting
step for local translation allow the synapse to respond almost immediately to stimuli by
synthetizing new proteins (Myasnikov and others 2014). Actually, mRNA translation is
already a long process even without the initiation step, as translation rate is about 6.3
nucleotides per second (Darzacq and others 2007). At this rate, a median human protein

around 375 nucleotides would take one minute to make (Brocchieri and Karlin 2005).

Extrinsic signals like neurotransmitters, hormones, extracellular matrix
components and neurotrophic factors activate cell-surface receptors to be transduced and
activate local mMRNA translation. The major regulator of local translation is mTORCL.
Regulation of local mRNA translation by mTORC1 is essential to strengthen synaptic
activity and establish late phase of long-term potentiation (LTP) (Jung and others 2014).
More specifically, several cues important in local translation can modulate mTORC1
activity. The binding of netrinl to DCC lead to an mTORCL1 activation by acting on PI3K
and ERK1/2, an inhibitor of TSC. Ephrin A acts in reverse by activating TSC through
ERK1/2, which inhibits mTORCL1 (Jung and others 2012). Also, activation of the BDNF
receptor TrkB leads to phosphorylation of TSC and thus activation of mRNA translation
(Takei and others 2004).

RNA-binding proteins are known to participate in the repression of mRNA
translation for the transport of RNA granules (Pimentel and Boccaccio 2014). The association
between RNA-binding proteins and stalled polyribosomes have not been made, except for

FMRP. This protein is known to regulate local mRNA translation in neurons and is involved
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in polyribosome stalling (Darnell and others 2011). Arginines of the RGG box would direct
the association of FMRP with polyribosomes and phosphorylation of the protein would
regulate its role in translation (Blackwell and others 2010; Ceman and others 2003). Along
with FMRP, more than half of RNA granules with stalled polyribosomes also contain the
proteins Staufen 2, which is believed to be involved in translation stalling as well as Staufen
1 (Graber and others 2013; Thomas and others 2009). Moreover, the role of FUS in the
regulation of translation by its association with RNA granules containing polyribosomes has

been suggested (Pimentel and Boccaccio 2014).
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1.4 Hypothesis and objectives

Many advances in ALS research have led us to think of potential mechanisms of action that
would cause the disease. One of these mechanisms stands out for being the common point
between the genes affected and the cellular hallmarks of the disease. It is the perturbation of
RNA metabolism by altered regulation of mRNA local translation. Therefore, my project
aims to further investigate this mechanism of action and the involvement of the key protein
FUS. Information from previous studies led me to the following hypothesis: FUS inhibits
MRNA translation. In an ALS context, the increase of FUS presence in the cytoplasm would
lead to greater translation inhibition, reaching a point where it is insufficient to support long-
term synaptic activity. A weak local translation would lead to the loss of synapses and thus

to the neurodegeneration observed in the disease.

In order to test my hypothesis, my research project has been divided into two main

objectives:

1. Assess the role of FUS in mRNA translation by investigating the association of

FUS with the translation components and characterizing this interaction

2. Characterize the function of FUS in mRNA translation regulation in an ALS

condition, studying ALS-linked mutations and neurons
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2.3 Polyribosome Purification

HEK?293T cells were grown in 10cm plates at 80% or 65% for the puromycin run-off
experiment and rat cortical neurons were culture in 10cm plates at 8 million cells per plate.
Three plates per condition were used. Plates were washed once with cold Phosphate Buffered
Saline (PBS) pH 7.4 1X (Gibco, 10010-023) containing 0.05mg/ml of cycloheximide, and

lysed in 600
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protease inhibitors EDTA-free, 1X PhosSTOP). After 5 minutes on ice, lysates were
centrifuge (12,700 rpm, 15 minutes, 4°C) and only the supernatant was kept. 6X Laemmli
buffer was added to the supernatant and boiled (4 minutes, 95°C). 10% of total amount of

samples were run on western blot.

2.5 Subcellular fractionation

HEK293T cells were grown in 6cm dishes at 80% and treated with 250nM of torinl for 2
hours. Cells were washed once with cold PBS pH 7.4 1X (Gibco, 10010-023) and lysed in
200
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apoferritin at 440 kDa and carbonic anhydrase at 29 kDa. Fractions 5 to 29 were run by

western blots, 4% of each fraction was load on a gel. Protocol for western blot was followed.

2.7 Western Blot

All gels were 10% SDS-polyacrylamide gels and nitrocellulose membranes 0.2
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2.9 Site-directed mutagenesis

All FUS constructs were cloned into pcDNA4B vector with C-terminal myc epitope and
polyhistidine 6xHis. PCR were made for 18 cycles (Table 2.1), followed by a Dpnl digestion
for 1hr at 37°C on the PCR products. XL1Blue competent Escherichia coli were added to
DNA and put at 42°C for 45 seconds. Then, SOC was added for Lhour at 37°C and agitated
at 300rpm. Samples were put on ampicillin plates and incubated overnight at 37°C. The next
day, colonies were picked and incubated in tubes overnight at 37°C again in LB media with
ampicillin. Minipreps were made on each sample using Wizard Plus SV Minipreps DNA
Purification System (Promega, A1460). The different pcDNA4B constructs used for
experiments were replicates from the original stock. Minipreps were made from the original

DNA stocks and transformations were made into DH5
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FUS Mutations ‘ Primer ‘ Sequence

Forward
R394S

Table 2.2. List of primers used for mutagenesis. The order of the list corresponds to the order
used to make the mutants in plasmid. The forward and reverse sequences are showed for

every substitution they code for. R394S means the arginine (R) at the 394 position of the
FUS amino acid sequence is substituted for a serine (S).
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2.10 Transfection

