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Summary

Summary

Neurodegenerative diseases such as Alzheimer’s disease, amyotrophic lateral sclerosis
(ALS) and frontotemporal dementia (FTD) are defined by progressive and selective loss
of neurons. With increasing age the risk of developing a neurodegenerative disease
exponentially rises. To date these diseases are untreatable, imposing a significant
medical, social and financial burden onto our ageing society. Typical features of
neurodegenerative diseases are abnormal aggregation of a disease characterizing protein
and its deposition in pathological inclusions. A unifying feature in the majority of ALS
cases and several subtypes of FTD is the pathological deposition of the TAR DNA-
binding protein of 43kDa (TDP-43) or the Fused in Sarcoma (FUS) protein.
Furthermore, stress granule (SG) marker proteins are consistently detected in FUS
inclusions, suggesting that SGs might be involved in the formation of FUS inclusions.
However, whether pathologic TDP-43 inclusions contain SG marker proteins is still
controversially discussed.

In this thesis I demonstrate that cytosolically mislocalized full-length TDP-43 is
recruited into SGs, whereas C-terminal fragments of TDP-43 (TDP-CTFs) fail to
localize to SGs. In accordance with these cell culture data, spinal cord inclusions in
ALS and FTD patients contain full-length TDP-43 and SG marker proteins. In contrast,
hippocampal inclusions are enriched for TDP-CTFs but are SG marker-negative. Thus,
the protein composition of TDP-43 inclusions determines whether SG marker proteins
are co-deposited in TDP-43 inclusions or not. By analyzing the prerequisites for SG
recruitment of TDP-43 and FUS, I demonstrate that cytosolic mislocalization of TDP-
43 and FUS is required for their localization in SGs. Additionally, I found that both
proteins have the same requirements for SG recruitment, as their main RNA-binding
domain and a glycine-rich domain are essential for SG localization.

A detailed analysis of the protein composition of FUS inclusions in ALS and
FTD cases unveiled that FUS inclusions in FTD cases contain not only FUS, but all
FET (FUS, Ewing sarcoma protein (EWS), TATA binding protein-associated factor 15
(TAF15)) family proteins. Here, 1 provide evidence that this cytosolic deposition of
FET proteins can be mimicked in cultured cells by inhibition of Transportin-mediated
nuclear import, which causes cytosolic mislocalization of all FET proteins and
recruitment of these proteins in SGs. In contrast to FTD cases, FUS inclusions in ALS

cases contain only FUS, but not EWS and TAF15. In line with that, I show that ALS-
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associated FUS mutations result in cytosolic mislocalization of FUS that is upon
subsequent cellular stress sequestered into SGs. These SGs then contain only FUS but
not EWS or TAF15, demonstrating that mutant FUS is unable to co-sequester EWS or
TAF15.

In addition, I contributed to two studies that revealed that nuclear import defects
are involved in the pathogenesis of ALS and FTD. ALS associated FUS mutations are
frequently located within the proline-tyrosine nuclear localization signal (PY-NLS) of
FUS and thus disrupt Transportin-mediated nuclear import and cause cytosolic
mislocalization of FUS. EWS and TAF15 also contain a PY-NLS and thus are imported
into the nucleus via Transportin. This interaction between Transportin and FET proteins
can be modulated by arginine methylation that reduces Transportin binding. In FTD
patients with FUS inclusions, this post-translational modification seems to be defective,
as FUS inclusions in these cases contain hypomethylated FUS.

Taken together, these data provide evidence that nuclear import defects and
sequestration of FUS and TDP-43 in SGs are consecutive steps in the pathogenesis of

ALS and several subtypes of FTD.
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Zusammenfassung

Neurodegenerative Erkrankungen wie die Alzheimer-Erkrankung, die Amyotrophe
Lateralsklerose (ALS) und die Frontotemporale Demenz (FTD) sind durch den
progressiven und selektiven Verlust von Neuronen gekennzeichnet. Mit steigendem
Alter nimmt das Risiko eine neurodegenerative Erkrankung zu entwickeln exponentiell
zu. Bislang gelten diese Krankheiten als nicht behandelbar, was eine signifikante
medizinische, soziale und finanzielle Belastung fiir unsere alternde Gesellschaft
darstellt. Typische Charakteristika neurodegenerativer Erkrankungen sind die
abnormale Aggregation eines Krankheits-assoziierten Proteins, sowie dessen
Anhéufung in pathologischen Ablagerungen. Gemeinsames Merkmal der meisten ALS
Félle und bestimmter Untergruppen von FTD sind pathologische Ablagerungen, die
hauptsédchlich das TAR DNA-binding protein of 43kDa (TDP-43) oder das Fused in
Sarcoma (FUS) Protein enthalten. In FUS Ablagerungen werden stets auch
Markerproteine fiir Stress-Kornchen (engl. stress granules, SG) detektiert, was darauf
schlielen ldsst, dass SGs an der Bildung von FUS Ablagerungen beteiligt sein kénnten.
Bei pathologischen TDP-43 Ablagerungen ist hingegen immer noch umstritten ob diese
SG Markerproteine enthalten.

In der vorliegenden Arbeit konnte ich zeigen, dass zytosolisch mislokalisiertes,
unfragmentiertes TDP-43 in SGs rekrutiert wird, wohingegen C-terminale Fragmente
von TDP-43 (TDP-CTFs) nicht in SGs lokalisieren. Diese Ergebnisse stimmen mit den
Beobachtungen in ALS und FTD Patienten iiberein, wo TDP-43 Ablagerungen im
Riickenmark unfragmentiertes TDP-43 und SG Markerproteine enthalten. Im Gegensatz
dazu sind hippocampale Ablagerungen mit TDP-CTFs angereichert, enthalten jedoch
keine SG Marker. Die Proteinzusammensetzung der TDP-43 Ablagerungen bestimmt
also, ob SG Markerproteine darin abgelagert werden oder nicht. Bei der Bestimmung
von Voraussetzungen fiir die Rekrutierung von TDP-43 und FUS in SGs konnte ich
feststellen, dass eine zytosolische Umverteilung notwendig ist, damit TDP-43 und FUS
in SGs sequestriert werden konnen. Des Weiteren konnte ich zeigen, dass beide
Proteine ihre Haupt-RNA-bindende Doméne, sowie die Glycin-reiche Doméne fiir die
Lokalisierung in SGs bendtigen.

Eine detaillierte Analyse der Proteinzusammensetzung von FUS Ablagerungen

in ALS und FTD hat aufgedeckt, dass FUS Ablagerungen in FTD-Patienten nicht nur
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FUS, sondern alle FET (FUS, Ewing sarcoma protein (EWS), TATA binding protein-
associated factor 15 (TAF15)) Familienproteine beinhalten. Ich konnte zeigen, dass
diese cytosolische Ablagerung von FET Proteinen in Zellkultur durch eine Hemmung
des Transportin-vermittelten Kerntransports nachgestellt werden kann, da dies zur
zytosolischen Anhdufung aller FET Proteine und deren Rekrutierung in SGs fiihrt. Im
Gegensatz zu FTD Fillen enthalten FUS Ablagerungen in ALS nur FUS, nicht aber
EWS und TAF15. In Zellkultur-Experimenten konnte ich zeigen, dass ALS-assoziierte
FUS Mutationen zur zytosolischen Umverteilung von FUS fiihren, welches dann durch
nachfolgenden zelluldren Stress in SGs rekrutiert wird. Diese SGs enthalten FUS,
jedoch nicht EWS oder TAF15, was beweist, dass mutiertes FUS nicht wildtypisches
EWS oder TAF15 sequestrieren kann.

Dartiber hinaus habe ich an zwei Publikationen mitgearbeitet, in denen gezeigt
wurde, dass Defekte im Kernimport an der Pathogenese von ALS und FTD beteiligt
sind. ALS-assoziierte FUS Mutationen sind hédufig im  Prolin-Tyrosin
Kernlokalisierungs-Signal (PY-NLS) lokalisiert und zerstéren so den Transportin-
vermittelten Kernimport und fiihren zur zytosolischen Misslokalisierung von FUS.
EWS und TAF15 enthalten ebenfalls ein PY-NLS und werden daher {iber Transportin in
den Kern importiert. Die Interaktion zwischen Transportin und den FET Proteinen kann
durch Arginin-Methylierung moduliert werden, welche die Transportin-Bindung
reduziert. In FTD Patienten mit FUS Ablagerungen scheint diese post-translationale
Modifikation gestort zu sein, da FUS Ablagerungen in diesen Fillen hypomethyliertes
FUS enthalten.

Diese Daten liefern Beweise dafiir, dass Defekte im Kernimport und die
Sequestrierung von FUS und TDP-43 in SGs aufeinanderfolgende Schritte in der

Pathogenese von ALS und verschiedenen Varianten von FTD sind.



Introduction

1 Introduction

Neurodegenerative diseases are characterized by progressive neuronal dysfunction and
selective loss of neurons. During neurodegeneration structural changes in different
proteins impair the function of neurons and eventually result in neuronal cell death.
Characteristic features of neurodegenerative diseases such as Alzheimer’'s disease,
Parkinson’s disease, Amyotrophic lateral sclerosis (ALS) and Frontotemporal dementia
(FTD) are aberrant protein aggregates. These aggregates are reminiscent of prion
aggregates as they contain misfolded proteins, seed aggregation in vitro and in vivo, and
spread within and/or among brain regions (Goedert et al., 2010; Jucker and Walker,
2013). Furthermore, proteins aggregating in neurodegenerative diseases often contain
domains that are under physiological conditions unfolded but aggregation-prone once
aggregation is seeded and are hence termed as “prion-like” (Cushman et al., 2010; King
et al., 2012). However, in contrast to the prion protein (Prp) these proteins are not
infectious. The identification of the aggregated protein(s) in the different
neurodegenerative diseases has marked a breakthrough in these fatal disorders as this
provided further insight into underlying pathomechanisms (Haass and Selkoe, 2007).
Accordingly, the identification of the RNA-binding proteins TDP-43 or FUS, which
both contain a prion-like domain, as major component of pathological aggregates in the
majority of ALS- and FTD-patients has been a seminal discovery (Arai et al., 2006;
Neumann et al., 2006; Neumann et al., 2009a).

1.1 ALS and FTD - related diseases sharing molecular pathology and genetics

ALS and FTD are related neurodegenerative diseases with overlapping clinical
phenotypes, pathology and genetics. ALS, also known as Lou Gehrig's disease, is an
incurable disease caused by selective degeneration of upper and lower motor neurons.
Due to decreased innervation, muscles progressively weaken and ALS patients develop
restrictions in motion, swallowing, speaking, and breathing. Between 1 and 5 years after
disease onset, respiratory failure and infections weaken the patient and increase the
vulnerability to pneumonia, which then usually causes death (Mackenzie et al., 2010;

Kiernan et al., 2011). Approximately 5-10% of ALS are inherited and classified as
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familial ALS (fALS), whereas in the vast majority no family history of ALS is
documented (sporadic ALS, sALS) (Kiernan et al., 2011).

FTD is the second most common presenile dementia after Alzheimer’s disease (Pan and
Chen, 2013). The related term Frontotemporal lobar degeneration (FTLD) describes the
neuropathological features of FTD (in the following text FTLD is used to designate
both, disease and neuropathology), as the disease is characterized by an atrophy of the
frontal and temporal cerebral lobes (Pan and Chen, 2013). These brain regions regulate
behavior and cognitive functions and thus FTLD patients can exhibit apathy,
disinhibition, lack of empathy and/or language dysfunction (McKhann et al., 2001;
Snowden et al., 2002; Pan and Chen, 2013). Swallowing difficulties and loss of personal
hygiene facilitate infections and pneumonia, ultimately leading to death due to
respiratory failure after 4 to 14 years on average (Garcin et al., 2009; Kiernan et al.,
2011). About 60% of FTLD patients have a family history of the disease and the
remaining FTLD cases are sporadic (Pan and Chen, 2013).

Interestingly, ALS and FTLD seem to be related, as frequently patients present
overlapping phenotypes (Robberecht and Philips, 2013). About half of the ALS patients
display at least mild cognitive and behavioral changes during disease progression
(Ringholz et al., 2005; Consonni et al., 2013). In addition, about 30% of patients with
FTLD exhibit some features of motor neuron dysfunction or even concomitant ALS
symptoms (Lomen-Hoerth et al., 2002; Burrell et al., 2011). These overlapping
phenotypes indicate that ALS and FTLD form a disease continuum with pure forms of

ALS and FTLD at the extreme ends and overlapping phenotypes in between (Table 1).

1.1.1 Molecular pathology and genetics of ALS and FTLD

Over the last decade, important discoveries in the neuropathology and genetics of ALS
and FTLD have started to reveal the molecular basis for this clinical overlap. ALS and
FTLD are categorized in different subtypes depending on the major aggregated protein
in the pathological inclusions (Table 1). In most ALS patients TAR DNA-binding
protein of 43 kDa (TDP-43) or Superoxide dismutase 1 (SOD1) inclusions are detected.
The vast majority of patients with an overlapping ALS/FTLD phenotype present
inclusions containing TDP-43 and dipeptide repeat (DPR) proteins, which are translated
from an associated repeat expansion in the C9orf72 gene (Dejesus-Hernandez et al.,
2011; Renton et al., 2011; Mori et al., 2013). In FTLD, about 40% of the patient show

ubiquitin-negative, Tau-positive inclusions (Joachim et al., 1987; Pan and Chen, 2013).
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The remaining 60% of the FTLD cases have ubiquitin-positive inclusions (Mackenzie
and Rademakers, 2007). Most of these cases contain either TDP-43 (Neumann et al.,
2006) or FET (FUS, Ewing sarcoma protein (EWS), TATA-binding protein associated
factor 15 (TAF15)) proteins in pathological inclusions (Munoz et al., 2009; Neumann et
al., 2009a; Brelstaff et al., 2011; Neumann et al., 2011). Moreover, in a small proportion
of FTLD cases with ubiquitin- and p62-positive inclusions the deposited protein
remains to be identified. In my thesis I concentrated on TDP-43 and FUS. Further
details on the pathomechanisms of Superoxide dismutase 1 (SOD1) (Ilieva et al., 2009),
C9orf72 (Ling et al., 2013), microtubule associated protein Tau (MAPT) (Spillantini
and Goedert, 2013), Progranulin (PGRN) (Sieben et al., 2012), Valosin-containing
protein (VCP) (Sieben et al., 2012) and charged multivesicular body protein 2B
(CHMP2B) (Sieben et al., 2012) are described in several recent review articles.