All FUS constructs used were cloned into pcDNA4B vector with C-terminal myc epitope and
polyhistidine 6xHis. For the autophagosome imaging experiment, LC3-GFP plasmid was
used for transfection. For the rat cortical neuron live imaging experiment, emerald expressing
gene have been added to the construct encoding for the mutant FUS proteins. Transfection
into HEK293T cells was made using FUGENE 6 Transfection Reagent (Promega, E2691) at

a 3:1 ratio with DNA. The transfection reagent was incubated with Serum Free Media

(

42



2.11 Antibodies

Antibody Cat# Company Dilution | Method Experiment
Anti FUS/TLS sc-47711 Santa Cruz 1:2,000 Western blots | Polyribosome
mouse monoclonal 1:500 Immunofluore | isolation, FPLC,
scence imaging
Anti FUS/TLS 11570-1- Proteintech 1:2,000 | Westernblots | Subcellular
rabbit polyclonal AP fractionation
Anti FMRP rabbit abl17722 Abcam 1:5,000 Western blots | Polyribosome
polyclonal isolation, FPLC
Anti S6 rabbit 2217S Cell 1:10,000 | Western blots | Polyribosome
monoclonal Signaling isolation, FPLC,
Technology subcellular
fractionation
Anti Phospho S6 2215S Cell 1:5,000 Western blots | Polyribosome
(Ser 240/244) Signaling isolation
polyclonal Technology
Anti RPLPO mouse | sc-293260 | Santa Cruz 1:5,000 Western blots | Polyribosome
monoclonal isolation, FPLC
Anti GAPDH G9545 Sigma- 1:50,000 | Western blots | Subcellular
rabbit polyclonal Aldrich fractionation
and puromycin
labeling
Anti Myc tag rabbit | ab9106 Abcam 1: 5,000 Western blots | Polyribosome
polyclonal 1:2.500 Immunofluore isolation _and
scence puror_nycm
labeling,
imaging
Anti Lamin A/C 4777S Cell 1:2,000 Western blots | Subcellular
mouse monoclonal Signaling fractionation
Technology
Anti Puromycin MABE343 | Sigma- 1:5,000 | Westernblots | Puromycin
mouse monoclonal Aldrich labeling
Anti-FUS/TLS HPA00878 | Sigma 1:500 Immunofluore | Imaging
rabbit polyclonal 4 scence
Anti-TIAR mouse | 610352 BD 1:500 Immunofluore | Imaging,
monoclonal Transduction scence polyribosome
1:2,000 Western blots | isolation
Anti S6 mouse 54D2 Cell 1:500 Immunofluore | SGG2 imaging
monoclonal Signaling scence
Technology
Anti Myc tag rabbit | ab9106 Abcam 1:2,500 | Immunofluore | SGG2 imaging

polyclonal

scence
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Anti Phospho-p70 | 9205L Cell 1:2,000 Western blots | Polyribosome

S6 Kinase (Thr389) Signaling isolation

rabbit polyclonalp Technology

Anti PABPL1 rabbit | 4992 Cell 1:2,000 Western blots | Polyribosome

polyclonal Signaling isolation
Technology

Anti hnRNP-A1 R4538 Sigma 1:2,000 Western blots | Polyribosome

mouse monoclonal isolation

Table 2.4. List of primary antibodies. The antibodies are listed with the information on the
specie, the catalog number, the company, the dilution, the method and the experiment they

were used for.

Antibody Cat # Company Dilution Method

IRDye 800CW Goat Anti- 926- LI-COR 1:20,000 Western blots

Rabbit IgG (GAR) 32211 Biosciences

IRDye 680RD Goat Anti- 926- LI-COR 1:20,000 Western blots

Mouse IgG (GAM) 68070 Biosciences

Alexa Fluor 488 Goat Anti- Ab15016 | Abcam 1:500 Immunofluorescence

Chicken 9

Alexa Fluor 546 Anti-Rabbit | A11035 Life 1:500 Immunofluorescence
technologies

Alexa Fluor 488 Anti-Mouse | A11001 Life 1:500 Immunofluorescence
technologies

Alexa Fluor 488 Anti-Rabbit | A11034 Life 1:500 Immunofluorescence
technologies

Table 2.5. List of secondary antibodies. The antibodies are listed with the information on the
specie, the catalog number, the company, the dilution, the method and the experiment they

were used for.
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2.12 Statistical analysis

Image Studio Lite Software Version 5.2.5 was used to quantify secondary antibodies signal
on western blot membranes. Data were exported to Microsoft Excel to be analyzed. Statistics

were made on experiment with 3 replicates. The null hypothesis (Ho) is that the true mean

(
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Figure 3.1. FUS presence in polyribosomes of HEK293T cells. Scheme of the polyribosome
isolation protocol (A). Polyribosome profile of S1 fraction from HEK293T cells (B). The
top panel represents the trace of RNA distribution through sucrose gradient measured by
absorbance at 254nm. The gradient was fractionated, and fractions were run by western blot,
bottom panel. S6 and RPLPO are used as markers for the 40S and 60S sub-units respectively,
and FMREP is used as a marker for stalled polyribosomes. The small ribosomal subunit 40S,
the large ribosomal subunit 60S and the ribosome 80s are regrouped for further
quantification and referred to as the monosome (Mono). Polyribosome fractions are also
regrouped in light polyribosomes section (Light Poly) or heavy polyribosomes section

(Heavy Poly).

To determine if this co-sedimentation is specific to FUS association with
polyribosomes, its presence all along the gradient must be dependent on RNA and protein-
protein interactions. A treatment with RNAse A, an enzyme that degrades RNA, will disrupt
the polyribosomes and a treatment with EDTA, which sequesters Mgz+ ions essential for
protein-protein interaction, will disassemble the polyribosomes. After those two treatments,
RNA is no longer present in the gradient (Figure 3.2 A and 3.2 B top panels). The ribosomal
protein S6 also has a different distribution, with a shift towards the first fractions (Figure 3.2
A and 3.2 B bottom panels, 3.2 C and 3.2 F), confirming that the polyribosomes have been
disrupted. FUS and FMRP show a similar distribution in response to the treatment, being less
present in the polyribosome fractions (Figure 3.2 A and 3.2 B bottom panels, 3.2 D-E and
3.2 G-H). This result shows that their sedimentation through the gradient is dependent on the
presence of RNA and protein-protein interactions. It suggests that FUS associates with

polyribosomes.
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Figure 3.2. FUS sedimentation with polyribosome is dependent on RNA and protein-protein
interactions. Polyribosome profiles of S1 fractions from HEK293T cells untreated or treated
with RNAse A (400
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3.1.2 Association of FUS with stalled polyribosomes

In order to better understand the role of FUS in translation regulation, its interaction
with polyribosome must be characterized. To determine if FUS associates with active or
inactive polyribosomes, cells were treated with puromycin. This drug is an analogue to tRNA
that gets inserted into active ribosomes and added to the amino acid chain produced, resulting
in premature chain termination and ribosome run-off. It induces an early termination of
translation, which will cause the active ribosomes to run-off. Following a puromycin
treatment, a shift of RNA and proteins towards the light polyribosome fractions is observed
(Figure 3.3). Those fractions represent inactive polyribosomes, since puromycin has caused
the active ribosomes to dissociate from RNA. This result implies that FUS interacts with

stalled (inactive) polyribosomes, suggesting its function as translation inhibitor.

Figure 3.3. FUS associates with stalled polyribosomes. Polyribosome profiles of S1 fractions
from HEK?293T cells untreated or treated with puromycin (1mM, 1 hour incubation at 37°C)
(A). Puromycin induces run-off by causing premature chain termination during translation.
The top panel represents the trace of RNA distribution through sucrose gradient measured by
absorbance at 254nm. The gradient was fractionated, and fractions were run by western blot,
bottom panel. N=3.
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3.2 Characterization of FUS behavior under amino acid
and growth factor starvation

If FUS plays a role in translation regulation, its interaction with polyribosome should vary
depending on the translational state of the cells. The main regulator of cap-dependent
translation is the mTOR complex 1. It activates translation mainly by phosphorylating S6K
which phosphorylates the ribosomal protein S6. | started by using EBSS, a media that does
not contain amino acids nor growth factors, thus a general inhibition condition for the cells
that is known to inhibit mMTORC1. However, amino acids and growth factors are the main
activators of many cellular pathways. By starving cells, not only mRNA translation is

inhibited, but also other cellular processes (Figure 1.10).

3.2.1 Impact of cell starvation on main cellular processes

Knowing this, | needed to investigate the impacts of EBSS starvation on cellular
processes involving protein complexes before studying FUS and mRNA translation. As the
polyribosome isolation technique on sucrose gradient is for polyribosomes, Fast Liquid
Protein Chromatography (FPLC) was used to have a bigger picture of what was happening
in the cells after 2 hours in EBSS (Figure 3.4). FPLC is a size-exclusion chromatography
technique where lysates are run through a column to separate proteins, protein complexes
and other cellular components by molecular mass. The experiment was made on cytosolic
lysates isolated from HEK293T cells incubated or not with 2 hours EBSS. Absorbance at
280nm is measured while proteins are eluted, giving a trace of protein distribution (Figure
3.4 A). The profiles are similar, except for two peaks appearing with EBSS treatment. The
fractions were run on gels by western blot to see their content in proteins (Figure 3.4 B). At
the protein level, the ribosomal proteins in control condition are distributed in almost every
fraction. In the EBSS condition, the proteins shift toward the peak of the red box and some

stay in the peak of the green box. FMRP is known to form complexes at 6MDa,
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EBSS incubation. Those results lead us to think that the first peak in the red box, around
2,000kDa, could be a large complex of proteins, RNA and ribosomes forming in inhibitory
condition. As for the peak in the green box, around 200 to 400kDa, which might correspond
with stalled polyribosomes, as FMRP, S6 and FUS are present in those fractions both with

and without 2 hours incubation with EBSS.

Figure 3.4. Fast liquid protein chromatography on EBSS treated HEK293T cells. Fast
protein liquid chromatography (FPLC) profile of S1 fractions from HEK293T cells grown in
full media (CTL) or 2 hours incubation with EBSS media (EBSS). The top panel represents
the trace of the protein elution profile through the column measured by absorbance at 280nm
(A). Fractions were collected and run by western blot, bottom panel (B). The molecular
weight markers used were blue dextran (2,000 kDa), apoferritin (440 kDa) and carbonic
anhydrase (30 kDa).
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The previous experiment shows protein complexes forming with EBSS incubation
at around 2,000kDa. My hypothesis is that these large molecular mass complexes may
correspond with autophagosomes, as mTOR is known to regulate autophagy. Moreover,
mutant FUS is known to present be in stress granules (Bosco and others 2010), which may
also be present in the EBSS condition. Thereby, HEK293T cells were incubated with EBSS
for 2 hours and imaged for FUS, stress granule marker TIAR (Gilks and others 2004) and
autophagosome marker LC3 (Tanida and others 2008) (Figure 3.5). Deprivation condition
does not induce stress granules to form (Figure 3.5 A). Although, a 2 hours incubation with
EBSS causes few autophagosomes to form in less than 10% of the cells (Figure 3.5 B). FUS
might be in proximity to LC3 but does not colocalize with, meaning it is not recruited into

autophagosome after a 2 hours incubation with EBSS.