In most ALS patients the major component of the neuronal, cytosolic ubiquitin-
positive inclusions is TDP-43 (Fig. 1, first panel) and these cases are termed ALS-TDP
(Table 1) (Arai et al., 2006; Neumann et al., 2006). Additionally, TDP-43- and
ubiquitin-positive inclusions were found in about 50% of FTLD patients (FTLD-TDP,
Table 1; Fig.1, second panel) (Arai et al., 2006; Neumann et al., 2006) and ALS-TDP
and FTLD-TDP are also referred to as TDP-proteinopathies. Specific biochemical
characteristics of TDP-43 inclusions include hyperphosphorylation and ubiquitination
of deposited TDP-43 and the accumulation of C-terminal fragments of TDP-43 (TDP-
CTFs) in hippocampal TDP-43 inclusions (Lee et al., 2012). TDP-CTFs can arise by
caspase-cleavage of full-length TDP-43 (Zhang et al., 2007; Dormann et al., 2009) or
could reflect an alternative splicing product or a cryptic transcription start (Nishimoto et
al., 2010; Lee et al., 2012). The identification of TDP-43 pathology in ALS and FTLD
patients motivated screening for disease-associated mutations in TARDBP, the gene
encoding TDP-43. To date, over 40 TARDBP mutations have been identified, mainly in
ALS patients and very rarely in FTLD patients (Table 1) (Gitcho et al., 2008; Kabashi et
al., 2008; Sreedharan et al., 2008; Van Deerlin et al., 2008; Robberecht and Philips,
2013)
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Table 1. Revised classification of ALS and FTLD

8
[5+]

$ FTLD
(=)
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ALS (blue) and FTLD (yellow) are shown as the extreme ends of a disease continuum with ALS/FTLD
(green) as overlapping phenotype. Both diseases are divided into different clinical subtypes depending on
the deposited protein. Gene mutations associated with the different subtypes are indicated in italic and
mutations only detected in rare cases are indicated in parenthesis. Mutations in the SOD/ gene resulting
in SODI inclusions were the first mutations found to be associated with fALS (Rosen et al., 1993). In
most ALS patients TDP-43-positive inclusions are detected (Neumann et al., 2006) and can arise
sporadically or can be caused by mutations in TARDBP, the gene encoding TDP-43, (Gitcho et al., 2008;
Kabashi et al., 2008; Sreedharan et al., 2008; Van Deerlin et al., 2008) or other genes. FUS inclusions in
ALS patients are caused by mutations in FUS (Kwiatkowski et al., 2009; Vance et al., 2009). In the vast
majority of families with ALS-FTLD an abnormal repeat expansion in the C9orf72 gene was identified
(Dejesus-Hernandez et al., 2011; Renton et al., 2011) which is translated into dipeptide-repeat (DPR)
proteins (Mori et al., 2013) that are deposited in ALS/FTLD-DPR patients. In FTLD, mutations in the
MAPT gene result in FTLD with Tau-positive, ubiquitin-negative inclusions (Hutton et al., 1998). The
majority of FTLD patients have ubiquitin-positive inclusions (Pan and Chen, 2013) and in about 80 —
90% of these patients TDP-43 is the major constituent of these inclusions (FTLD-TDP) (Neumann et al.,
2006). FTLD-TDP can occur sporadically or can be caused by mutations in PGRN (Baker et al., 2006;
Cruts et al., 20006) or rarely in TARDBP (Van Deerlin et al., 2008; Kovacs et al., 2009) or VCP (Watts et
al., 2004). In about 10-20 % of the FTLD patients with ubiquitin-positive inclusions, FUS, EWS and
TAF15 (FET proteins) are deposited together with Transportin (TRN) (Munoz et al., 2009; Neumann et
al., 2009a; Brelstaff et al., 2011; Neumann et al., 2011; Troakes et al., 2013) and mutations in FUS are
only rarely found in these patients (Van Langenhove et al., 2010; Van Langenhove et al., 2012). In
addition, rare cases of FTLD are genetically linked to mutations in the CHMP2B gene (Skibinski et al.,
2005) and pathological inclusions contain components of the ubiquitin-proteasome system (ubiquitin and
p62,(FTLD-UPS)) (Holm et al., 2007). Table modified from (Dormann and Haass, 2013).

In 2009, FUS was found in pathological inclusions in rare cases of ALS (ALS-
FUS, Table 1) (Kwiatkowski et al., 2009; Vance et al., 2009) and FTLD (FTLD-FUS,
Table 1) (Munoz et al., 2009; Neumann et al., 2009a; Neumann et al., 2009b) that do
not contain TDP-43 or SOD1 in pathological inclusions (Fig. 1, right panels). ALS-FUS
and FTLD-FUS are together referred to as FUS-proteinopathies. Like TDP-43, FUS is a
DNA/RNA-binding protein and mutations in the FUS gene are predominantly found in
ALS patients (Kwiatkowski et al., 2009; Vance et al., 2009) and rarely in FTLD patients
(Table 1) (Van Langenhove et al., 2010; Van Langenhove et al., 2012), indicating that
mutations in TDP-43 or FUS cause ALS rather than FTLD. Recent analysis determining
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the composition of pathological FUS inclusions revealed that FUS inclusions in FTLD-
FUS also contain EWS and TAF15 (Table 1) (Neumann et al., 2011; Davidson et al.,
2013). In contrast, ALS-FUS cases are negative for EWS and TAF15, thereby
suggesting that ALS-FUS and FTLD-FUS might be caused by different

pathomechanisms (Neumann et al., 2011).

Ji4-% L2 F 040 ERE - e
ALS-TDP FTLD-TDP ALS-FUS FTLD-FUS

Fig. 1. Cytoplasmic TDP-43 and FUS inclusions in ALS and FTLD patients. The characteristic
ubiquitinated TDP-43-inclusions are frequently observed in spinal cord motor neurons in ALS-TDP and
in dentae granule cells in the hippocampus of FTLD-TDP cases (left panels). FUS inclusions are detected
in motor neurons of ALS-FUS cases with FUS mutations and rarely in FTLD-FUS (right panels). Note
the larger size of motor neurons compared to dentae granules cells in the hippocampus. Arrowheads mark
cells with TDP-43 or FUS inclusions. Scale bar: 20pum. Figure adapted from (Dormann and Haass, 2011).

1.2 TDP-43 - DNA/RNA-binding protein with pivotal roles in neurodegeneration

TDP-43 was originally identified as a transcriptional repressor that binds to the TAR
regulatory element in the HIV long terminal repeat (Ou et al., 1995). However, the
identification of TDP-43 inclusions in FTLD patients and in the majority of ALS
patients (Arai et al., 2006; Neumann et al., 2006), together with the association of
TARDBP mutations in ALS (Gitcho et al., 2008; Kabashi et al., 2008; Sreedharan et al.,
2008; Van Deerlin et al., 2008) dramatically increased the interest in this protein.

1.2.1 Role of TDP-43 in RNA metabolism

TDP-43 is a predominantly nuclear protein with multiple functions in RNA metabolism
(Winton et al., 2008a; Buratti and Baralle, 2012). Several splicing factors such as
members of the heterogeneous nuclear ribonucleoprotein (hnRNP) family (Buratti et al.,
2005; Freibaum et al., 2010), Survial of motorneuron (SMN) (Tsuiji et al., 2013) and
other proteins involved in splicing (Elden et al., 2010; Freibaum et al., 2010; Ling et al.,
2010) interact with TDP-43. Moreover, the interaction between TDP-43 and SMN is
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essential for SMN-containing nuclear Gem bodies and proper levels of U-rich small
nuclear ribonucleoproteins (U snRNPs), which are central components of the
spliceosome (Tsuiji et al., 2013).

TDP-43 binds about one third of the total transcriptome (Ling et al., 2013) and
RNA targets of TDP-43 have been identified in mouse brain (Polymenidou et al., 2011),
human brain (Tollervey et al., 2011), primary neurons (Sephton et al., 2011) and cell
lines (Xiao et al., 2011; Colombrita et al., 2012). Additionally, splicing pattern changes
in thousands of specific targets upon depletion of TDP-43 in adult mouse brains
(Polymenidou et al., 2011) support the notion that TDP-43 is an essential regulator of
RNA processing. TDP-43 can affect alternative splicing positively as it promotes for
example exon skipping in Cystic fibrosis transmembrane conductance regulator (CFTR)
mRNA (Buratti and Baralle, 2001; Buratti et al., 2001) and negatively as it inhibits
splicing of the human splicing factor SC35 mRNA (Dreumont et al., 2010). In neurons,
TDP-43 is part of a protein complex that is involved in alternative splicing of mRNAs
associated with synapse formation, neuronal development and RNA metabolism
(Sephton et al., 2011; Tollervey et al., 2011; Colombrita et al., 2012). Besides its role in
mRNA splicing, TDP-43 modifies mRNA stability of several mRNA such as HDAC 6
(Fiesel et al., 2010), NFL (Strong et al., 2007) and others (Ayala et al., 2008a;
Colombrita et al., 2012), including its own mRNA (see below).

1.2.2  Autoregulation of TDP-43

As TDP-43 is such an essential regulator of RNA metabolism, its own levels have to be
accurately controlled. Therefore, TDP-43 controls its own mRNA stability via a
negative feedback mechanism, which involves binding of TDP-43 to its own 3"UTR,
resulting in TDP-43 mRNA instability and degradation (Ayala et al.,, 2011;
Polymenidou et al., 2011; Sephton et al., 2011; Tollervey et al., 2011). This
autoregulatory mechanism, which ensures proper levels of TDP-43, is also observed in
TDP-43 animal models. Heterozygous TDP-43 knockout mice increase mRNA levels of
the remaining TDP-43 allele to compensate for the loss of one allele and have similar
TDP-43 levels as their wildtype littermates (Kraemer et al., 2010; Sephton et al., 2010;
Wu et al., 2010).

1.2.3  Cytosolic functions of TDP-43
Although TDP-43 is a nuclear protein, it undergoes nucleocytoplasmic shuttling (Ayala
et al., 2008b; Winton et al., 2008a). In the cytoplasm, TDP-43 interacts with stress
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granule (SG) proteins (Freibaum et al., 2010) and in neurons it is detected in neuronal
RNA transport granules (Elvira et al., 2006; Wang et al., 2008; Fallini et al., 2012).
Upon neuronal activity TDP-43 is enriched within RNA transport granules, suggesting a
role of TDP-43 in RNA transport and local translation at the synapse (Wang et al.,
2008; Liu-Yesucevitz et al., 2011). Moreover, increased levels of TDP-43 impair axonal
outgrowth (Fallini et al., 2012), which is in line with the notion that TDP-43 has several
RNA targets that are essential for neuronal development (Tollervey et al., 2011;

Colombrita et al., 2012).

1.2.4  Animal models of TDP-43

Overexpression of TDP-43 in several animal models, such as worms (Ash et al., 2010;
Liachko et al., 2010), flies (Hanson et al., 2010; Li et al., 2010; Voigt et al., 2010),
zebrafish (Kabashi et al., 2010), rats (Zhou et al., 2010) and mice (Tatom et al., 2009;
Wegorzewska et al., 2009; Tsai et al., 2010; Wils et al., 2010; Xu et al., 2010) is not
tolerated and results in neurodegeneration and reduced life span. Nevertheless, in most
of these animal models wildtype TDP-43 is neurotoxic and sometimes wildtype TDP-43
has a more severe phenotype than TDP-43 mutants (Voigt et al., 2010). These models,
however, only partially recapitulate the disease, as no gene duplication mutations have
been found in ALS patients. Interestingly, when human TDP-43 is expressed at the
same level as endogenous TDP-43 in the central nervous system of mice, only mutant,
but not wildtype, TDP-43 provokes progressive neurodegeneration (Arnold et al.,
2013). Thus, such an animal model might better reflect the pathomechanisms of
TARDBP mutations.

Similar to overexpression, depletion of TDP-43 in flies is detrimental for
neurons (Feiguin et al., 2009). In homozygous knockout mice embryonic lethality
becomes evident after embryonic day 3.5 (Kraemer et al., 2010; Sephton et al., 2010;
Wu et al., 2010) and possibly until this stage maternal TDP-43 mRNA can compensate
the loss of TDP-43 (Wu et al., 2010). The inner cell mass of these embryos shows a
defect in outgrowth in vitro (Sephton et al., 2010; Wu et al., 2010), demonstrating that
TDP-43 is essential during embryogenesis. Thus, conditional knockout mice are
necessary to study loss of TDP-43. Conditional knockout of TDP-43 in murine spinal
cord neurons causes an ALS phenotype with progressive neurodegeneration and muscle
atrophy (Wu et al., 2012) as seen for TDP-43 overexpression, again proving that

disturbing the carefully titrated TDP-43 levels in either direction cause
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neurodegeneration. A postnatal, ubiquitous TDP-43 knockout mouse model revealed a
novel role of TDP-43 in fat metabolism, as these mice present high fatty acid oxidation
and a dramatic loss of body weight (Chiang et al., 2010). This phenotype might be due
to reduced protein levels of Tbcldl, a gene associated with obesity in humans (Chiang
et al., 2010). In line with this, postnatal conditional overexpression of an ALS-
associated TDP-43 mutant (A315T) presents an inverse phenotype with increased
Tbcldl levels, impaired glucose uptake and increased fat deposition (Stallings et al.,
2013).

In zebrafish, two orthologues of the human TDP-43 were identified and one of
these orthologues (fardbp-like) lacks the C-terminal domain, which habors almost all
ALS-associated pointmutations (see 1.2.5 and Fig. 2). Upon TDP-43 depletion, the
tardbp-like pre-mRNA 1is alternatively spliced to a variant that contains the C-terminal
domain and compensates the loss of TDP-43, which indicates the importance of the C-
terminal domain (Schmid et al., 2013). Knockout of both orthologues of TDP-43 in
zebrafish leads to shorter motor neurons, mispatterning of the vasculature and muscle

degeneration resulting in pre-mature lethality (Schmid et al., 2013).

1.2.5 Specific functions of different TDP-43 domains

TDP-43 is a member of the hnRNP family and contains a classical nuclear localization
signal (NLS), two RNA-recognition motifs (RRMs) and a C-terminal glycine-rich
domain (G-rich) (Fig. 2).

N-terminal domain
NLS

TDP-43 RRM1 RRM2 G-rich
M T T T 10

| I
A90V D163G K263E NV

G287S G295R/S A321G/V G348C/V Y374X 1383V
G290A G298S Q331K N352S/T G376D G384R
S292N  M311V  S332N G357S  N378D/S W385G
G294A/N A315T  G335D M358V S379C/P N390D/S
M337V  R361S  A382P/T S393L
Q343R  P363A
N345K

Fig. 2. Domain structure of TDP-43 and disease-associated TDP-43 mutations. The N-terminal
domain of TDP-43 is largely uncharacterized and contains a classic bipartite NLS. In addition, TDP-43
has two RRMs and a C-terminal G-rich domain with prion-like properties. To date, 43 TDP-43 missense
mutations and one truncation mutation (Y374X) have been identified in ALS patients (black) and FTLD
patient (blue), with most mutations clustering in the C-terminal G-rich domain. Figure taken from
(Bentmann et al., 2013).
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N-terminal domain

Structural features of the N-terminal domain are B-strands, which facilitate DNA-
binding properties of TDP-43 (Chang et al., 2012) and are essential for splicing of
CFTR mRNA (Zhang et al., 2013). In addition, this domain mediates homodimerization
(Kuo et al., 2009) and aggregation of TDP-43 (Zhang et al., 2013). Within the N-
terminal domain of TDP-43 is a bipartite classic NLS. Usually, classic NLSs are
recognized by the nuclear import factor Importin o/, which cooperatively binds NLS-
containing proteins and promotes their nuclear import (Wente and Rout, 2010) (see also
section 1.4). Replacing basic key residues of the TDP-43 NLS by alanine results in
cytoplasmic mislocalization of TDP-43 (Ayala et al., 2008b; Winton et al., 2008a).

RNA-binding domains

Two RRMs mediate TDP-43 DNA- and RNA-binding to TG- and UG-rich motifs,
respectively, and TDP-43 preferentially binds within long introns, 3’'UTRs and to non-
coding RNAs (Buratti and Baralle, 2001; Polymenidou et al., 2011; Sephton et al.,
2011; Tollervey et al., 2011). RRM1 is necessary and sufficient for binding to UG-rich
RNAs (Buratti and Baralle, 2001). In contrast, RRM2 is not essential for RNA-binding
(Buratti and Baralle, 2001), but for splicing activity of TDP-43 and possibly plays a role
in chromatin organization (Ayala et al., 2005; Ayala et al., 2008b; Fiesel et al., 2010).

Glycine-rich domain

The intrinsically disordered C-terminal G-rich domain in TDP-43 is a prion-like domain
with homology to the yeast prion protein Sup35p (King et al., 2012) and this domain
mediates sequestration of TDP-43 into polyglutamine (polyQ) aggregates (Fuentealba et
al., 2010). Furthermore, residues 318-343 form an amyloidogenic core essential for
TDP-43 aggregation (Jiang et al., 2013). The interaction with the hnRNP family
members hnRNP Al and hnRNP A2/B1 mediated by this domain inhibits CFTR
splicing and regulates splicing in human and fly (Ayala et al., 2005; Buratti et al.,
2005). However, ALS-associated mutations in this region do not alter the interaction

with hnRNP A2 (D'Ambrogio et al., 2009).
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1.2.6 ALS-associated mutations cluster in the Glycine-rich domain
Nearly all ALS-associated TARDBP mutations cluster in the C-terminal G-rich domain
(Fig. 2) and several different pathomechanisms have been suggested. Some studies
reported cytosolic mislocalization of mutant TDP-43 (Barmada et al., 2010; Ritson et
al., 2010) (Liu-Yesucevitz et al., 2010), however, other studies showed that mutant
TDP-43 remain nuclear (Kabashi et al., 2010; Ling et al., 2010; Voigt et al., 2010).
Furthermore, it was suggested that TARDBP mutations enhance and accelerate
aggregation and toxicity of TDP-43 (Johnson et al., 2009; Nonaka et al., 2009; Arai et
al., 2010; Barmada et al., 2010; Kabashi et al., 2010; Liachko et al., 2010; Liu-
Yesucevitz et al., 2010; Ritson et al., 2010; Zhou et al., 2010). In addition, it has been
reported that TARDBP mutations increase the propensity to interact with FUS (Ling et
al., 2010), which is somewhat at odds with other studies (Freibaum et al., 2010; Kim et
al., 2010). Thus, despite extensive research over the past few years, it still needs to be
clarified, whether TARDBP mutations cause neurodegeneration by loss of nuclear TDP-
43 (loss-of-function) or by aberrant aggregation and toxicity (toxic gain-of-function) or
a combination of both.