Figure 3.5. Autophagosomes and stress granules formation with EBSS. Merged images of
HEK?293T cells grown in full media (CTL) or 2 hours incubation with EBSS media (EBSS)
(A-B). TIAR is used as a stress granule marker in red (A) and GFP-LC3 is used as a marker
for autophagosomes in green (B). DAPI is used to stain the nucleus and green (A) or red (B)
FUS show the localization of the endogenous protein. Scale bar = 10
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3.2.2 Centrifugation on sucrose gradient is specific to polyribosomes

To verify that the polyribosome isolation technique on sucrose gradient is specific
to polyribosomes, polyribosomes were isolated from cells incubated with or without EBSS
to examine important proteins involved in RNA metabolism (Figure 3.6). The depleted media
is used to inhibit translation, mainly by inhibiting mTORCL. Its active complex activates
translation by phosphorylating S6 kinase, which then phosphorylates the ribosomal protein
S6. By inhibiting the cascade, S6 and S6 kinase should not be phosphorylated. The
polyribosome isolation shows that S6 kinase is not phosphorylated after a 2 hours EBSS
incubation, confirming that mMTORCL1 have been inhibited. This result confirms the ribosomal
protein S6 is not phosphorylated and translation is not active after a 2 hours EBSS incubation.
| know EBSS does not induce stress granules to form as they were note observed with an
EBSS incubation as determined by the stress granules marker TIAR (Figure 3.5). Still, I need
to make sure stress granules do not interfere with the polyribosome studies by sedimenting
through the sucrose gradient. TIAR, a marker for stress granules, is not found in the
polyribosome fractions. PABP is a protein binding poly(A) tail of mMRNA and hnRNPAL is
a protein binding pre-mRNA. Both proteins play a role in translation by associating to
polyribosomes (Fonseca and others 2015); (Gallouzi and others 2000). Following an EBSS
incubation, the distribution of hnRNPAZ1 and PABP shift toward the first fractions, indicating
active polysomes are running off as a result of translation inhibition. This result validates the
specificity of the centrifugation on linear sucrose gradient technique to isolate

polyribosomes.
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Figure 3.6. Translational factors associated with polyribosomes. Polyribosome profiles of
S1 fractions from HEK293T cells grown in full media (CTL) or 2 hours incubation with
EBSS media (EBSS)
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reveals distinctive features for every condition. For the EBSS incubation, as translation is
inhibited, there is a shift of RNA toward the monosome. Upon recovery, the RNA distribution
looks similar to the control condition (Figure 3.7 A). At the protein level, ribosomal proteins
are reflecting translation inhibition by significantly shifting to the monosome fraction (Figure
3.7 B-C). FUS and FMRP presence in heavy polyribosomes is slightly increased with EBSS,
but the change is not significant (Figure 3.7 D-E). Importantly, the phosphorylated form of
S6 above the main band is no longer present in EBSS condition, which tells us that mTOR
was inhibited. In the recovery condition, all proteins distributions are similar to the control.

Thus, FMRP and FUS have roles during translation inhibition but not in its recovery.

Figure 3.7. mRNA translation response to EBSS incubation. Polyribosome profiles of S1
fractions from HEK293T cells grown in full media (CTL), 2 hours incubation with EBSS
media (EBSS) or 2 hours incubation with EBSS media followed by 2 hours with full media
(RECQOV) (A). EBSS is a media that
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The changes observed in the distribution of FUS and FMRP through the sucrose
gradient after an EBSS incubation are not statistically significant. Torinl is a drug that
directly inhibits the mTOR catalytic subunit of mTOR complex 1 and mTOR complex 2.
Using Torinl ensures a specific inhibition of translation. HEK293T cells were treated with
torinl for 2 hours and polyribosomes were isolated (Figure 3.8). A change in RNA and
ribosomal protein distribution confirms that the treatment resulted in an inhibition of
translation (Figure 3.8 A). Also, the phosphorylated form of S6 is no longer observed
following torinl incubation, indicating mTOR has been inhibited. For FUS and FMRP, their
presence in heavy polyribosomes is increased. The observed changes in protein distribution
are significant (Figure 3.8 B-E). So far, my results show that FUS is associated with inactive
polyribosomes and that it associates with polyribosomes in response to translation inhibition.

Together, this data suggests that FUS may play a role in translation inhibition
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Figure 3.8. FUS presence in polyribosome is affected by mTOR inhibition. Polyribosome
profiles of S1 fractions from HEK293T cells untreated (DMSO) or treated with Torinl
(250nM, 2 hours incubation at 37°C) (A). Torinl is an inhibitor of mTOR pathway. The top
panel represents the trace of RNA distribution through sucrose gradient measured by
absorbance at 254nm. The gradient was fractionated, and fractions were run by western blot,
bottom panel. Quantification of protein distribution in bar graphs (B-E). The sum of the
intensities of every fraction for each section (monosome, light poly and heavy poly) has been
shown relative to total intensity. Control (D) represents the protein distribution through the
sucrose gradient in normal condition, which has been set to 1. Torinl (T) represents a fold
change of the protein distribution compared to control in response to treatment. Torinl data

are mean
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Figure 3.9. Subcellular distribution of FUS in response to mTOR inhibition. Subcellular
fractionation of HEK293T cells untreated (-) or treated (+) with Torinl (250nM, 2 hours
incubation at 37°C). Total cell lysate (TCL), cytosolic fraction (S1) and nuclear fraction (P1)
have been fractionated and run by western blot. (A). Torinl is an inhibitor of mTOR pathway.
Quantification of protein distribution (B). The bar graph represents a fold change of FUS
localization in response to torinl treatment. The intensity of each band has been normalized
to the loading control and shown relative to their corresponding control (-). Control data have
been set to 1. Torinl data (+) are mean
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Figure 4.1. FUS sequence with ALS-linked mutations and SGG2 mutations used for the
experiments.