Taken together, TDP-43 is an aggregation-prone DNA/RNA-binding protein
with a pivotal role in transcription and splicing of several thousand genes. The
functional consequences of TARDBP mutations, although extensively studied in the

past, still remain to be elucidated.

1.3  FUS, EWS und TAF15 (FET proteins) - multifunctional DNA/RNA-binding

proteins linked to neurodegeneration

About 20 years ago the DNA/RNA-binding protein FUS, also known as Translocated in
sarcoma (TLS), was identified as part of fusion oncogenes in various cancers, including
liposarcoma and myeloid leukemia (Crozat et al., 1993; Rabbitts et al., 1993; Ichikawa
et al., 1994; Bertolotti et al., 1999). FUS is a member of the FET protein family together
with EWS and TAF15, which were also identified as fusion oncogenes in different
types of cancer (Delattre et al.,, 1992; May et al., 1993; Attwooll et al.,, 1999;
Panagopoulos et al., 1999; Martini et al., 2002; Tan and Manley, 2009). In these
cancers, the N-terminal half of the FET proteins is fused to the DNA-binding domain of
a transcription factor, e.g. of C/EBP homologous protein (CHOP) or erythroblastosis
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virus E26 oncogene homologue (ERG), giving rise to a fusion oncogene that acts as
abnormal transcription factor (Crozat et al., 1993; Rabbitts et al., 1993; Sanchez-Garcia
and Rabbitts, 1994). This abnormal transcription factor causes misregulation of several
target genes and results in cell growth disturbances and tumor formation (Zinszner et
al., 1994; Schwarzbach et al., 2004).

However, FET proteins are not only implicated in various types of cancer, but
also in the neurodegenerative diseases ALS and FTLD. FUS mutations associated with
ALS-FUS and very rarely EWS and TAF15 mutations are detected in ALS patients
(Table 1, Fig. 3) (Kwiatkowski et al., 2009; Vance et al., 2009; Couthouis et al., 2011;
Ticozzi et al., 2011; Couthouis et al., 2012). Moreover, all FET proteins are co-
deposited in FTLD-FUS (Neumann et al., 2011; Davidson et al., 2013).

1.3.1 Role of FET proteins in transcription and splicing

FET proteins are predominantly nuclear proteins involved in a multitude of nuclear
processes (Dormann and Haass, 2013). All FET proteins co-purify with the general
transcription factor IID (TFIID) and the RNA-Polymerase II (Bertolotti et al., 1996; Tan
and Manley, 2009). Furthermore, FUS and TAF15 are transcription factors that can
regulate their target genes both positively and negatively (Tan et al., 2012; Ballarino et
al., 2013). Besides these shared targets, FUS 1is specifically enriched at the promoters of
genes encoding proteins with nuclear or cytoplasmic function and those involved in
gene expression (Tan et al., 2012), whereas TAF15 controls expression of an miRNA
cluster and of genes involved cell cycle regulation and cell death (Ballarino et al.,
2013).

All FET proteins contain multiple RNA-binding motifs, which bind mRNAs
with AU-rich stem-loop structures (Hoell et al., 2011; Ishigaki et al., 2012) and G-rich
motifs such as GGU, GUGGU and GGUG (Lerga et al., 2001; Iko et al., 2004; Lagier-
Tourenne et al., 2012; Rogelj et al., 2012). Furthermore, FUS has several thousand pre-
mRNA targets and interacts with intronic RNA regions and long non-coding RNAs
(Lagier-Tourenne et al., 2012; Rogelj et al., 2012). Upon FUS depletion in either
Xenopus laevis embryos or mouse brains, several hundred splice changes are detected,
corroborating the role of FUS as general splice regulator (Dichmann and Harland, 2012;
Lagier-Tourenne et al., 2012; Rogelj et al.,, 2012). Although there is little overlap
between these studies, splicing of the MAPT mRNA is altered consistently in all studies

upon FUS depletion. This is in accordance with another study, which demonstrated that
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upon FUS depletion in primary neurons MAPT exons 3 and 10 are included (Orozco et
al., 2012). This results in a longer Tau isoform that has also been found to be increased
in patients with FTLD and Parkinsonism (Hutton et al., 1998). Additionally, FET
proteins are together with SMN part of the spliceosome (Zhou et al., 2002; Yamazaki et
al., 2012; Tsuiji et al., 2013), regulating pre-mRNA splicing in general and splice site
selection specifically (Bertolotti et al., 1996; Bertolotti et al., 1998; Zhang et al., 1998;
Kameoka et al., 2004). Since FET proteins interact with RNA polymerase II, pre-
mRNAs and splicing factors (Zinszner et al., 1994; Yang et al., 1998), another putative

role of these proteins is to link transcription and splicing (Tan and Manley, 2009).

1.3.2  Autoregulation of FET protein

Some recent findings, e.g. that FUS associates with its own mRNA in a conserved
region, which might be either a 3’UTR or a retained intron (Hoell et al., 2011; Lagier-
Tourenne et al., 2012; Orozco et al., 2012), indicate that FUS is autoregulated.
Moreover, in mouse and human brain an alternative isoform of FUS is detected, that is
likely to be degraded via nonsense mediated decay (Lagier-Tourenne et al., 2012)
Analysis of mice expressing human FUS further corroborates the idea of FUS
autoregulation as these mice show a dose-dependent decrease of endogenous FUS
(Mitchell et al., 2013). But FUS does not only regulate its own levels, but also seems to
regulate EWS levels. FUS binds EWS mRNA (Hoell et al., 2011; Lagier-Tourenne et
al., 2012) and upon transient knockdown of FUS, EWS protein levels show an about 2-
fold increase (Han et al., 2012). However, EWS proteins levels are not elevated in
heterozygous or homozygous FUS knockout mice (Kuroda et al., 2000), which might be
due to an unknown compensatory mechanism upon stable knockout. Thus, how FUS is
autoregulated as well as if and how FUS and EWS cross-regulate or compensate each

other needs to be further elucidated.

1.3.3 Cytosolic functions of FET proteins

Although FUS is found in the nucleus in the steady state, it continuously shuttles
between the nucleus and cytoplasm (Zinszner et al., 1997). In neurons, FUS is part of
RNA transport granules which transport mRNAs to dendritic spines for local translation
(Kanai et al., 2004; Fujii and Takumi, 2005; Elvira et al., 2006). FUS interacts with the
motor proteins Kinesin (Kanai et al., 2004) and Actin (Yoshimura et al., 2006) and is
essential for spine morphology (Fujii et al., 2005). Moreover, FUS and TAF15 localize
together with other RNA-binding proteins and RNAs to spreading initiation centers (de

16



Introduction

Hoog et al., 2004) (Andersson et al., 2008), although their exact function in these
centers remains to be investigated. Thus, FUS appears to have important functions not

only in the nucleus but also in the cytoplasm (Dormann and Haass, 2013).

1.3.4  Animal models of FET proteins

Overexpression of FUS in worms (Vaccaro et al., 2012), flies (Chen et al., 2011; Wang
et al., 2011), mice (Mitchell et al., 2013) and rats (Huang et al., 2011) causes
progressive neurodegeneration and recapitulates key features of FUS-proteinopathies.
Ectopic expression of human FUS in flies shows that human wildtype FUS localizes in
the nucleus, whereas mutant FUS 1is cytosolic (Chen et al., 2011; Lanson et al., 2011;
Murakami et al., 2012) and result in degeneration of motor neurons and reduced life
span (Chen et al., 2011; Lanson et al., 2011). Strikingly, eye degeneration is less severe
in flies overexpressing wildtype FUS compared to flies overexpressing ALS-associated
FUS mutants, indicating that mutant FUS is more toxic than wildtype FUS (Lanson et
al., 2011). Similar, overexpressing ALS-associated FUS mutants in rats causes broad
neurodegeneration and progressive paralysis (Huang et al., 2011).

Analysis of FUS knockout mice and EWS knockout mice revealed that
maintenance of genomic integrity and DNA repair is a common function of FET
proteins, as resistance of radiation if impaired in these mice (Hicks et al., 2000; Kuroda
et al., 2000; Li et al., 2007). In these studies no obvious neurodegeneration was
observed (Hicks et al., 2000; Kuroda et al., 2000), but another group analyzed primary
neurons derived from FUS knockout mice and reported that these neurons present a
lower spine density and abnormal spine morphology (Fujii et al., 2005). Additionally,
knockdown of FUS in flies (Sasayama et al., 2012) or zebrafish (Kabashi et al., 2011)
leads to shortening of the axon length and behavioral abnormalities, indicating that FUS

is needed for proper neuronal development.

1.3.5 Specific functions of different FET protein domains
FET proteins are structurally related multifunctional proteins with an N-terminal
transcriptional activation domain, several nucleic acid-binding domains and a C-

terminal NLS (Fig. 3).
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Fig. 3. Domain structure of FET family proteins and disease-associated mutations in FET proteins.
All FET proteins share a similar domain structure with a prion-like serine-tyrosine-glycine-glutamine-rich
(SYGQ-rich) domain, three arginine-glycine-glycine (RGG) boxes, an RRM, a zinc-finger (ZnF) and a
PY-motif which serves as nuclear localization signal (NLS). For FUS, 53 mutations (including missense,
frameshift (fs), deletion (del), insertion (ins) and truncating (X) mutations) have been identified in ALS
(black) and FTLD (blue) patients with most mutations clustering in the last 17 amino acids and in the
RGG1 domain (Kwiatkowski et al., 2009; Vance et al., 2009; Dormann and Haass, 2013). Also EWS and
TAF15 have been reported to be mutated in ALS patients (Couthouis et al., 2011; Ticozzi et al., 2011;
Couthouis et al., 2012). However, these mutations are very rare and have been found in single cases only.
It remains to be shown whether EWS and TAF15 mutations are true disease-causing mutations that
segregate with ALS. Figure modified from (Bentmann et al., 2013).

Serine-tyrosine-glycine-glutamine (SYGQ)-rich domain

The N-terminal SYGQ-rich domain of FUS, EWS and TAFI15 acts as a potent
transcriptional activator when fused to the DNA-binding domain of a transcription
factor (May et al., 1993; Ohno et al., 1993; Sanchez-Garcia and Rabbitts, 1994;
Zinszner et al., 1994; Bertolotti et al., 1999; Rossow and Janknecht, 2001). As this
domain has homology to prion proteins, it is also considered to be “prion-like”
(Cushman et al., 2010; Gitler and Shorter, 2011; Udan and Baloh, 2011). Additionally,
low complexity sequences (i.e. sequences that have little diversity in the amino acid
composition) within the SYGQ-rich domain mediate aggregation of FUS in a cell-free
system and in yeast (Fushimi et al., 2011; Sun et al., 2011; Kato et al., 2012).
Furthermore, the SYGQ-rich domain of FUS is necessary for the interaction with
polyQ-aggregates (Doi et al., 2008) and for self-association of FUS (Yamazaki et al.,
2012).
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RNA-binding domains of FET proteins

FET proteins contain an RRM and in FUS this domain alone is sufficient to bind RNAs
with GGUG motifs (Lerga et al., 2001). A positively charged loop in this domain
confers DNA- and RNA-binding properties to FUS (Crozat et al., 1993; Prasad et al.,
1994; Baechtold et al., 1999; Liu et al., 2013). Nevertheless, the RRM domain is not the
only RNA-binding domain in FET proteins, as it was shown, that the RGG2-ZnF-RGG3
domain has also RNA-binding properties (Ohno et al., 1994; Zinszner et al., 1997; Iko
et al., 2004). Especially the ZnF between the RGG motifs seems to be responsible for
binding single stranded RNAs containing a GGU motif with micromolar affinity
(Nguyen et al., 2011). In addition, the RGG2-ZnF-RGG3 domain of FUS is required for
interaction with SMN, which is essential for spliceosome integrity and formation of
nuclear foci termed “Gems” that are essential for pre-mRNA splicing (Yamazaki et al.,
2012; Tsuiji et al., 2013). In contrast, EWS interacts with SMN via its RGG1 domain
(Young et al., 2003).

C-terminal PY-NLS
Finally, all FET proteins contain in their most C-terminal region a non-classical PY-
NLS (Lee et al., 2006; Zakaryan and Gehring, 2006; Marko et al., 2012). Interestingly,
most of the ALS-associated FUS mutations are clustered in this region (Fig. 3) and
result in cytosolic accumulation of mutant FUS (Kwiatkowski et al., 2009; Vance et al.,
2009; Dormann et al., 2010).

In summary, all FET proteins are multifunctional DNA/RNA-binding proteins
with domains specifically mediating essential roles in RNA metabolism, such as
regulating transcription and pre-mRNA splicing or linking transcription and splicing co-

transcriptionally (Paronetto et al., 2011; Dormann and Haass, 2013).

1.4  Impairment of nuclear transport in ALS and FTLD

Characteristic features of ALS and FTLD are the cytosolic deposition and nuclear
depletion of the normally predominantly nuclear proteins TDP-43 and FUS, pointing to
a nuclear transport defect as a key step in the pathological cascade in these diseases
(Dormann and Haass, 2011). This is reinforced by the identification of ALS-associated

mutations in the NLS of FUS, which cause cytosolic mislocalization (Kwiatkowski et
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al., 2009; Vance et al., 2009; Dormann et al., 2010). In contrast, none of the ALS-
associated TARDBP mutations affects the NLS of TDP-43 and a more general

dysfunction in nuclear transport has to be envisaged in TDP-proteinopathies.

1.4.1 Nuclear transport — transport factors and basic mechanisms

The compartmentalization between nucleus and cytoplasm in eukaryotic organisms
provokes the demand for transport mechanisms between these two compartments. In
eukaryotic organisms translation occurs in the cytoplasm, thus mechanisms evolved by
which proteins with nuclear fate can be selectively imported into the nucleus. Nuclear
pore complexes (NPCs) span the nuclear envelope (NE) (Fig. 4) and are essential for a
controlled and selective nucleocytoplasmic transport. The NPC builds a physical barrier
for proteins above 40 kDa, but allows free diffusion of water, ions and small molecules
below 40 kDa (Keminer and Peters, 1999; Wente and Rout, 2010). Proteins destined for
the nucleus possess a NLS, whereas proteins that need to exit the nucleus contain a
nuclear export signal (NES) (Izaurralde and Adam, 1998). To decode the cellular fate of
a given protein, transport receptors specifically recognize and interact with the NES
and/or NLS in their cargo proteins. These transport receptors are responsible for
translocation of their cargo protein through the NPC and are part of the karyopherin
protein family. Well-studied examples are the heterodimeric Importin o/f transport
receptor complex, which recognizes classical mono- and bipartite NLS sequences and
Transportin, which recognizes a PY-NLS present in many RNA-binding proteins (Cook
et al., 2007). PY-NLSs have an N-terminal hydrophobic or basic motif, a basic residue
and a PY-motif at the C-terminus. The overall basic character of this type of NLS
allows binding to negatively charged residues in Transportin (Lee et al., 2006; Cook et

al., 2007).

1.4.2  Regulation of nuclear transport by Ran

During nuclear import, the transport receptor, hereafter referred to as receptor, (e.g.
Importin o/f or Transportin) binds the NLS of a cargo protein. Afterwards, the receptor-
cargo complex interacts transiently with and translocates through the NPC into the
nucleus (Wente and Rout, 2010) (Fig. 4). In the nucleoplasm, the small Ras-like
GTPase Ran (RanGTP) binds to the allosteric site of the receptor, which induces a
conformational change in the cargo-binding pocket of the receptor, resulting in
dissociation of the receptor-cargo complex and release of the cargo protein in the

nucleoplasm (Rexach and Blobel, 1995; Gorlich et al., 1996; Lee et al., 2005) (Fig. 4).
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Receptor and bound RanGTP then recycle through the NPC into the cytoplasm. Upon
hydrolysis of RanGTP to RanGDP in the cytosol, the receptor—RanGDP complex falls
apart, thereby releasing the transport receptor for a further round of nuclear transport

(Cook et al., 2007; Wente and Rout, 2010).

Cytoplasm Nucleus

>' P
=

RanGTP 'a"

Fig. 4. Nuclear import of transport receptors and their cargo proteins. In the cytoplasm the transport

RanGTP

receptor (receptor) interacts with the NLS of a cargo protein (cargo). This interaction enables
translocation of the receptor-cargo complex through the NPC, which spans the NE. In the nucleus the
level of RanGTP is high and binding of RanGTP to the receptor induces a conformational change in the
cargo-binding pocket of the receptor. This conformational change weakens its interaction with the cargo,

thus dissociating the receptor cargo complex and releasing the cargo in the nucleus.

Directionality of nuclear transport is mediated by a concentration gradient of
RanGTP and its regulators (Fig. 4). Cytosolic RanGTPase activating protein (RanGAP)
hydrolyses GTP to GDP, sustaining low levels of RanGTP in the cytoplasm (Bischoff et
al., 1995; Yoneda et al., 1999). In contrast, RanGuanine nucleotide exchange factor
(RanGEF) is mainly nuclear and yields high levels of RanGTP in the nucleus by
converting RanGDP to RanGTP (Bischoff and Ponstingl, 1991; Yoneda et al., 1999).
Low RanGTP concentrations in the cytoplasm allow the formation of the receptor-cargo
complex, whereas high RanGTP concentrations in the nucleus facilitate the dissociation
of the cargo protein from the transport receptor (Izaurralde and Adam, 1998; Cook et
al., 2007; Wente and Rout, 2010). Transport receptors that mediate nuclear export use
an analogous but inverted process. Here, high RanGTP levels in the nucleus facilitate
export-receptor-cargo binding, while low cytoplasmic RanGTP levels allow dissociation
of the exported cargo from the export-receptor (Izaurralde and Adam, 1998; Cook et al.,
2007; Wente and Rout, 2010).
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1.4.3  Arginine methylation fine-tunes nuclear transport of RNA-binding proteins
Nuclear transport can be fine-tuned at several levels, including post-translational
modification of cargo proteins (Terry et al., 2007). Post-translational modifications such
as phosphorylation, ubiquitination, SUMOylation and arginine methylation can induce a
conformational change that alters the accessibility of the NLS or alter the binding
affinities between cargo proteins and transport receptors (Terry et al., 2007; Nicholson
et al., 2009; Nardozzi et al., 2010).

Arginine methylation is a post-translational modification abundant in RNA-
binding proteins, as it can affect not only subcellular localization but also RNA-binding
properties (Pahlich et al., 2006). This post-translational modification does not change
the charge of the modified arginine, but increases its bulkiness and hydrophobicity. In
contrast to other post-translational modifications, arginine methylation is considered
very stable. However, some studies point to regulated methylation/demethylation cycles
(Metivier et al., 2003; Sakabe and Hart, 2010), although no demethylases have been
identified convincingly (Yang and Bedford, 2013).

Protein arginine methyltransferases (PRMTs) catalyze arginine methylation and
promote transfer of a methyl group (CHs") from S-adenosyl methionine (SAM) to the
guanidino (CH6N3+) nitrogen of an arginine (Nicholson et al., 2009; Yang and Bedford,
2013). Three types of arginine methylation are known: monomethylation, symmetric

dimethylation, and asymmetric dimethylation (Yang and Bedford, 2013).
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Fig. 5. Different types of arginine methylation. PRMTs first catalyze the transfer of a methyl group
from SAM to one of the terminal guanidino nitrogens of an arginine, thereby generating monomethyl
arginine. Subsequent addition of a second methyl group to the same terminal guanidino nitrogen results in
asymmetric dimethylarginine. In contrast, symmetric dimethylarginine is formed when a second methyl
group is added to the other guanidino nitrogen.

PRMT1 is responsible for the majority of total protein arginine methylation in
cells. It catalyzes monomethylation and asymmetric dimethylation and has a broad
substrate specificity (Tang et al., 2000; Zhang and Cheng, 2003; Bedford and Clarke,
2009). Known PRMT1 substrates are proteins involved in transcription, splicing and
signal transduction. The methylated arginine is often, but not always flanked by one or
more glycines forming a RGG or glycine- and arginine-rich (GAR) motif (Nicholson et
al., 2009; Thandapani et al., 2013; Yang and Bedford, 2013). Interestingly, all FET
proteins have been described to be asymmetrically dimethylated in their RGG domains
(Belyanskaya et al., 2001; Rappsilber et al., 2003; Ong et al., 2004; Jobert et al., 2009;
Du et al,, 2011). PRMT1-mediated asymmetric dimethylation of EWS and TAF15 has
been described to alter their subcellular localization, their activity as transcription
factors and protein-protein interactions (Young et al., 2003; Araya et al., 2005; Jobert et
al., 2009; Shaw et al., 2009). However, the functional consequences of asymmetric

dimethylation of FUS remain to be elucidated.
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1.5 RNA-binding proteins in stress granules (SGs)

1.5.1 SGs in neurodegeneration
Over the last few years, much attention has been drawn to the connection between SGs
and neurodegenerative diseases. SGs store mRNAs during cellular stress and RNA-
binding proteins attached to these mRNAs are essential components of SGs.
Interestingly, several RNA-binding proteins that localize to SGs have recently been
linked to neurodegenerative diseases.

First, FUS and TDP-43 and were found to localize in SGs (Andersson et al.,
2008; Colombrita et al., 2009; Dormann et al., 2010; Bentmann et al., 2012). Second,
repeat expansion in the ATXN2 gene, encoding the RNA-binding protein Ataxin-2, can
cause spinocerebellar ataxia type 2 and ALS-TDP (Pulst et al., 1996; Elden et al., 2010).
Ataxin-2 is recruited into SGs upon exposure to various stressors (Ralser et al., 2005;
Ariumi et al., 2011; Nihei et al., 2012) and seems to be important for SG formation, as
cells depleted for Ataxin-2 form fewer SGs upon cellular stress (Nonhoff et al., 2007).
Third, mutations in the Angiogenin (ANG) gene have been associated with ALS-TDP
(Greenway et al., 2006; van Blitterswijk and Landers, 2010) and ANG localizes into
SGs upon stress (Pizzo et al., 2013). ANG is a ribonuclease and disease-associated
mutations in ANG are reported to impair subcellular localization and ribonuclease
activity (Greenway et al., 2006; Crabtree et al., 2007). Additionally, cells expressing
ANG-K40I, an ALS-associated variant of ANG, form fewer SGs upon cellular stress
(Thiyagarajan et al., 2012). These are only three examples of RNA-binding proteins
associated with ALS and FTLD that are also detected in SGs, but several recent reviews
extensively discuss this connection in further detail (Wolozin, 2012; Bentmann et al.,

2013; Liet al., 2013; Thomas et al., 2013).

1.5.2  SGs as storage particles of mRNA and proteins

SGs are cytosolic particles that are rapidly formed in eukaryotic cells exposed to
environmental stressors, such as oxidative stress, osmotic shock, thermal stress and viral
infection (Kedersha and Anderson, 2007; Spriggs et al., 2010; Emara et al., 2012;
Hofmann et al.,, 2012; Lloyd, 2012). They transiently store and thereby prevent
translation of poly(A) mRNA encoding housekeeping genes in order to conserve energy
by prioritizing selective translation of proteins necessary for stress adaption (Stohr et

al., 2006). Thus, expression of mRNAs encoding heat-shock proteins (HSPs),
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chaperones and other stress-response proteins is maintained or enhanced, as these
mRNAs use non-canonical translation initiation motifs to circumvent the translational
arrest in SGs (Sherrill et al., 2004; Bornes et al., 2007; Spriggs et al., 2010). Upon
stress, cells start a customized response dependent on cell type and stressor, therefore
mRNA and protein composition of SGs is highly variable (Anderson and Kedersha,
2009b; Emara et al., 2012). Nevertheless, some proteins are core components of SGs
and serve as SG marker proteins as they are not found in other messenger
ribonucleoproteins (mRNPs) such as processing-bodies (p-bodies) or RNA transport
granules (Kedersha et al., 2005; Buchan and Parker, 2009). Some of these SG marker
proteins are components of the 48S pre-initiation complexes consisting of small
ribosomal subunits, eukaryotic translation initiation factors (e.g. elF3, elF4E and
elF4G) and Poly(A)-binding protein 1 (PABP-1) (Kedersha et al., 2002). Furthermore,
SGs contain certain RNA-binding proteins, that can promote SG assembly when
overexpressed, such as Ras-GTPase-activating protein SH3-domain-binding protein
(G3BP) and T cell internal antigen-1 (TIA-1) (Tourriere et al., 2003; Gilks et al., 2004).
Three possible fates for mRNAs in SGs are known: (1) translation re-initiation (often
for mRNAs encoding stress-adaptive proteins), (2) storage as translationally silenced
mRNA or (3) degradation in interacting p-bodies, which contain mRNA decay proteins
(Anderson and Kedersha, 2009a; Buchan and Parker, 2009).

1.5.3 SG formation
Upon cellular stress, eukaryotic cells form SGs via an elF2o-dependent or elF2a-
independent pathway (Fig 6). In the elF2a-dependent pathway, four different
serine/threonine kinases (PKR, PERK, HRI, GCN) serve as sensors for environmental
stress (Anderson and Kedersha, 2008; Buchan and Parker, 2009) (Fig. 6). Upon stress,
these kinases are activated and in turn phosphorylate the alpha subunit of elF2
(Anderson and Kedersha, 2008; Buchan and Parker, 2009). Translation initiation
usually needs elF2a in its unphosphorylated state to initiate translation, thus
phosphorylation of elF2a inhibits initiation of a further round of translation.
Alternatively, chemicals such as hippuristanol and pateamine A induce SG-
formation via the elF2a-independent pathway. Direct binding of pateamine A for
example diminishes the helicase activity of elF4A, which results in translation initiation
inhibition and SG formation (Low et al., 2005; Dang et al., 2006; Mazroui et al.,
2006).When translation initiation is stopped either via the elF2a-dependent or elF2a-
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independent pathway, ribosomes finish their round on the translated transcript and then
“run-off”, as a further round of translation cannot be initiated. The remaining 48S pre-
initiation complex stays bound to the 5"UTR of the mRNA (Fig. 6) (Anderson and
Kedersha, 2008). Although the next step (SG nucleation) is not yet fully understood, it
is assumed that aggregation-prone SG proteins, such as TIA-1, TIAR and G3BP,
associate with the 48S pre-initiation complex and form mRNP oligomers. Subsequently,
crosslinking via PABP-1 and additional protein-protein interactions promote the

assembly of mature SGs (Fig. 6, SG assembly) (Anderson and Kedersha, 2008).
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Fig. 6. SG formation and dissolution. Under normal conditions, several ribosomes bind the circularized
mRNA and translate the mRNA into newly synthesized protein. Cellular stress results in inhibition of
translation initiation and starts SG formation. During SG nucleation, SG proteins (blue) bind to the 48S
pre-initiation complex forming mRNP oligomers. The assembly of mRNP oligomers to SGs is promoted
by crosslinking via PABP-1 and post-translational modifications such as O-glycosylation. During stress
recovery, SG proteins dissociate, ribosomes are recruited to the released mRNA and translation can be re-
initiated. Figure modified from (Bentmann et al., 2013).

Post-translational modifications are known to regulate SG assembly. Besides
phosphorylation of the o-subunit of elF2, O-glycosylation of the small ribosomal
subunit is involved in SG formation, probably by acting as molecular glue between

mRNPs or by facilitating repression of translation initiation by modifying ribosomal
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subunits. Furthermore, arginine methylation is necessary for proper SG recruitment of
several RNA-binding proteins, as it can modify RNA-binding properties and subcellular
localization (see also section 1.5). For example, the RNA-binding proteins Fragile X
mental retardation protein (FMRP) and Cold-inducible RNA-binding protein (CIRP)
localize to SGs when arginine residues within their RGG domains are methylated
(Dolzhanskaya et al., 2006; De Leeuw et al., 2007). Furthermore, PRMTT1 itself is also

recruited into SGs upon arsenite stress (Yamaguchi and Kitajo, 2012).

1.5.4 SG dissolution

When sublethal stress has passed, SG rapidly dissolve during the recovery phase (Fig.
6) thereby releasing sequestered poly(A) mRNAs and SG proteins (Kedersha et al.,
2005). Concomitantly, the large ribosomal subunit binds to the 48S pre-initiation
complex and translating polysomes can be re-formed (Fig. 6). Because 48S pre-
initiation complexes remain assembled during their storage in SGs, translation rates can
rapidly increase upon stress recovery. Dissolution of SGs and recovery of translation is
facilitated by chaperones, thus overexpression of HSP70 accelerates SG dissolution and
enhances translation rate during recovery (Kedersha and Anderson, 2002; Thomas et al.,
2009). Recently, dual specificity tyrosine-phosphorylation-regulated kinase 3 (DYRK?3)
has been shown to be an important regulator of SG dissolution (Wippich et al., 2013).
The active form of DYRK3 promotes SG dissolution, whereas inhibiting the kinase
activity of DYRK3 hampers SG dissolution (Wippich et al., 2013). In addition, the
dynamic equilibrium between SGs and polysomes becomes evident by the use of drugs
(e.g. cycloheximide and emetine) that freeze ribosomes on translating polysomes and
thus prevent SG formation upon cellular stress (Kedersha et al., 2000). In contrast,
polysome-destabilizing drugs such as puromycin, facilitate SG formation (Kedersha et

al., 2000; Chudinova et al., 2012).
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2  Aims of the study

The identification of the RNA-binding proteins TDP-43 and FUS in pathological
inclusions in ALS and FTLD patients together with the detection of disease-associated
mutations in the TARDBP and FUS genes was a major breakthrough in understanding
these devastating neurodegenerative disorders (see also 1.1 — 1.3). As both proteins are
under physiological conditions predominantly nuclear, it was surprising to find
pathological inclusions containing aggregated FUS and TDP-43 in the cytosol, raising
the question how cytosolic TDP-43 and FUS inclusions arise. As both FUS and TDP-43
are detected in SGs upon cellular stress (Colombrita et al., 2009; Dormann et al., 2010),
I hypothesized that pathological inclusions might originate from SGs and that a detailed
analysis of how FUS and TDP-43 are recruited into SGs might give important insights
in the pathomechanisms of FUS- and TDP-proteinopathies.

Thus my major aim was to determine the requirements for SG recruitment of
FUS and TDP-43. Therefore, I analyzed which stressors induce the recruitment of FUS
and TDP-43 in SGs, whether cytosolic mislocalization of FUS and TDP-43 is a
prerequisite for SG localization and whether the sequestration of FUS and TDP-43 can
also be observed in primary neurons. Furthermore, I determined which domains of FUS
and TDP-43 are essential for their SG recruitment and tested whether SG recruitment
correlates with the RNA-binding properties of these domains. Moreover, | examined
how ALS-associated TARDBP mutations affect SG recruitment of TDP-43 or SG
formation in general.

In addition, because FUS inclusions in ALS-FUS contain only FUS, whereas
FUS inclusions in FTLD-FUS contain all FET proteins (Neumann et al., 2011), I aimed
to model this differential protein composition of FUS inclusions in cell culture, in order
to understand the underlying pathomechanisms. To this end, I tested whether general
inhibition of Transportin-mediated nuclear import causes accumulation of all FET
proteins and whether EWS and TAF15 are co-sequestered with mutant FUS in SGs. As
ALS and FTLD patients show a selective degeneration of neurons, I investigated the
localization of mutant FUS in also primary rat neurons. Moreover, I established stress
conditions that evoke SG formation in HeLa cells and primary neurons. Finally, I
determined whether arginine methylation affects nuclear import of EWS and TAF15, as

previously shown for FUS (Dormann et al., 2012; Tradewell et al., 2012).
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3 Results

This chapter is separated in 4 sections according to the studies published in
international, peer-reviewed journals. Each study is summarized independently and if
applicable additional information is shown. In addition, a declaration about my

contributions within these studies is given.