4.1.1 ALS-linked mutations in FUS induce localization change independent

on RNA-binding capacity

It is known that FUS harboring ALS-linked mutations is more cytoplasmic (Figure
4.2) and | predict that this localisation change causes the protein of interest to inhibits
translation (Kamelgarn and others 2018). RNA-binding capacity could also be important for
the role of FUS in translation. Before looking at the effect of ALS-linked mutations and RNA
affinity on the role of FUS in translation, | will investigate their effect on FUS localisation.
Thereby, HEK293T cells were transfected with wild-type FUS, ALS mutant FUS (R521G
and P525L), SGG2 FUS or SGG2 mutant with ALS-mutations (R521G-SGG2 and P525L-
SGG2). Cells have been imaged 48 hours after transfection (Figure 4.2). We can observe that
ALS-linked mutations cause FUS to mislocalize to the cytoplasm, as expected (Figure 4.2).
Reducing FUS affinity for RNA does not affect its localization, as FUS-SGG2 is nuclear just
like the wild-type protein. Interestingly, ALS-linked mutations coupled with SGG2

mutations still cause FUS to mislocalize to the cytoplasm.
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Figure 4.2. Localization of RNA-deficient FUS. Confocal microscopy images of HEK293T
cells transfected 48 hours with WT FUS, ALS-mutant R521G and P525L, SGG2 mutant or
SGG2 mutant with ALS-mutations (R521G/SGG2 and P525L/SGG2). The myc antibody is
used to label exogenous FUS and DAPI is used to stain the nucleus. Scale bar = 10
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the inhibitory function of FUS, but still need RNA binding to fulfill its role. These results
verify that ALS-FUS mutations result in the increase of FUS presence in the cytoplasm and
overly repressed translation. However, FUS role as mRNA translation inhibitor is dependent
on its affinity for RNA. Thereby, without RNA-binding capacity, ALS-mutations have no

effect on FUS role in mRNA translation.

Figure 4.3. ALS-linked mutations inhibit translation in an RNA-dependent manner.
Puromycin labelling of HEK293T cells (A). After 48 hours of transfection with empty
plasmid (pcDNA), plasmid containing WT FUS sequence (WT), FUS sequences with ALS-
mutations (R521G and P525L), with mutations in RGG2 domain (SGG2) or with mutations
in RGG2 domain and ALS-mutations (RG/SG and PL/SG). Cells were incubated with
puromycin (1
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| then wanted to investigate the mechanism of action by which the ALS-linked
mutant FUS proteins and the low-affinity for RNA form of FUS affect mRNA translation.
As | showed that FUS was on stalled polyribosomes in chapter 3, | hypothesize that ALS-
FUS mutants might alter some aspect of polysomes. Thus, polyribosome isolation was made
on cells expressing FUS with ALS mutations (R521G and P525L) and a reduced affinity for
RNA (SGG2). The RNA and ribosomal proteins distributions through the sucrose gradient
seem to be skewed to the left for every condition (Figure 4.4 B, E and F). The translational
state of the cells was therefore not ideal to evaluate translation. Also, the cells do not display
the same level of expression of exogenous proteins (Figure 4.4 A). Yet, the exogenous FUS
mutants can be seen in all the fractions of the gradient (Figure 4.4 C). This observation
indicates that FUS harboring ALS-linked mutations associates with polyribosome. The
sedimentation of FUS-SGG2 with polyribosomes suggests that FUS association with
polyribosomes is not only dependent on RNA binding and that protein-protein interactions
are important for FUS association with polyribosomes. Furthermore, the exogenous mutant
proteins do not seem to affect the sedimentation of the endogenous FUS proteins (Figure 4.4
D). However, no conclusion can be drawn from this experiment, as it has been tested only

once.
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Figure 4.4. Association of mutant forms of FUS with polyribosomes. Total cell lysates from
HEK293T cells transfected with empty vector (pcDNA), wild-type FUS (WT), FUS
sequences with ALS-mutations (R521G and P525L) and with mutations in RGG2 domain
(SGG2) were run by western blot to verify the expression level of the exogenous proteins
(A). Myc is an antibody against a specific tag on the exogenous proteins and GAPDH is used
as a loading control. Polyribosome profiles of S1 fractions from HEK293T cells transfected
with empty vector (pcDNA), wild-type FUS (WT), FUS sequences with ALS-mutations
(R521G and P525L) and FUS with mutations in RGG2 domain (SGG2) (B). The
polyribosome profile represents the trace of RNA distribution through sucrose gradient
measured by absorbance at 254nm. The gradient was fractionated, and fractions were run by
western blot (C-F). The distribution of endogenous FUS (FUS) and exogenous FUS (Myc)
through the gradient is presented (C-D) as well as the distribution of the two ribosomal
proteins RPLPO and S6 (E-F). n=1. * nonspecific bands

4.2 Studying FUS role in neuronal model

4.2.1 FUS co-sediment with polyribosomes in neurons

ALS is a disease affecting both upper and lower motor neurons, therefore | began
to examine the role of FUS in neuronal translation using a neuronal model. | first isolated
polyribosomes from rat cortical neurons by centrifugation on linear sucrose gradient. Rat
cortical neurons have been lysed after 16 days in culture. The protocol to isolate
polyribosome by centrifugation on linear sucrose gradient have been followed (Figure 4.5
A). The absorbance at 254nm gives a trace representing RNA distribution from rat cortical

neuron polyribosomes (Figure 4.5 B, top panel). At the protein level, the two markers for the
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ribosomal subunits are well distributed through the gradient. FMRP, the marker for stalled
polyribosome, is sedimenting mostly in the heavy polyribosome section. As for the protein
of interest, FUS is also present in every fractions of the gradient (Figure 4.5 B, bottom panel).
This result confirms that FUS associates with polyribosomes in a neuronal model, but further

characterization needs to be performed.