30



Results

3.1  Stress granule recruitment of FUS and TDP-43 depends on RNA-binding

and protein-protein interactions

Bentmann E, Neumann M, Tahirovic S, Rodde R, Dormann D*, Haass C*
Requirements for Stress Granule Recruitment of Fused in Sarcoma (FUS) and Tar
DNA-binding Protein of 43 kDa (TDP-43)

J Biol Chem 2012 Jun 29;287(27):23079-94 Epub 2012 May 4

Several recent studies have demonstrated that FUS and TDP-43 are recruited into SGs
upon different types of stress (Colombrita et al., 2009; Moisse et al., 2009a; Bosco et
al., 2010; Dormann et al., 2010; Liu-Yesucevitz et al., 2010; Dewey et al., 2011; Gal et
al., 2011; Ito et al., 2011; McDonald et al., 2011; Meyerowitz et al., 2011). However,
which domains of FUS and TDP-43 are involved in SG recruitment is currently
unknown. Two mutually not exclusive mechanisms can be considered. First, FUS and
TDP-43 may be recruited to SGs by virtue of their RNA-binding capacity. Second, it is
conceivable that protein-protein interactions might be responsible for localizing FUS or

TDP-43 into SGs.

3.1.1 Stress granule recruitment of FUS

First, I demonstrated that only the cytosolic ALS-associated FUS mutation FUS-P525L
but not wildtype FUS (FUS-WT) is recruited into SGs upon treatment with three
different stressors (44°C heat shock, sodium arsenite or clotrimazole treatment).
Furthermore, I verified that sequestration of FUS-P525L into SGs is not cell type
specific, but occurs in HeLa cells, SH-SY5Y cells and primary rat hippocampal
neurons. After having determined these general aspects of SG recruitment, I tested
which domain(s) of FUS mediate recruitment to SGs.

Upon heat shock, the N-terminal SYGQ-rich domain (termed Q in (Bentmann et
al., 2012)), the glycine-rich RGG1 domain (termed G in (Bentmann et al., 2012)) and
the RRM domain (termed R in (Bentmann et al., 2012)) remained mainly diffuse
cytosolic, but small amounts were recruited into SGs. Only the C-terminal RGG2-ZnF-
RGG3 domain (termed Z in (Bentmann et al., 2012)) was efficiently recruited into SGs,
although to a lesser extent than full-length FUS. Combining the single domains (RGG1
+ RRM + RGG2-ZnF-RGG3) increased the localization to SGs and reached the same
levels as full-length FUS-P525L suggesting that all three domains contribute to SG
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recruitment. In contrast, the SYGQ-rich domain is dispensable for SG recruitment of
FUS, as a construct lacking this domain was recruited into SGs to the same extent as
full length FUS-P525L.

Furthermore I examined whether SG recruitment and RNA-binding of individual
FUS domains correlate with each other. As expected, UG-rich RNA oligonucleotides
were efficiently and selectively bound by full-length FUS. Of the individual domains,
only RGG2-ZnF-RGG3-domain-containing constructs showed binding to the UG-rich
RNA oligonucleotides. Thus the ability to bind RNA correlates with SG recruitment,
suggesting that RNA-binding via the RGG2-ZnF-RGG3 domain plays an important role
in SG recruitment of FUS. In contrast, the RGG1 domain and RRM domain, which
were unable to bind UG-rich oligonucleotides, facilitate SG recruitment probably via

protein-protein interactions.

3.1.2  Stress granule recruitment of TDP-43

To characterize the determinants for SG recruitment of TDP-43, I first examined how
nuclear versus cytosolic localization affects its SG recruitment. In contrast to wildtype
TDP-43 (TDP-WT), TDP-NLS,,., an artificial cytosolic TDP-43 mutant with a mutated
NLS, was sequestered into SGs in HeLa cells, primary rat hippocampal neurons and
SH-SY5Y cells, demonstrating that cytosolic mislocalization of TDP-43 is a
prerequisite for SG recruitment.

Next I analyzed whether ALS-associated TARDBP mutations alter subcellular
localization of TDP-43 as previously reported (Barmada et al., 2010; Liu-Yesucevitz et
al., 2010). However, three different ALS-associated TARDBP mutations (A315T,
M337V, G348C) that were analyzed were all nuclear both in unstressed cells and upon
heat shock, in line with other studies reporting a nuclear localization of TARDBP
mutants (Kabashi et al., 2010; Ling et al., 2010; Voigt et al., 2010). To test whether
TARDBP mutations alter the amount of TDP-43 in SGs once TDP-43 is mislocalized in
the cytosol, the same TARDBP mutations (A315T, M337V, G348C) were introduced
into the TDP-NLS,,« construct. However, all double mutant TDP-43 constructs showed
similar SG recruitment as TDP-NLS,,,,; without an ALS-associated point mutation.

Whether TDP-43 inclusions contain SG marker proteins was under debate, as in
two studies SG marker proteins could not be detected in TDP-43 inclusions (Colombrita

et al., 2009; Dormann et al., 2010), whereas two other studies reported that SG marker
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proteins co-label TDP-43-inclusions (Volkening et al., 2009; Liu-Yesucevitz et al.,
2010). Interestingly, one study demonstrated that depending on the analyzed tissue,
different TDP-43 species are present in pathological TDP-43 inclusions: Spinal cord
inclusions mainly contain full-length TDP-43 and inclusions in the hippocampus and
cortex contain mainly TDP-CTFs (Igaz et al., 2008; Neumann et al., 2009¢c). By
comparing SG marker proteins in TDP-43 inclusions in different tissues, our
collaboration partner Prof. Dr. Manuela Neumann, DZNE and University of Tiibingen,
found that spinal cord TDP-43 inclusions contain full-length TDP-43 and PABP-1, a SG
marker protein. In contrast, hippocampal inclusion containing mainly TDP-CTF did not
co-label with PABP-1. In line with this finding, a construct encoding a C-terminal
fragment of TDP-43 (termed A1-173 in (Bentmann et al., 2012)) failed to be recruited
into SGs in HeLa cells. In addition, NLS,,,+~AC which lacks the C-terminal G-rich
domain (termed G-rich in (Bentmann et al., 2012)), where almost all ALS-associated
TARDBP mutations cluster, was only poorly sequestered into SGs. Additionally, I tested
RNA-binding of different TDP-constructs to possibly correlate RNA-binding with SG-
recruitment. In contrast to TDP-CTF, which lacks the RRM1 domain and showed not
binding to UG-rich RNA oligonucleotides, NLS;,;~AC exhibited similar binding to
these RNA oligonucleotides as TDP-WT and TDP-NLS,,,«. The finding that despite
normal RNA-binding, NLS,~AC showed reduced SG recruitment indicates that
besides RNA-binding TDP-43 requires also other features, probably protein-protein

interactions for efficient SG recruitment.

Contribution to this study:
As first author of this manuscript, I had major conceptual and experimental

contributions. In detail, I established different stressors (heat shock, arsenite,
clotrimazole) in HeLa cells (Fig. 1B; 2 B,C; 4B; 6A; 7A,C; 9B,C; S1, S2A, S4B, S5A,
S7B in (Bentmann et al., 2012)) and heat shock as stressor to induce SG formation in
SH-SYSY cells and primary rat hippocampal neurons (Fig. 1C; 4C; S2B; S5B in
(Bentmann et al., 2012)). Cloning of TDP-NLS,,,;; constructs carrying ALS-associated
TARDBP mutations (Fig.7 in (Bentmann et al., 2012)). Transient transfection of FUS or
TDP-43 constructs in HeLa cells and SH-SYSY cells (Fig. 1B; 2 B,C; 4B; 6; 7; 9 in
(Bentmann et al., 2012)). Immunofluorescence staining and analysis of SG formation
using confocal microscopy in HelLa, SH-SY5Y cells in primary rat hippocampal

neurons (Fig. 1, 2, 4, 6, 7, 9 in (Bentmann et al., 2012)). Quantification of SG
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recruitment of FUS or TDP-43 deletion constructs to heat shock- or clotrimazole-
induced SGs (Fig. 2C; 7C; Fig. 9C in (Bentmann et al., 2012)). Establishment of an
RNA-binding assay and in vifro transcription and translation of [*°S] methionine-
labeled FUS or TDP-43 constructs (Fig. 3; 10 in (Bentmann et al., 2012)). Analysis of
expression levels and quantification of nuclear and cytosolic fluorescence intensities of
TDP-43 constructs carrying ALS-associated point mutations (Fig. 6B,C in (Bentmann et
al., 2012)). Drawing of schematic diagrams and a model figure (Fig. 1A; 2A; 4A; 9A;
11 in (Bentmann et al., 2012)).

Additional unpublished data

As a follow-up to our published study, I addressed whether FUS or TDP-43 are
necessary for SG formation. Therefore I performed siRNA-mediated knockdown of
endogenous FUS (siFUS) or TDP-43 (siTDP) and subjected these cells to clotrimazole
stress. Endogenous FUS levels were efficiently reduced with siFUS compared to cells
transfected with a control siRNA (NT control) (Fig. 7A), however SGs were still
formed normally upon clotrimazole treatment and no obvious difference in SG
formation between cells transfected with NT control or siFUS was observed (Fig. 7B).
Similarly, TDP-43 knockdown did not change the efficiency of SG formation (Fig. 7C,
7D).
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Fig. 7. FUS and TDP-43 are not essential for SG formation. (A) Total cell lysates of cells transfected
with siFUS or NT control, were analyzed by SDS-PAGE and immunoblotting with a FUS-specific
antibody, a-Actin served as a loading control (lower panel). Immunoblots show efficient knockdown of
siFUS-transfected cells. (B) Endogenous FUS was silenced by siRNA-mediated knockdown (siFUS),

non-targeting siRNA (NT control) was used as a negative control; 72 hours post-transfection HeLa cells

were incubated with 20uM clotrimazole for 30 min or left untreated (control). Cells were fixed, stained

35



Results

with FUS (green) and TIA-1 (red)-specific antibodies and nuclei counterstain (DAPI, blue) and analyzed
by confocal microscopy. Panels on the right show a higher magnification of the boxed region (high mag).
FUS knockdown does not alter the formation of TIA-1 positive SGs induced by clotrimazole. Scale bars:
20 um. (C) Immunoblot of endogenous TDP-43 in HeLa cells following transfection with siTDP or NT
control, Tubulin served as a loading control (lower panel). TDP-43 siRNA efficiently silences TDP-43
expression. (D) Endogenous TDP-43 was silenced by siRNA-mediated knockdown (siTDP), a control
siRNA (NT control) was used as negative control. Prior to fixation, cells were incubated with 20 pM
clotrimazole for 30 min or left untreated (control). After staining with TDP-43 (green) and TIA-1 (red) —
specific antibodies, SG formation was examined by confocal microscopy. TDP-43 silencing does not
inhibit formation of TIA-1 positive-SGs. Note, that endogenous (i.e. nuclear) TDP-43 is not sequestered
into clotrimazole-induced SGs. Scale bars: 20 pm.
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3.2 TAF15 and EWS are co-deposited with FUS in FTLD-FUS, but not in ALS-
FUS

Neumann M, Bentmann E, Dormann D, Jawaid A, Dejesus-Hernandez M, Ansorge O,
Roeber S, Kretzschmar HA, Munoz DG, Kusaka H, Yokota O, Ang LC, Bilbao J,
Rademakers R, Haass C, Mackenzie IRA

FET proteins TAF15 and EWS are selective markers that distinguish FTLD with FUS
pathology from amyotrophic lateral sclerosis with FUS mutations.

Brain. 2011 Sep;134(Pt 9):2595-609. Epub 2011 Aug 19.

ALS-associated FUS mutations result in cytosolic mislocalization of mutant FUS
(Dormann et al., 2010). In contrast, no genetic alterations have so far been detected in
FTLD-FUS patients (Neumann et al., 2009a; Urwin et al., 2010; Snowden et al., 2011),
suggesting that mechanisms underlying FUS deposition in FTLD-FUS are distinct from
those in ALS-FUS. Within this study, our collaboration partner Prof. Neumann further
characterized the composition of FUS inclusions in FTLD-FUS and ALS-FUS patient
brain samples. In post-mortem brains of FTLD-FUS patients, TAF15 was consistently
detected in FUS-positive inclusions, whereas EWS was variably co-localized in FUS
inclusions. In healthy controls, all three FET proteins were predominantly nuclear and
no cytoplasmic inclusions were detectable. Interestingly, FUS inclusions in ALS-FUS
were devoid of EWS and TAF15 and both proteins were exclusively detected in the
nucleus. This striking difference in the composition of FUS inclusions between FTLD-
FUS and ALS-FUS -corroborates the hypothesis that the two different FUS-
proteinopathies have different underlying pathomechanisms.

My contribution to this work was to model Prof. Neumann’s neuropathology
data in cultured cells. To this end, I expressed the ALS-associated FUS mutation FUS-
P525L in HeLa cells and tested whether it could sequester endogenous TAF15 and
EWS into SGs. Consistent with the neuropathological findings, recruitment of FUS-
P525L into SGs did not change the subcellular localization of endogenous TAF15 and
EWS, demonstrating that mislocalized, mutant FUS cannot sequester nuclear EWS and
TAF15 to SGs. To test whether a defect in Transportin-mediated import may underlie
the pathological co-deposition of all three FET proteins observed in FTLD-FUS

patients, I expressed a competitive peptide inhibitor of the Transportin pathway called
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MOM (Cansizoglu et al., 2007) in HeLa cells. As all FET proteins contain a PY-NLS, I
speculated that GFP-M9M should not only block nuclear import of FUS as shown in
(Dormann et al., 2010), but also of EWS and TAF15. Indeed, in GFP-M9M-expressing
cells TAF15 and EWS were mislocalized to the cytosol, with EWS being mislocalized
to less strongly and TAF15 being more strongly mislocalized than FUS. In addition,
TAF15 and EWS formed punctate structures that were confirmed to be bona fide SGs
by co-labeling with the SG marker protein TIA-1 (see additional unpublished data, Fig.
8, upper rows). In contrast, GFP expression alone did not alter the subcellular
localization of TAF15 and EWS, leaving TAF15 and EWS nuclear. This data
demonstrates that a dysfunction of Transportin-mediated nuclear import results in
cytosolic accumulation of all three FET proteins, supporting the notion that ALS-FUS
and FTLD-FUS have distinct underlying pathomechanisms. In ALS-FUS, FUS
inclusions are a result of the specific disruption of FUS nuclear import due to a mutation
in the PY-NLS of FUS. In FTLD-FUS, all FET proteins appear to be not properly
imported into the nucleus, suggesting a general impairment of Transportin-mediated
nuclear import. Such a defect could either occur during ageing or could be mediated by
a different mechanism (e.g. post-translational modifications) that selectively inhibits

nuclear import of FET proteins.
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Additional unpublished data
As a follow-up to publication 2, I confirmed that punctate structures observed upon

expression of GFP-M9M in HeLa cells were indeed SGs by co-labeling for TIA-1, a SG

marker protein.

Fig. 8. Expression of GFP-M9M leads to sequestration of EWS and TAF15 into SGs. M9M is a
chimeric peptide designed to bind the nuclear import receptor Transportin with unusually high affinity
and thus competes with natural Transportin substrates. GFP-tagged M9M (GFP-M9M, green) or GFP
alone were expressed in HeLa cells for 24 h. Cells were fixed, stained with EWS or TAF15 (both shown
in red) and TIA-1 (white)- specific antibodies and were analyzed using confocal microscopy. Inhibition of
Transportin-mediated nuclear import causes localization of TAF15 and EWS into SGs. Note that EWS
shows only a mild mislocalization with large amounts of the protein remaining in the nucleus, compared

to the striking mislocalization and nuclear depletion of TAF15. Scale bar: 20 um.
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Contribution to this study:

Immunofluorescence and confocal analysis of EWS and TAF15 localization in HelLa
cells transiently transfected with either HA-FUS-WT or HA-FUS-P525L after heat
shock or control conditions (Fig. 7 A; S3 in (Neumann et al., 2011)). Transient
transfection of a Transportin-specific inhibitor (GFP-M9M) in HeLa cells,
immunofluorescence staining of FUS, EWS and/or TAF15 and analysis via confocal

microscopy (Fig. S3 in (Neumann et al., 2011)).
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33 C-terminal FUS mutations impair Transportin-mediated nuclear import of

FUS

Dormann D, Rodde R, Edbauer D, Bentmann E, Fischer I, Hruscha A, Than ME,
Mackenzie IR, Capell A, Schmid B, Neumann M, Haass C

ALS-associated fused in sarcoma (FUS) mutations disrupt Transportin-mediated
nuclear import.

EMBO J. 2010 Aug 18;29(16):2841-57. Epub 2010 Jul 6.

Most ALS-associated FUS mutations cluster in the C-terminal domain of FUS (Fig. 3)
and result in cytoplasmic mislocalization of the mutant FUS protein (Kwiatkowski et
al., 2009; Vance et al., 2009). Initially, the underlying pathomechanism was unknown.

By investigating the exact pathomechanism of ALS-associated FUS mutations,
Dr. Dormann demonstrated that FUS-WT localizes in the nucleus, whereas the four
tested C-terminal FUS mutants (R521G, R524S, R522G, P525L) were mislocalized to
the cytoplasm in HeLa cells. Intriguingly, the degree of cytosolic mislocalization of
mutant FUS inversely correlated with the age of disease-onset in the ALS-patients
carrying these mutations. As ALS patients present progressive neuronal degeneration,
my contribution to this study was to investigate whether the cytosolic mislocalization of
C-terminal FUS mutants observed in HeLa cells can be confirmed in neurons.
Therefore, 1 analyzed the subcellular localization of FUS-WT and FUS-P525L in
primary rat hippocampal and cortical neurons using confocal microscopy. In line with
the results in HeLa cells, FUS-WT was nuclear, whereas FUS-P525L was redistributed
to the cytosol and neuritic processes. Moreover, I showed that N-terminal FUS mutants
(GI56E, R216C, G225V, R234C, R244C) remained nuclear in HeLa cells and that a
combination of N-terminal mutations with the P525L mutation, did not aggravate the
cytosolic mislocalization of FUS-P525L.

Furthermore, Dr. Dormann determined that Transportin binds the PY-NLS of
FUS and mediates nuclear import of FUS. Notably, upon expression of the Transportin
inhibitor GFP-M9M in HeLa cells and primary neurons, FUS was detected in cytosolic,
punctate structures. Since FUS is an RNA-binding protein (Zinszner et al., 1997; Iko et
al., 2004), we wondered whether the punctate structures are SG and stained with
antibodies against SG marker proteins. For further analyses of the punctate structures, |

established heat shock as a stressor in HelLa cells and Dr. Dormann confirm that all
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cytosolic FUS mutants co-localize with the SG-marker PABP-1. In addition, Prof.
Neumann showed that cytosolic, neuronal FUS inclusions in post-mortem brains of
ALS and FTLD patients were consistently co-labeled with antibodies against the SG
marker proteins PABP-1 and elF4G.

Nevertheless, it is important to note that cytosolic FUS mutants in the absence of
stress show a diffuse cytosolic staining, suggesting that cytosolic mislocalization of
FUS does not per se induce SG formation, but additional stress is needed to recruit
cytosolic FUS in SGs. To test this hypothesis I subjected primary rat hippocampal
neurons expressing wildtype FUS or FUS-P525L to heat shock or left them untreated.
Indeed, FUS-P525L was recruited into SGs only upon heat shock. FUS-WT remained
nuclear after heat shock, even though SGs were formed. These findings suggest that
nuclear transport defects and cellular stress are two subsequent hits in the pathological

cascade of FUS inclusion formation.

Contribution to this study:

Immunofluorescence staining and confocal analysis of primary rat hippocampal and
cortical neurons transiently transfected with HA-FUS-WT, HA-FUS-P525L, GFP or
GFP-M9M, respectively (Fig. 3A; 5A; S3A in (Dormann et al., 2010)). Quantification
of nuclear and cytosolic HA-FUS-WT and HA-FUS-P525L immunofluorescence
intensities (Fig. 3B in (Dormann et al., 2010)). Establishment of heat shock as stressor
to induce SGs in transiently transfected HeLa cells and primary neurons (Fig. 8A,B in
(Dormann et al., 2010)). Cloning of HA-tagged FUS-P525L carrying additional N-
terminal fALS-associated FUS mutation (Fig. S2A in (Dormann et al., 2010)).
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3.4  Arginine methylation modulates nuclear import of FET proteins

Dorothee D, Madl T*, Valori CF*, Bentmann E, Tahirovic S, Abou-Ajram C,
Kremmer E, Ansorge O, Mackenzie IRA , Neumann M, Haass C

Arginine Methylation next to the PY-NLS modulates Transportin Binding and Nuclear
Import of FUS

EMBO J. 2012 Nov 14;31(22):4258-75. Epub 2012 Sep 11.

Nuclear import defects seem to be intimately linked to the pathomechanism of ALS-
FUS and FTLD-FUS. In ALS-FUS, mutations in the FUS PY-NLS impair the
interaction with Transportin, resulting in cytosolic deposition of mutant FUS (Bosco et
al., 2010; Dormann et al., 2010). In FTLD-FUS, only rarely mutations in the FUS gene
are found (Urwin et al., 2010; Snowden et al., 2011; Dormann and Haass, 2013),
therefore a mutant PY-NLS cannot be accused for the pathologic mislocalization of
FUS, but rather a general transport dysfunction has to be supposed. This notion is
supported by the recent detection of the FET proteins EWS and TAF15, two other
Transportin-cargo proteins, in FUS inclusions in FTLD-FUS patients (see also
Publication 2 (Neumann et al., 2011))(Davidson et al., 2013). Interestingly, all FET
proteins were previously shown to be asymmetrically dimethylated in their RGG boxes
(Belyanskaya et al., 2001; Rappsilber et al., 2003; Ong et al., 2004; Jobert et al., 2009;
Du et al., 2011), but the functional consequences of this posttranslational modification
are only poorly understood.

To assess whether arginine methylation affects nuclear transport of FUS, Dr.
Dormann treated cells with the broad methylation inhibitor Adenosine-2,3-dialdehyde
(AdOx) and analyzed the subcellular localization of HA-tagged FUS-WT and four
different ALS-associated FUS mutants. Strikingly, inhibition of arginine methylation
with AdOx prevented cytosolic mislocalization of FUS mutants, i.e. these mutants were
nuclear in AdOx-treated cells. To test whether nuclear transport of all FET proteins is
similarly modulated by arginine methylation, I cloned and expressed wildtype and
artificial cytosolic mutants of EWS and TAF15 in untreated and AdOx-treated HelLa
cells and analyzed their subcellular localization. In untreated cells, all wildtype FET
(FET-WT) proteins were nuclear, whereas the NLS mutants FUS-P525L, EWS-P655L
and TAF15-P591L were localized to the cytoplasm. Upon AdOx-treatment, all FET
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protein mutants were confined to the nucleus, suggesting that inhibition of methylation
affects nuclear import of all FET proteins in a similar manner.

As AdOx is a broad methylation inhibitor, Dr. Dormann aimed to prevent
arginine methylation more specifically and silenced PRMT]1, the major protein arginine
methyltransferase (Bedford and Clarke, 2009; Nicholson et al., 2009) (see also section
1.5). Similar to AdOx, PRMT1 knockdown increased the amount of nuclear FUS-
P525L, suggesting that inhibition of arginine methylation restores nuclear import of
mutant FUS. To test whether Transportin is responsible for nuclear import of mutant
FUS upon inhibition of methylation, Dr. Dormann treated cells expressing GFP-M9M
with AdOx. In these cells, FUS-P525L remained cytosolic despite AdOx-treatment,
confirming that the nuclear re-localization of FUS-P525L upon inhibition of
methylation depends on Transportin. Furthermore, different in vitro binding assays
revealed that both the PY-NLS and the RGG3 domain interact with Transportin and that
arginine methylation in the RGG3 domain of FUS reduces the interaction with
Transportin.

To determine if the co-deposition of Transportin with FET proteins in FTLD-
FUS could be caused by hypomethylation of FUS, Dr. Dormann raised a monoclonal
antibody specific to methylated FUS. Using this antibody, Prof. Neumann determined
that FUS inclusions in ALS-FUS contain methylated FUS. In a HeLa cell line stably
expressing FUS-P525L, which I generated, Dr. Dormann observed that FUS-P525L is
recruited into SGs in the methylated state, thus reflecting the pathology observed in
ALS-patients. In contrast, methylated FUS cannot be detected in FUS inclusion in
FTLD-FUS patients, suggesting that hypomethylation might be involved in the
pathomechanism. This corroborates the hypothesis that both diseases are caused by

distinct pathomechanisms.

Contribution to this study:

Cloning of EWS and TAF15 constructs, transient transfection of HA-tagged FUS, EWS
or TAF15 (WT or cytosolic mutant) into HeLa cells, immunofluorescence staining,
confocal analysis and quantification of nuclear and cytosolic fluorescence intensities
(Fig. 2 (Dormann et al., 2012)). Generation of HeLa cell lines stably expressing HA-
tagged FUS-WT or FUS-P525L by lentiviral transduction (Fig. 8D (Dormann et al.,
2012)). Drawing of a model figure (Fig. 10 B (Dormann et al., 2012)).
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Additional unpublished data

Recently, the identification of 74F15 mutations in sporadic ALS cases was reported
(Couthouis et al., 2011). These TAF15 mutations cluster in the C-terminal ZnF and
RGG3 domain but are not located in the PY-NLS (Fig 3). As mainly arginine and
glycine residues are mutated, I wondered whether these mutations affect the subcellular
localization of TAF15, e.g. by altering arginine methylation of the RGG3 domain and
thus disrupting the interaction with Transportin. To test this hypothesis, I cloned and
expressed TAF15-WT, TAFI15-P591L, and four different ALS-associated TAF15
mutants (M368T, D386N, G391E, G473E) in untreated or AdOx-treated HeLa cells. As
a positive control for AdOx treatment, I used the artificial cytosolic mutant TAF15-
P591L, which indeed became nuclear upon AdOx treatment (Fig. 9, right panel).
However, ALS-associated TAF15 mutants remained predominantly nuclear in untreated
and AdOx-treated cells (Fig. 9, middle panels), demonstrating that ALS-associated
TAF15 mutations do not alter nuclear import of TAF15 mutants and suggesting an

undisturbed interaction with Transportin.
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M368T D386N G391E G473E P591L

Untreated

+AdOx

Fig. 9. ALS-associated 74 F15 mutations do not disturb nuclear localization of TAF15. HA-tagged
TAF15-WT or TAF15 carrying the indicated ALS-associated mutations or a mutation disrupting the PY-
NLS (P591L) were transiently expressed in untreated (upper panels) or AdOx-treated (lower panels)
HeLa cells for 24h. Cells were fixed, stained with an HA (green)-specific antibody and a nuclear counter-
stain (blue) and analyzed by confocal microscopy. ALS-associated TAF15 mutants are nuclear in both
untreated and AdOx-treated cells, suggesting that the mutations do not impair the recognition of the PY-
NLS by Transportin. In contrast, the artificial PS91L mutation disrupts the PY-NLS and results in
cytosolic mislocalization of TAF15; upon AdOx treatment, this mutant is predominantly nuclear,
indicating that methylation modulates nuclear import of TAF15. Scale bar: 20 pm.
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3.5 Additional Publication:
At the 32" Blankenese Conference I won the poster prize which came with the

invitation to write a review for the FEBS Journal.
Bentmann E, Haass C, Dormann D
Stress Granules in Neurodegeneration — Lessons learnt from TDP-43 and FUS

FEBS J2013 Sep;280(18):4348-70. Epub 2013 May 9

Contribution:

Content and writing of the manuscript.
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4 Discussion

4.1  FUS and TDP-43 have similar requirements for SG recruitment

4.1.1 RNA-binding properties are essential but not sufficient for SG recruitment of
FUS
Given the potential importance of SGs in the formation of pathological FUS inclusion, I
set out to determine how FUS is recruited into SGs. Some studies report that transient
overexpression of ALS-associated cytosolic FUS mutants or even FUS-WT is sufficient
to induce SG formation (Andersson et al., 2008; Kino et al., 2010; Gal et al., 2011; Ito
et al., 2011). However, I and others found that upon moderate transient or stable
expression FUS mutants remain diffusely distributed in the cytosol and that additional
stress is needed to induce SG formation (Bosco et al., 2010; Dormann et al., 2010;
Bentmann et al., 2012; Kato et al., 2012). These results suggest that formation of SGs
upon transient overexpression of mutant FUS is most likely due to transfection stress
(Kedersha and Anderson, 2007; Bentmann et al., 2013). Moreover, I tested three
different stressors and investigated if one of these stressors would result in the
localization of FUS-WT into cytosolic SGs as previously described (Andersson et al.,
2008; Blechingberg et al., 2012). However, regardless of which stressor was analyzed,
FUS-WT is confined to the nucleus and does not localize to TIA-1 positive SGs
(Bentmann et al., 2012). In contrast, the ALS-associated cytosolic mutant FUS-P525L
consistently localize in SGs upon treatment with all stressors tested. Thus, cytosolic
mislocalization is a prerequisite for SG recruitment of FUS (Bentmann et al., 2012).
Moreover, I set out to determine in detail which domains are required for SG
recruitment of FUS. Two mutually non-exclusive mechanisms of SG recruitment are
conceivable — (1) RNA-binding and/or (2) protein-protein interactions. My results have
shown that FUS is mainly recruited into SGs via RNA-binding mediated by the RGG2-
ZnF-RGG3 domain (Bentmann et al., 2012) (see model in Fig. 10). In addition, the
RGG1 domain and the RRM domain contribute to SG recruitment of FUS, but show no
RNA-binding to UG-rich oligonucleotides. Form these results I conclude that beside
RNA-binding mediated by the RGG2-ZnF-RGG3 domain, putative protein-protein
interactions mediated by the RGG1 domain and RRM domain facilitate SG recruitment
of FUS (Fig. 10) (Bentmann et al., 2012). Consistent with my data, another group
reported that the RGG2-ZnF-RGG3 domain is the main RNA-binding domain (Iko et
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al., 2004). Nevertheless, it cannot be excluded that the RGG1 and RRM domains bind
to other RNAs that are not UG-rich, as several groups identified additional RNA-
binding motifs of FUS (Lerga et al., 2001; Hoell et al., 2011). In this case, the RGG1
and RRM domains may contribute to SG recruitment also by binding to RNA.

Surprisingly, the N-terminal prion-like SYGQ-rich domain does not seem to
contribute to SG recruitment of FUS, but seems to be entirely dispensable. This is an
unexpected result, as it was reported that the prion-like domain of TIA-1, which shows
homology to the prion-like domain of FUS (King et al., 2012), facilitates SG formation
(Gilks et al., 2004; Furukawa et al., 2009). Moreover, the SYGQ-rich domain of FUS is
aggregation-prone and aggregated FUS binds prion-like domains of other RNA-binding
proteins that are also SG components (Kato et al., 2012). Artificial tyrosine (Y) to serine
(S) mutations within the SYGQ-domain have been reported to disrupt the association of
FUS with SGs (Kato et al., 2012), which at first glance seems to contradict my finding
that the SYGQ-domain is dispensable for SG recruitment. However, the authors of this
study did not co-label for a SG marker protein, so it is impossible to distinguish
between two possible scenarios: First, it might be that Y to S mutations prevent the
reversible transition from soluble to polymeric FUS. This transition might be essential
for the movement in and out of SGs and hence Y to S FUS mutants are not detected in
SGs. Second, the Y to S mutations might create a dominant-negative FUS mutant which
inhibits SG formation in general and therefore Y to S FUS mutants remain diffusely
distributed in the cytosol during cellular stress. My preliminary data provide evidence
for the latter scenario, since I found that cells expressing Y to S FUS mutants have a
strongly reduced number of SGs (data not shown). Although a detailed analysis would
be required to further elucidate the dominant-negative mechanism of these Y to S
mutants on SG formation, these results would give an explanation for the conflicting
results. Nevertheless, one has to be cautious when comparing deletion mutants with
artificial point-mutants, as both deletion of a whole domain and change of several
amino acids in a specific domain might change protein folding. However, as deletion of
the Q domain did not impair RNA-binding of FUS, it seems likely that this deletion
mutant is properly folded and thus comparable to full-length FUS.

Although cytosolic FUS is readily sequestered into SGs, depletion of FUS does
not inhibit SG formation per se (Fig. 7B). These results are in agreement with two other
studies showing that transient FUS knockdown does not change the number of SGs per

cell or the size of SGs (Aulas et al., 2012; Blechingberg et al., 2012). Thus, I conclude

49



Discussion

that FUS is not an essential SG component whose presence is necessary for SG

formation.
[
FUS TDP-43
Protein X |
[ svearich [ R ( [ L [rRrRm1[[RRM2 ] [ G-rich

- UGUGUG | < UGUGUGUG
3 3
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Fig. 10. Model of SG recruitment of FUS and TDP-43. Upon stress, translation is paused and the 48S
pre-initiation complex consisting of the small ribosomal subunit, translation initiation factors and PABP-1
bound to mRNA is transiently stored in SGs. I propose that SG recruitment of FUS and TDP-43 involves
RNA-binding and protein-protein interactions. Both proteins bind UG-rich RNAs via their major RNA-
binding domains (RGG2-ZnF-RGG3 for FUS and RRM1 for TDP-43) and thus might be routed into SG
by the associated mRNAs. Yet, additional domains which showed no binding to UG-rich RNAs, enhance
recruitment of FUS to SGs. These results suggest that additional protein-protein interaction with the
currently unknown proteins X and Y participate in SG recruitment of FUS and TDP-43.