Figure 4.5. FUS is co-sedimenting with polyribosomes in rat cortical neurons. Polyribosome
isolation protocol (A). Polyribosome profile of S1 fraction from rat cortical neurons DIV16
(B). The top panel represents the trace of RNA distribution through sucrose gradient
measured by absorbance at 254nm. The gradient was fractionated, and fractions were run by
western blot, bottom panel. S6 and RPLPO are used as markers for the 40S and 60S sub-units
respectively, and FMRP is used as a marker for stalled polyribosomes. The small ribosomal
subunit (40S), the large ribosomal subunit (60S) and the ribosome (80s) are regrouped for
further quantification and referred to as the monosome (Mono). Polyribosome fractions are
also regrouped in light polyribosomes section (Light Poly) or heavy polyribosomes section

(Heavy Poly).
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3.2 and 3.3). This is based on the observation that the sedimentation of FUS with
polyribosomes was dependent on RNA and protein-protein interactions and that the protein
was in the stalled polyribosomes fractions following a puromycin run-off assay. FUS was
responding to the inhibition treatments (EBSS and Torinl) the same way as FMRP. This
protein is known to associate to stalled polyribosome and is linked to fragile X syndrome, a
neurodevelopmental disease. Very similar experiments were used to confirm that FMRP was
associating with stalled polyribosomes and involved in the stalling process (Darnell and
others 2011). FMRP is known to interact with FUS and to be present in mutant FUS
aggregates, suggesting both proteins are components of shared pathways (Blokhuis and
others 2016).

The association of FUS with stalled polyribosomes suggest the role of FUS as a
negative regulator of translation. This hypothesis is also supported by the finding that FUS
presence in polyribosomes was increased in response to an inhibitory condition (Torinl).
More specifically, the direct inhibition of mMTOR complexes by the drug Torinl resulted in
an increase of FUS as well as FMRP presence in polyribosomes (Figure 3.7 and 3.8).
Inhibition of mTOR resulted in a decrease of overall translation, which was expected.
Ribosomal proteins were mostly present in the monosome and light polyribosome fractions.
The ribosomes staying in the light and heavy polyribosomes fractions are believed to be
stalled. Thus, FUS could be involved in the early events leading to the stalling of

polyribosomes and not just associating with ribosomes that are already stalled.

The proposal of FUS being a repressor of translation was reinforced by the
puromycin labelling experiment (Figure 4.3). Cells expressing wild-type FUS had a normal
rate of protein synthesis. However, those expressing FUS with a reduced affinity for RNA
display greater protein synthesis, resulting from an overly active mRNA translation. This
result confirms that FUS is binding to RNA and inhibits translation in a normal condition, as
removing RNA-capacity of FUS lead to overactivation of the process. It might be through
association with stalled polyribosomes, but yet the experiment did not reveal how the binding
of FUS to RNA regulate mRNA translation and the polyribosome isolation on FUS mutants
is not conclusive (Figure 4.4). For this reason, it would be interesting to continue examining

if RNA-binding capacity of FUS is needed for its association to polyribosomes.
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We also observed that FUS presence in the cytoplasm was increased when the cells
were treated with mTORCL1 inhibitor (Figure 3.9). The correlation between the change of
FUS localization and interaction with polyribosomes suggests that a certain pathway would
regulate the role of FUS in translation. Indeed, it indicates that not necessarily cytoplasmic
FUS would associate with stalled polyribosomes in response to translation inhibition, but that

nuclear FUS would be exported from the nucleus and targeted to the stalled polyribosomes.

As FUS responded to torinl, pharmacological inhibitor of the mTOR subunit of
MTORC1 and mTORC?2, it is to believe that mTOR pathway would direct FUS as regulator
of translation. Besides, the inhibition of mTOR kinase induces an important decrease in S6
phosphorylation. This ribosomal protein is known to be phosphorylated in activated neurons
and it is supposed to be a characteristic of active ribosomes. Indeed, immunoprecipitation of
phosphorylated ribosomes is used to profile the mRNA population being expressed in
activated neurons (Knight and others 2012). Thus, regulation of S6 phosphorylation by
MTORC1 could be directing polyribosomes state, shuttling between active and stalling. In
fact, RNA-binding proteins known to inhibit translation by associating to stalled
polyribosomes could be recruited to bind to the unphosphorylated form of S6. This way,
inhibitory conditions sensed by mTORC1 could trigger the cascade of events leading to
polyribosome stalling through the dephosphorylation of S6. It could direct FUS localization
and association with stalled polyribosomes to regulate translation through binding
unphosphorylated S6. Thereby, S6 phosphorylation would determine the translational state
of the ribosome and FUS would associate with stalled polyribosomes by interacting with the
unphosphorylated form of S6. My study thus presents new evidences supporting the role of
FUS in mRNA translation and introduce a mechanism of action by which FUS could regulate

translation.

5.1.2 ALS-linked mutations and FUS role in mRNA translation

Knowing that the potential mechanism leading to neurodegeneration in ALS is
altered mRNA translation and that | showed FUS was involved in mRNA translation as a
negative regulator, | aimed to investigate FUS implication in translation impairment leading
to the disease. My results imply that ALS-linked mutations amplify the inhibitory role of
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FUS in cells (Figure 4.3). In fact, protein synthesis is significantly decreased in cells
expressing mutant forms of FUS. Likewise, reducing RNA-binding affinity of FUS harboring
ALS-linked mutations resulted in an overly active mRNA translation. The rate of protein
synthesis was similar between mutant and wild-type FUS with a reduced affinity for RNA,
but yet higher than normal condition. This finding reveal that ALS-linked mutations have no
effect on FUS roles in translation when the binding to RNA is altered. Also, all the mutants
seem to associate with polyribosomes (Figure 4.4). Indeed, FUS with a low affinity for RNA
and FUS with ALS-linked mutations are present in all the fractions of the gradient following
a polyribosome isolation. The experiment was repeated only once and there were some
technical issues with the expression level of the exogenous proteins as well as the low
translational state of the cells. Therefore, the observations are preliminary, but it suggests
that ALS-linked mutants associate with polyribosome and that this interaction is independent
on RNA-binding capacity of FUS.