4.1.2 TARDBP mutations do not affect subcellular localization or SG recruitment of
TDP-43

In contrast to C-terminal ALS-associated FUS mutations that are known to disrupt
nuclear import of FUS, the mechanism behind TARDBP mutations is still puzzling.
Some studies claim that TARDBP mutations result in cytosolic mislocalization
(Barmada et al., 2010; Liu-Yesucevitz et al., 2010; Ritson et al., 2010). However, I did
not observe cytosolic accumulation of the three different TARDBP mutations (A315T,
M337V, G348C) tested (Bentmann et al., 2012), consistent with reports from others
(Kabashi et al., 2010; Ling et al., 2010; Voigt et al., 2010; Dewey et al., 2011). These
conflicting results might be due the fact that different studies investigated different
ALS-associated TARDBP mutations or due to different cell types used for the analysis.

50



Discussion

Nevertheless, cytosolic mislocalization does not seem to be a general and obvious
pathomechanism for 74RDBP mutations.

As cytosolic mislocalization is a crucial prerequisite for SG recruitment of FUS,
I speculated that the recruitment of TDP-43 into SGs might also require cytosolic
mislocalization. To test this hypothesis, I analyzed whether TDP-WT localizes in SGs
upon cellular stress. Regardless of which stressor is used, TDP-WT remains nuclear,
although TIA-1 positive SGs are formed. In contrast, TDP-43 with an artificial NLS
mutation (TDP-NLS,,), which is diffusely distributed in the cytosol without stress, is
recruited into cytoplasmic SGs upon exposure to different stressors. This demonstrates
that similar to FUS, also for TDP-43 cytosolic mislocalization is a prerequisite for SG
recruitment.

An alternative pathomechanism of TARDBP mutations could be alterations in
SG formation and kinetics. One study suggested that the ALS-associated mutation they
analyzed (R361S) is a loss-of-function mutation as cells expressing this TARDBP
mutant formed less SGs during stress (McDonald et al., 2011). However, two other
studies reported an increase in SG formation upon overexpression of 7ARDBP mutants,
indicating a gain-of-function mechanism (Liu-Yesucevitz et al., 2010; Dewey et al.,
2011). Yet, I did not observe such effects for three ALS-associated TARDBP mutations
examined, as their presence did not alter the amount of TDP-NLS,,,; sequestered in SGs
(Bentmann et al., 2012). Nevertheless, it cannot be excluded that other TARDBP
mutations, which were not analyzed here, alter SG recruitment of TDP-43 or SG
persistence, disassembly or dynamics.

Additionally, I demonstrated that TDP-43 is not essential for SG formation (Fig.
7D) consistent with the results of two other studies (Colombrita et al., 2009; Liu-
Yesucevitz et al., 2010). In contrast, two other groups reported that depletion of TDP-43
leads to a reduced number of SGs and that the remaining SGs are smaller, however, the
effects are quite small (McDonald et al., 2011; Aulas et al., 2012). Thus, additional
detailed investigation of SG formation and kinetics upon TDP-43 depletion are
necessary to determine whether or not TDP-43 influences SG formation, size or

dynamics.
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4.1.3 TDP-43 is recruited into SGs via RNA-binding and additional protein-protein
interactions

By analyzing SG recruitment of TDP-43 in further detail, I showed that full-length
TDP-43 is rapidly sequestered into SGs upon stress, whereas TDP-CTF is only poorly
recruited to SGs (Bentmann et al., 2012). TDP-CTFs lack the RRM1, which is essential
for binding of TDP-43 to UG-rich RNA oligonucleotides (Buratti and Baralle, 2001;
Bentmann et al., 2012), indicating that RNA-binding is essential for SG recruitment of
TDP-43. Nevertheless, protein-protein interactions may also be involved in SG
recruitment of TDP-43, as a TDP-43 mutant lacking the G-rich domain (NLSyuac) 18
only poorly recruited to SGs. This domain mediates interaction with hnRNP A1l and
hnRNP A2/B1 (Buratti et al., 2005) and possibly other unknown proteins, so it might be
that these protein-protein interactions facilitate SG recruitment of TDP-43 (Fig. 10).

Furthermore, through my collaboration with Prof. Manuela Neumann, I could
resolve controversial results regarding SG markers in pathological TDP-43 inclusions.
Two studies reported a lack of SG marker proteins in pathological inclusions
(Colombrita et al., 2009; Dormann et al., 2010), whereas two others detected SG marker
proteins as consistent components of TDP-43 inclusions (Volkening et al., 2009; Liu-
Yesucevitz et al., 2010). I demonstrated that the co-deposition of SG markers depends
on the analyzed tissue and thus on the TDP-43 species present in TDP-43 inclusions
(Igaz et al., 2008; Neumann et al., 2009¢; Bentmann et al., 2012). TDP-43 inclusions in
the spinal cord containing mainly full-length TDP-43 are SG-marker positive. In
contrast, hippocampal inclusions enriched for TDP-CTFs are SG-marker negative
(Bentmann et al., 2012). This is in accordance with my data in HeLa cells (see above)
where only full-length TDP-43 was efficiently recruited into SGs.

How differences in the composition of TDP-43 inclusions between tissues arise,
why TDP-CTFs are especially enriched in hippocampal inclusions and how TDP-CTFs
are generated is still enigmatic. The absence of SG markers from CTF-containing
inclusions could have two plausible explanations. First, TDP-CTF might be formed by
proteolytic cleavage of full-length TDP-43 present in SGs. Due to lack of RNA-binding
of the newly generated TDP-CTFs, they may dissociate and give rise to SG-marker
negative inclusions. Second, they might be formed independently of SG recruitment of
TDP-43. TDP-CTFs have a higher aggregation propensity than TDP-WT (Li et al.,
2011) and TDP-CTFs induce formation of hyperphosphorylated and ubiquitinated TDP-

43 inclusions in cultured cells over time (Igaz et al., 2009; Nonaka et al., 2009; Li et al.,
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2011). However, further studies are required to unveil which of these scenarios is
correct or whether a completely different mechanism is responsible for deposition of

TDP-CTFs without SG markers.

4.2 FUS inclusions in ALS-FUS and FTLD-FUS vary in their composition

ALS-FUS and FTLD-FUS are both FUS-proteinopathies with characteristic FUS-
positive inclusions and initially it was suggested that they might have a common
underlying pathomechanism. However, significant differences in the composition of
FUS inclusions in ALS-FUS and FTLD-FUS have provided strong evidence that the
two diseases have different underlying pathomechanisms. I demonstrated that upon
expression in HeLa cells, only the ALS-associated FUS-P525L mutant, but none of the
other FET proteins is cytosolically mislocalized and sequestered in SGs upon cellular
stress (Neumann et al., 2011). This can be explained by the fact that only the PY-NLS
of FUS is disrupted by ALS-associated mutations and the PY-NLSs of EWS and TAF15
are still intact. Furthermore, the observation that the FET family members EWS and
TAF15 remain nuclear in HeLa cells expressing FUS-P525L, demonstrates that
cytosolic accumulation of FUS does not co-sequester the other FET family proteins.
Consistently, FUS inclusions in ALS-FUS patients, which carry an ALS-associated
mutation, contain only FUS but not EWS or TAF15 (Neumann et al., 2011).

In sharp contrast to ALS-FUS, pathological inclusions in FTLD-FUS contain all
FET proteins. However, there are some differences between EWS and TAF15. Whereas
the latter is detected in all FUS inclusions in FTLD-FUS, EWS is not consistently found
in theses inclusions and often to a smaller amount than TAF15 (Neumann et al., 2011).
By inhibition of Transportin-mediated nuclear transport in HeLa cells, I could mimic
these neuropathological findings. Upon expression of GFP-M9M, all FET proteins
accumulate in the cytosol (Neumann et al., 2011), however the co-accumulation of
TAF15 with FUS in SGs is much stronger than the co-accumulation of EWS with FUS
in SGs, as a substantial proportion of EWS is still detected in the nucleus and only a
minor extent is recruited into SGs (Neumann et al., 2011). As inhibition of Transportin-
mediated nuclear transport resembles the composition of pathologic inclusions found in

FTLD-FUS patients, the pathomechanism of FTLD-FUS may involve a general
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dysfunction in nuclear import of FET proteins, followed by their sequestration into SGs
(Dormann and Haass, 2011; Neumann et al., 2011; Rademakers et al., 2013).

Interestingly, the nuclear import receptor of FUS, Transportin (Lee et al., 2006;
Dormann et al., 2010), is consistently found in FUS inclusions in FTLD-FUS but not in
ALS-FUS patients (Brelstaff et al., 2011; Neumann et al., 2012; Davidson et al., 2013).
Yet, it is still debated whether Transportin becomes insoluble in FTLD-FUS or not. One
study shows that Transportin becomes insoluble in FTLD-FUS patients whereas in
control patients Transportin remains soluble (Brelstaff et al., 2011). In contrast, another
study could not confirm this result, as they reported that the solubility of Transportin
varies in both FTLD-FUS patients and health controls, thus insolubility of Transportin
could not be linked to FTLD-FUS (Neumann et al., 2012) Further studies are required
to determine whether Transportin is insoluble in FTLD-FUS patients.

The accumulation of Transportin in FUS/FET inclusions might give rise to a
vicious circle in which the deposition of Transportin in FUS inclusions decreases the
availability of Transportin for FUS and possibly other PY-NLS-containing cargo
proteins in the cytosol (Brelstaff et al., 2011). Thus Transportin-mediated nuclear
transport may be derogated and cytosolic accumulation of FUS may steadily increase.
Recent analysis of 13 additional Transportin cargos demonstrated that these cargos are
not co-deposited in FTLD-FUS inclusions. This indicates that a general Transportin
defect that affects multiple PY-NLS cargo proteins, e.g. due to age-dependent decline in
expression or genetic alterations, is not very likely. The fact that some cargos seems to
be correctly imported while others not, rather points to an alternative mechanism, e.g.
posttranslational modifications in specific cargo proteins, that specifically alter the

interaction of these proteins with Transportin.

4.3  FUS mutations in ALS-FUS disrupt nuclear import of FUS

During my collaboration with Dr. Dormann, we were able to unveil that ALS-associated
FUS mutations result in the cytosolic mislocalization of these FUS mutants by
disrupting the interaction between FUS and Transportin in HeLa cells and in primary
neurons (Dormann et al., 2010). FUS directly interacts with both Transportin 1 and
Transportin 2 (Guttinger et al., 2004) and upon knockdown of either Transportin 1 or
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Transportin 2 alone FUS is still efficiently imported (Dormann et al., 2010), suggesting
that the two Transportin isoforms are functionally redundant. Several other studies have
confirmed that ALS-associated FUS mutations cause cytosolic mislocalization of FUS
(Bosco et al., 2010; Kino et al., 2010; Gal et al., 2011; Ito et al., 2011) and that
mutations in the PY-NLS weaken the Transportin-binding affinity of FUS (Niu et al.,
2012; Zhang and Chook, 2012).

Intriguingly, the affinity of FUS mutants with Transportin correlates with the
degree of cytosolic mislocalization of FUS and the age of disease-onset and disease
duration in FUS mutation carriers (Dormann et al., 2010; Niu et al., 2012; Zhang and
Chook, 2012). For example, the P525L mutation, often associated with juvenile-onset
ALS and rapid disease progression (Chio et al., 2009b; Kwiatkowski et al., 2009;
Baumer et al., 2010; Sproviero et al., 2012) decreases Transportin binding by 9-fold
(Zhang and Chook, 2012) and shows a very drastic mislocalization (Dormann et al.,
2010). In addition, FUS truncation mutations lacking the entire PY-NLS have an
unusual early disease-onset and a more severe phenotype compared to most ALS-
associated FUS missense mutations (Waibel et al., 2010; Yan et al., 2010; Belzil et al.,
2011; Yamashita et al., 2012; Waibel et al., 2013), thereby corroborating the correlation
between reduced Transportin affinity, cytosolic mislocalization and disease severity. In
contrast, FUS mutations associated with mid- and late-onset ALS, such as R521C and
R524C, decrease Transportin binding affinity by only 3-fold and 1.4-fold, respectively
(Zhang and Chook, 2012) and show only a mild cytosolic mislocalization (Dormann et
al., 2010). Although FUS mutants have reduced binding affinities compared to FUS-
WT, they are still in the nanomolar range which means that they still, albeit weaker,
interact with Transportin. These remaining binding affinities of many FUS mutants
might explain disease manifestation later in life and the fact that cells transfected with
FUS mutants (Bosco et al., 2010; Dormann et al., 2010; Gal et al., 2011; Ito et al., 2011;
Dormann et al., 2012) or neurons harboring pathological FUS inclusion in FUS-

proteinopathies (Neumann et al., 2009a) still have some nuclear FUS.
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4.4 Aberrant arginine methylation in FTLD-FUS?

ALS-FUS is caused by mutations in the FUS gene; in contrast, FUS mutations were
detected only very rarely in FTLD-FUS, suggesting that another mechanism might
cause cytoplasmic mislocalization of FUS in FTLD-FUS patients. This is also supported
by the different composition of FUS inclusions in ALS-FUS and FTLD-FUS (see
section 4.2). In my collaboration with Dr. Dormann, we demonstrated that arginine
methylation in the RGG3 domain adjacent to the PY-NLS additionally influences the
interaction of FUS with Transportin (Dormann et al., 2012). In general, post-
translational modifications can alter nuclear transport (see section 1.4) (Terry et al.,
2007; Nicholson et al., 2009; Nardozzi et al., 2010), and for example arginine
methylation triggers nuclear localization of several RNA-binding proteins (Cote et al.,
2003; Aoki et al., 2002; Araya et al., 2005)

Inhibition of arginine methylation reverses the cytosolic mislocalization of
several cytosolic ALS-associated FUS mutations, e.g. FUS-P525L, by restoring
Transportin-mediated nuclear import (Dormann et al., 2012). Likewise, cytosolic
mislocalization of artificial cytosolic mutants of EWS and TAF15 is prevented by
inhibition of arginine methylation, pointing to a common mechanism in all FET proteins
(Dormann et al., 2012).

Analysis of FUS inclusions in ALS-FUS and FTLD-FUS elucidated that
antibodies specific for methylated FUS (meFUS) label ALS-FUS inclusions but not
FTLD-FUS inclusions (Dormann et al., 2012). This lack of labeling with meFUS
specific antibodies in FTLD-FUS prompted us to propose that these FUS inclusions are
hypomethylated. As FTLD-FUS inclusions contain all FET proteins (Neumann et al.,
2011), we hypothesize that hypomethylation of all FET proteins is responsible for
overly tight FET-Transportin-binding and thus selective co-deposition of FET proteins
with Transportin in FTLD-FUS. Deposition in the cytoplasm may occur because
Transportin-FET complexes may be unable to dissociate in the nucleus, and instead may
be re-exported into the cytoplasm. Thus, overly tight binding of FET proteins to
Transportin could result to increased levels of FET proteins in the cytosol.

As PRMTI has been shown to methylate all FET proteins (see section 1.3)
(Araya et al., 2005; Pahlich et al., 2005; Jobert et al., 2009; Dormann et al., 2012;
Tradewell et al., 2012; Yamaguchi and Kitajo, 2012; Scaramuzzino et al., 2013), it can
be speculated that PRMT1 is downregulated or mutated in FTLD-FUS patients.
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However, by sequencing PRMT1, PRMT3, and PRMTS in 20 FTLD-FUS patients, no
mutations could be identified, demonstrating that mutations in PRMTs are not a
common cause for the hypomethylation of FET proteins in FTLD-FUS (Ravenscroft et
al., 2013). Furthermore, another PRMT]1-substrate, PABPN1, which has a higher
affinity for Transportin in the unmethylated state than in the methylated state (Fronz et
al., 2011), is not co-deposited with FET proteins in post-mortem brains of FTLD-FUS
patients but shows a normal nuclear staining (Neumann et al., 2012). This suggests that
PRMT1 activity and levels are probably not altered in FTLD-FUS, since one would
then also expect PABPN1 to be hypomethylated and co-deposited in pathological
inclusions. Nevertheless, three different PRMTs (PRMTI1, PRMT3, PRMT6) can
methylate PABPN1 in vitro (Fronz et al., 2008) and it needs to be addressed whether
PRMT3 and PRMT6 can compensate for a loss of PRMT1 in vivo, explaining why
PABPNI1 may not be co-deposited in FTLD-FUS inclusions despite a PRMT1 defect.