Surprisingly, RNA affinity has no impact on FUS localization as observed by
immunofluorescence (Figure 4.2). These observations strongly support the hypothesis that
the increase of FUS presence in the cytoplasm due to ALS-linked mutations repress too much
local translation. Indeed, mutant forms of FUS mislocalize to the cytoplasm and repress
translation. With a low affinity for RNA, mutant FUS still mislocalize to the cytoplasm but
translation is overly active. The protein synthesis rate of those double mutants is similar to

the wild-type FUS with a reduced affinity for RNA, as this form does not mislocalize.

Moreover, | showed that FUS associates with polyribosomes in neuronal cells
(Figure 4.5). The study made using HEK293T cells could apply to a neuronal model as well,
but MRNA translation in neurons is differently regulated. In fact, mRNAs are believed to be
translationally inactive, in stalled polyribosomes. Under activation signal, those inactive
polyribosomes would be reactivated to provide proteins faster, allowing neurons to respond
quickly to stimuli (Graber and others 2013). Also, it would be really enlightening to activate
MTOR and isolate polyribosomes in neuronal cells, to see if the association of FUS with
polyribosomes is altered. Likewise, it would be interesting to look at FUS presence in
polyribosomes in response to mGIURS activation. It has been shown that FUS accumulates

at dendritic spines, which correlates with an RNA increases upon activation of mGIuR5 (Fujii
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and others 2005). In both conditions, | hypothesize a decrease in the presence of FUS with

polyribosomes.

It has already been shown that ALS-linked mutations in FUS impaired mRNA
translation, but my study provide a mechanism of action related to FUS function (Kamelgarn
and others 2018; Lopez-Erauskin and others 2018). Indeed, | propose that FUS associates
with stalled polyribosomes in neurons, and that the increase of FUS presence in the cytoplasm
due to ALS-linked mutations overly repress local translation. Although further investigation
needs to be done to confirm this model, it is already well supported by the several evidences

from my results.
5.2 Methodological approach

The technique mainly used to study translation was polyribosomes isolation by centrifugation
on linear sucrose gradient of the cytosolic fraction extracted from cells. It is a well-known

and common technique to study translation through polyribosomes (Chassé and others 2017;
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of the translation state of the cells by the polyribosome profile. Also, separating the
monosome from light and heavy polyribosomes provide a better interpretation of my results
(Kuzniewska and others 2018). | can precisely know in which fractions the proteins of
interest are sedimenting, and thus better characterize their interaction with the translational
machinery. For example, the puromycin run-off allows us to see FUS and FMRP sedimenting

in the stalled polyribosomes fractions of the gradient.

| also decided to use HEK293T cells because they are a well characterized human
cell line and are great to study mRNA translation. Indeed, translation is always active in those
cells with strong protein synthesis as they are constantly dividing. This way, | knew | would
have a lot of active polyribosome pools. It is a great model to study the biochemical properties
of the protein of interest in different conditions. By using this model, | could easily
manipulate the translational state of the cells and thus evaluate FUS behavior and its
interaction with polyribosomes. Also, it allows us to work with a human model, thus
expressing human proteins. To study translation in an ALS condition, | decided to use a
neuronal model, as the disease only affect neurons. | decided to use rat cortical neurons.
Those primary cells allow us to study a model that closely mimic in vivo condition, as they
are isolated directly from tissue. The primary culture contains neurons and glial cells, which
are essential to support neuronal survival. Cortical neurons at DIV16 are commonly used for
experiments are they are mature neurons (van Bommel and others 2019). Induced pluripotent
stem cells (iPSCs) would be a great complementary model to use next. iPS-derived motor
neurons is a human cell line that can be isolated from ALS patients (Fujimori and others
2018). This model is increasingly used as it allows hypothesis testing in an environment

closer to reality (Guo and others 2017), thus allowing better results extrapolation.

| used torinl to modulate the translational state of the cell through direct inhibition
of mTOR subunit of mMTORC1. Using a depleted media in amino acids and growth factors
inhibits mTOR but also many other pathways in the cells. Although rapamycin is acommonly
used drug to inhibit mMTORC1, torinl has been shown to inhibit mMTORC1 and mTORC?2
more efficiently (Thoreen and others 2009). | started by trying both for the polyribosome
isolation experiment, but rapamycin did not affect FUS association with polysomes (data not

shown) when compared with the treatments with Torinl. Thus, I decided to use torinl.
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To look at FUS localization in response to translation inhibition, I used subcellular
fractionation followed by western blots. Another technique that could have been used is
imaging. | have tried imaging rat cortical neurons and HEK293T cells to look at FUS
localization changes, but it was hard to see and quantify. In fact, as FUS in predominantly
nuclear, a change in its localization to the cytoplasm in response to mTOR inhibition generate
a too low signal in the cytoplasm compared to the nucleus. Although some cells express a
radical change in FUS localization, most of the cells only had a nuclear signal of FUS and |
needed to saturate the nuclear signal to see the low cytoplasmic FUS. Therefore, subcellular
fractionation and western blots were more informative. Separation of the nucleus from the
cytoplasm can be done by centrifugation, allowing us to isolate both. By running the different
samples on western blots, a change in the localization of FUS can easily be seen and

quantified by densitometry.

Transfection was the technique used to insert plasmid in the cells encoding for
mutant proteins. It was well working on HEK293T cells, with a great percentage of
transfecting cells around 80%. For the puromycin labelling experiment or for imaging, the
cells were greatly expressing the mutant proteins after 48 hours and the cells were still
looking healthy. For the polyribosome isolation, as the protocol requires 3 x 10cm dishes per
condition, it was using a lot of DNA and transfection reagent. Also, the confluence was hard
to estimate for the transfection, so after 48 hours of transfection the cells were not looking as
healthy as in smaller dishes. If the experiment of Figure 4.4 is to be repeated, | suggest
transfecting in small dishes. The cells could recover for 48 hours and then be plated to grow
in 10cm dishes for the experiment. However, the proteins were harboring a myc tag, which
was great as it allowed us to specifically look at the exogenous proteins. For the puromycin
labelling experiment and the polyribosome isolation, | had problems with equal expression
of the exogenous proteins (Figure 4.3 and 4.4). The three RNA-binding low affinity mutants
(FUS SGG2, RG/SG and PL/SG) seemed to be more expressed than the other conditions
(FUS WT, R521G and P525L). I think it may be a solubility difference, as some of the FUS
mutants are not binding RNA anymore. In fact, the western blot to show the myc expression
were made on the cytosolic fractions of the cells and not the total cell lysates. The cytosolic
fraction was isolated by a pre-clear centrifugation, pelleting the insoluble components
(nucleus, mitochondria and others). A part of FUS WT, R521G and P525L could be pelleting
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as they are insoluble, bound to granules containing RNA, as the mutants not binding to RNA
(SGG2, RG/SG and PL/SG) would be all soluble. I did try once a western blot of the total
cell lysate of the cells instead of the cytosolic fraction to look at the myc expression and it
seems to be more equal. | also did try a different buffer, a urea buffer, to lyse the cells. It was
solubilizing everything, but the samples loaded on the western blots were running ugly and |
was unable to see clearly nor quantify the puromycin signal. Thus, the high expression level
of the FUS mutant with a lower RNA-binding affinity would be a solubility issue, and all the

mutants would be express at a similar level.
5.3 Perspectives

Regarding long term perspectives, many aspects need to be studied to help understand the
role of FUS in mRNA translation regulation. The most important is to find the interacting
partners contributing to the association of FUS with the polyribosomes and its translation
repressor role. Advances in identifying interacting partners of FUS have been made,
revealing that FUS associates with many ribosomal proteins (Kamelgarn and others 2016).
Yet, none of those interactions have been characterized. Immunoprecipitation of either FUS
or ribosomal proteins and imaging would be good techniques to use. Direct binding and co-
localization of FUS and S6 would provide strong evidences of the interaction between them
and would be a great adding to my findings. Also, in chapter 4 | showed that RNA binding
was essential for FUS to inhibit translation. Although, it remains to be demonstrated how
RNA binding affect FUS role in translation and its interaction with polyribosomes. Some
preliminary data suggest that FUS is still associates with polyribosome even without binding
RNA (Figure 4.5). If this finding is accurate, FUS would be binding to both ribosomal
components and RNA to inhibit translation. Then, by finding the interacting proteins
necessary for FUS association to polyribosome, it could be interesting to block this

interaction and see if RNA binding can drive FUS to associate with polyribosomes.

In addition, it could be interesting to find the mechanisms that drive FUS to
associate with the polyribosome. My result suggests that mMTOR might regulate FUS through
a downstream cascade. Indeed, FUS strongly responds to an mTOR inhibition, but link

between the two can also be indirect. The extent to which mTOR is affecting FUS recruitment
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to polyribosomes need further investigation. Post-translational modifications might be the
key to the regulation of FUS association with polyribosomes. It has been shown that specific
phosphorylation sites of the FMRP protein sequence were directing its role in translation

regulation, shuttling between active and inactive state (Ceman and others 2003). In chapter
3,
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Conclusion

The purpose of my project was to investigate the role of FUS in mRNA translation regulation,
linked to ALS. I discovered that FUS is a negative regulator of mRNA translation and that
inan ALS context, FUS overly repress translation, leading to the neurodegeneration observed
in the disease. The first objective of my research project was to assess the role of FUS in
MRNA translation. | found that FUS was associating with stalled polyribosomes and that its
interaction with polyribosomes as well as its presence in the cytoplasm were increased in
response to translation inhibition. The other objective was to characterize the function of FUS
in mRNA translation regulation in an ALS condition. | established that FUS was associating
with polyribosomes in neuronal cells. I also observed that ALS-linked mutations amplify the
inhibitory role of FUS in translation and cause the protein to mislocalize in the cytoplasm
and to form aggregates. Furthermore, the translation repression by FUS is dependent on its
RNA-binding capacity. The results of my study support the hypothesis of FUS being a
negative regulator of translation and enlighten a potential mechanism of action by which it

could alter mRNA translation and lead to neurodegeneration in ALS.
Proposed models

The role of FUS as repressor of translation has been hypothesized and showed
already, but the mechanism of action by which FUS regulate translation have never been
mentioned (Kamelgarn and others 2018). My observations suggest a potential mechanism of
action by which it could regulate translation. | found that FUS was associating with stalled
polyribosomes, and that this association was increased when mTOR was inhibited. However,
I
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Figure 5.1. Mechanism regulating FUS inhibition of translation. FUS would negatively
regulate translation by associating with stalled polyribosomes, downstream of mMTORC1
signaling pathway. The solid lines represent direct links while the doted lines represent
hypothetical links that have not yet been characterized.

Knowing that FUS presence in the cytoplasm and polyribosomes is increase in
response to translation inhibition, | could think that the increase of FUS presence in the
cytoplasm would lead to greater translation inhibition. In an ALS context, ALS-linked
mutations cause the protein to mislocalize in the cytoplasm and amplify the inhibitory role
of FUS in translation. This localization change of FUS would be responsible for the impaired
translation observed in the disease, reaching a point where it is insufficient to support long-
term synaptic activity (Figure 5.2). A weak local translation would lead to the loss of

synapses and thus to the neurodegeneration in ALS.
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Figure 5.2. Model for my proposed mechanism of FUS mutations leading to ALS. In normal
condition, the inhibition of translation by FUS is well regulated. In an ALS context, the
increase of FUS presence in the cytoplasm due to ALS-linked mutations lead to dysregulated
local translation. A weak local protein synthesis is insufficient to support long-term synaptic
activity, leading to the loss of synapses and neurodegeneration observed in the disease.
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