4.5 Multiple hit-model for the pathogenesis of FUS- and TDP-proteinopathies

The finding that ALS-associated FUS mutations disrupt the protein’s NLS and result in
cytosolic mislocalization (Dormann et al., 2010) has been an important step in
understanding the pathomechanism of FUS-proteinopathies. However, expression of
FUS mutants in different cell lines or primary neurons results in a diffuse cytosolic
distribution of these mutants (Bosco et al., 2010; Dormann et al., 2010; Kino et al.,
2010; Bentmann et al., 2012) and does not mimic the large pathological FUS-inclusions

observed in ALS-FUS or FTLD-FUS patients (Fig. 11)
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Fig. 11. Diffuse distribution of FUS-P525L in neurons is in stark contrast to aggregated FUS-
inclusions. Without additional exposure to cellular stressors, HA-tagged FUS-P525L is diffusely
distributed in primary neurons (left). This diffuse distribution is in stark contrast to the large cytosolic
aggregates found in patients with FUS-proteinopathies (right). Similar results are also obtained for TDP-
43. Figure with pathological inclusion taken from (Dormann and Haass, 2011).
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From this result, we concluded that FUS mutations alone might not be sufficient to
evoke FUS inclusion formation, but might be rather the first hit in a pathological
cascade, which brings a nuclear protein into the cytosol. Furthermore, we hypothesized
that cellular stress may be the second hit, which brings cytosolic FUS or TDP-43 into
SGs and that SGs might be the origin of the pathological inclusions containing
aggregated FUS and TDP-43. Several studies that found SG marker proteins in
pathological FUS or TDP-43 inclusions support this hypothesis (Fujita et al., 2008;
Volkening et al., 2009; Baumer et al., 2010; Dormann et al., 2010; Elden et al., 2010;
Liu-Yesucevitz et al., 2010; Bentmann et al., 2012). Nevertheless, SGs in cultured cells
are under all stress conditions tested reversible, as they fully disassemble during the
recovery period when cells are not anymore exposed to cellular stress (Fig. 12). Thus,
even though the sequestration of cytosolic FUS or TDP-43 into SGs might be the
second hit in FUS and TDP-proteinopathies, it still does not fully reflect all events in
the pathogenesis of FUS and TDP-43 inclusions.

Stress Recovery

—_—

Fig. 12. Upon stress, FUS-P525L is recruited into SGs, however, these FUS-containing SGs dissolve
after recovery from stress. Upon low level transient expression HA-tagged FUS-P525L shows a
uniform distribution in HeLa cells (left). When cells are exposed to stress, in this case to heat shock, they
readily form SGs and FUS-P525L is recruited into these granules (middle). When sublethal stress has
passed, SGs disassemble, release their components and FUS is again uniformly distributed in the cell
(right). Scale bar: 20 um. Figures taken from (Bentmann et al., 2012).

The results of our group (Dormann et al., 2010; Bentmann et al., 2012) allowed us to
develop a multiple hit model of FUS and TDP-43 inclusion formation (Fig. 13)
(Dormann and Haass, 2011). In this model the first hit is the cytosolic mislocalization of
FUS or TDP-43. The second hit is the recruitment of cytosolic mislocalized FUS or
TDP-43 in SGs upon cellular stress and the third hit is the conversion of reversible SGs

into irreversible pathological inclusions.
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Fig. 13. Multiple hit model of pathogenesis in FUS-proteinopathies and TDP-proteinopathies.
Schematic model displaying how multiple steps might result in FUS or TDP-43 pathology. In this model
the first hit is a nuclear import defect, e.g. by mutations disrupting the NLS or reduced levels of transport
factors, which causes cytosolic mislocalization of FUS or TDP-43. The second hit is cellular stress, e.g.
oxidative stress or thermal stress, which recruits cytosolic FUS and TDP-43 into SGs. As SG assembly is
reversible, SGs dissociate upon recovery from stress and liberate cytosolic FUS and TDP-43. Persistent
stress, dysfunction in SG dissolution or autophagic defects might serve as third hit resulting in insoluble,
irreversible pathological inclusions. Figure taken from (Dormann and Haass, 2011).

4.6 Multiple hits in FUS-proteinopathies

4.6.1 First Hit: Distinct nuclear import defects lead to cytosolic FUS in ALS-FUS and
FTLD-FUS

ALS-FUS and FTLD-FUS have overlapping clinical phenotypes and are characterized
by cytoplasmic and nuclear FUS inclusions that also contain SG marker proteins.

However, some striking molecular differences have been unveiled (Table 2).

Table 2. Similarities and differences between ALS-FUS and FTLD-FUS

ALS-FUS FTLD-FUS

Disease-associated F'US mutations + -
Cytosolic and/or nuclear FUS inclusions + +
Stress granule markers in FUS inclusions + +
Co-deposition of FET proteins and Transportin - +
Methylated FUS in FUS inclusions + -

Although nuclear and cytosolic FUS inclusions were found in ALS-FUS and FTLD-FUS, the lack of FUS
mutations in FTLD-FUS cases and the different protein composition in FUS inclusions in ALS-FUS and
FTLD-FUS indicates a different pathomechanism.
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In ALS-FUS, mutations disrupt the PY-NLS of FUS, therefore mutant FUS accumulates
in the cytoplasm but EWS and TAF15 remain nuclear as their PY-NLS is unaffected
(Fig. 16A) (Dormann et al., 2010; Dormann and Haass, 2013). In FTLD-FUS, FUS and
presumably the other FET proteins are hypomethylated, which results in an overly tight
interaction with Transportin (Dormann et al., 2012). This may cause re-export of the
FET proteins together with Transportin from the nucleus to the cytoplasm and
deposition of the Transportin-FET complexes in pathological aggregates (Fig. 16B)
(Dormann et al., 2010; Dormann and Haass, 2013). Thus, different pathomechanisms
result in cytosolic mislocalization of FUS in ALS-FUS and FTLD-FUS. Nevertheless,
cytosolic mislocalization of this, under normal conditions predominantly nuclear,
protein seems to be an essential first hit in the pathological cascade that leads to FUS

and TDP-43 inclusion formation.

4.6.2 Second hit: Recruitment of cytosolic FUS in SGs

The causes for cytosolic mislocalization of FUS in ALS-FUS and FTLD-FUS are
different, but the consequence is the same. After this first hit, the pathomechanisms of
ALS-FUS and FTLD-FUS converge in the second hit, which is the recruitment of
cytosolic FUS in SGs during cellular stress (Fig. 16C). When 1 transiently transfect
ALS-associated FUS mutants in HeLa cells or neurons, I obtained diffusely distributed,
cytosolic FUS and no obvious aggregation (Dormann et al., 2010). Additional stress,
such as oxidative or thermal stress, is needed to sequester cytosolic FUS into SGs in cell
culture and thus serves as a second hit in the cascade that ultimately leads to
pathological FUS inclusions (Bosco et al., 2010; Dormann et al., 2010; Bentmann et al.,
2012).

In vivo, SGs have been observed upon hypoxia, brain injury and ischemia, e.g. in
muscles of Drosophila (van der Laan et al., 2012) and in brains of rats and mice (Kim et
al., 2006; Moisse et al., 2009b). Remarkably, oxidative stress (Barber and Shaw, 2010),
head injury (Abel, 2007; Chen et al., 2007; Chio et al., 2009a; Gavett et al., 2011),
reduced blood flow (Tanaka et al., 1993; Rule et al., 2010) and chronic viral infection
(De Chiara et al., 2012) have been associated with an increased risk for motor neuron
disease and dementia and might be second hits in vivo in the pathogenesis of ALS-FUS
and FTLD-FUS, driving diffusely distributed FUS into SGs.

Notably, FUS-positive SGs in cells and FUS inclusions in ALS and FTLD share

some important features, corroborating our hypothesis that pathological FUS inclusions
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may arise from SGs. Both are composed of granular fibrils of about 10 nm with
moderate electron density and are non-membrane bound structures (Munoz-Garcia and
Ludwin, 1984; Kedersha and Anderson, 2002; Mosaheb et al., 2005; Souquere et al.,
2009). In addition, certain proteins such as PABP-1, elF4G and TIA-1 and poly(A)-
mRNA are characteristic components of SGs in cell culture (Kedersha et al., 2000;
Kedersha et al., 2002) and were found to be co-deposited in pathological FUS inclusion
in ALS-FUS and FTLD-FUS cases (Fujita et al., 2008; Souquere et al., 2009; Baumer et
al., 2010; Dormann et al., 2010). Nevertheless, some differences exist, as SGs are
dynamic and reversible structures that dissolve upon stress removal (Kedersha et al.,
1999; Bentmann et al., 2012), whereas FUS inclusions are insoluble (Neumann et al.,
2009a). SGs in cell culture are usually multiple small granules, whereas FUS inclusions
in post-mortem brains are much larger and usually only one inclusion per cell is
observed (Neumann et al., 2009a; Dormann et al., 2010). However, during cellular
stress SGs can enlarge and coalesce (Kedersha et al., 2000) and it is conceivable that a

third hit might promote the fusion of SGs to larger insoluble FUS inclusions (Fig. 16D).
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Fig.16. Multiple hit model and distinct pathomechanisms in FUS-proteinopathies. In healthy cells,
methylated FET proteins are confined to the nucleus (upper panel, yellow m: arginine methylation).
Distinct pathomechanisms are suggested to cause cytosolic mislocalization of FUS and FET proteins,
respectively, in ALS-FUS and FTLD-FUS. (A) In ALS-FUS, mutations in the PY-NLS of FUS hamper
the interaction with Transportin, resulting in the cytosolic mislocalization of methylated mutant FUS.
Note that EWS and TAF15 remain in the nucleus. (B) In FTLD-FUS, hypomethylated FET proteins have
increased binding affinities for Transportin and become cytosolic via an unknown mechanism, possibly
by re-export of Transportin-FET complexes to the cytosol. (C) Upon cellular stress, cytosolic FUS (left)
or all FET proteins (right) are recruited in SGs. (D) These SGs are dynamic and fuse. Over time they
might become insoluble and irreversible via an unknown mechanism. Defects in SG disassembly e.g. by
inhibition of DYRK3, chronic stress or autophagic defects can be considered and need experimental

verification.
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4.6.3 Third hit: FUS-positive SGs might be converted into pathological inclusions
How reversible FUS-positive SGs can be converted into insoluble pathological
inclusions in FUS-proteinopathies remains to be elucidated. Four mutually non-
exclusive mechanisms are conceivable.

First, irreversible aggregation of FUS might be induced when critical
concentrations of aggregation-prone RNA-binding proteins are reached within SGs.
Recently, FUS and other RNA-binding proteins that possess a low complexity domain
have been shown to aggregate in a concentration-dependent manner and these
aggregates consist of polymerized amyloid-like fibers (Kato et al., 2012). Alternatively,
RNA might enhance the aggregation as it was shown for Tau and Prion protein
(Kampers et al., 1996; Deleault et al., 2003).

Second, SG dissolution might be impaired, e.g. by chronic inactivation of dual
specificity tyrosine-phosphorylation-regulated kinase 3 (DYRK3) (Wippich et al.,
2013). Kinase activity of DYRK3 is necessary for SG dissolution and release of
mammalian target of rapamycine complex 1 (mMTORC1) from SGs. Thus, inactivation
of the kinase activity of DYRK3 induces SG formation, SG persistence and inhibition
of mTORC signaling (Wippich et al., 2013). Furthermore, reduced levels of heat shock
proteins (Gilks et al., 2004; Mazroui et al., 2007), cellular acidosis (Chudinova et al.,
2012) or chronic stress (Meyerowitz et al., 2011) can impair SG dissolution, resulting in
persistent SGs.

Third, phosphorylation of elF2a is one of the first steps in SG formation and
slows down the rate of translation (Kayali et al., 2005; Jamison et al., 2008; Buchan and
Parker, 2009; Hofmann et al., 2012). Sustained elF2a-phosphorylation and hence
prolonged inhibition of translation initiation was shown to induce cell death, suggesting
that overactive SG formation and/or impairment in SG recovery can cause
neurodegeneration (DeGracia and Hu, 2007; DeGracia et al., 2007; Moreno et al.,
2012).

Finally, SGs have been reported to be cleared by autophagy, indicating that
dysfunction of autophagy might result in persistent SGs (Buchan et al., 2013). VCP is
important for autophagosome maturation (Tresse et al., 2010) and mutations in VCP are
associated with ALS (Watts et al., 2004; Johnson et al., 2010) and a multisystemic
disorder termed inclusion body myophathy, Paget’s disease of bone and frontotemporal
dementia (IBMPFD) (Watts et al., 2004). These mutations impair the formation of

autophagosomes and result in the accumulation of immature autophagic vesicles and
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ubiquitin-positive protein aggregates. Interestingly in cells depleted of VCP, SGs were
shown to persist after stress removal (Buchan et al., 2013). This suggests that SGs are
not cleared when autophagy is dysfunctional and thus might give rise to pathological
inclusions. Interestingly, mutations in proteins with important functions in autophagy
e.g. Optineurin (Maruyama et al., 2010), Ubiquilin2 (Deng et al., 2011) and
SQSTM1/p62 (Fecto et al., 2011) are detected in rare ALS cases. Thus, several pieces
of evidence support a link between autophagic defects and aggregate formation in ALS

and FTLD.

4.7  Possible multiple hits in TDP-proteinopathies

Although my work mainly focused on FUS and FET proteins, there is evidence that the
same multiple hit model can also be applied for TDP-43, which will be discussed in the

following.

4.7.1 First hit: Possible mechanisms that drive TDP-43 into the cytosol
Despite extensive research, the mechanism behind 74ARDBP mutations and the cytosolic
deposition of TDP-43 inclusions in TDP-proteinopathies is still puzzling. To date, 43
TARDBP missense mutations have been identified and almost all cluster in the C-
terminal G-rich domain (Fig. 3) and none of these ALS-associated mutations affects the
classic NLS of TDP-43. An Alanine to Valine (A90V) substitution between the bipartite
NLSs was reported to disrupt nuclear localization of TDP-43 (Winton et al., 2008b), but
this mutation is a genetic polymorphism in TDP-43, as it is also detected in healthy
controls (Guerreiro et al., 2008; Kabashi et al., 2008; Sreedharan et al., 2008; Benajiba
et al., 2009; Corrado et al., 2009). Although some studies claim that 7TARDBP mutations
in the G-rich domain of TDP-43 result in cytosolic mislocalization (Barmada et al.,
2010; Liu-Yesucevitz et al., 2010; Ritson et al., 2010), three TARDBP mutations that I
investigated (A315T, M337V, G348C) remained nuclear when I expressed them in
HeLa cells (Bentmann et al., 2012), consistent with reports from others (Kabashi et al.,
2010; Ling et al., 2010; Dewey et al., 2011). Thus, convincing evidence for the idea that
TARDBP mutations directly disrupt nuclear import of TDP-43 is so far lacking and
other mechanisms for cytosolic mislocalization of TDP-43 have to be considered.

A possible mechanism how cytosolic mislocalization of TDP-43 might arise is

by dysfunction in the Importin o/f pathway. Indeed, a decrease of the nuclear import
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factors cellular apoptosis susceptibility protein (CAS) and Importin a2 was detected in
post-mortem brains of ALS-TDP and FTLD-TDP cases (Nishimura et al., 2010). In
addition, upon axonal injury or cerebral ischemia, importin 8 levels are reduced and
result in TDP-43 mislocalization to the cytosol in mouse brains (Sato et al., 2009;

Shindo et al., 2013).

4.7.2  Second hit: Cytosolic TDP-43 is recruited into SGs upon cellular stress

I found that not only cytosolic FUS, but also cytosolic TDP-43 localizes to SGs upon
exposure to various stressors, such as heat shock or oxidative stress (Bentmann et al.,
2012) and several SG proteins have been identified as TDP-43 interactors (Freibaum et
al., 2010). One study suggested that 7T4ARDBP mutations cause a loss-of-function with
respect to SG formation (McDonald et al., 2011). However, two studies reported more
SG formation upon overexpression of TDP-43 mutants, indicating a toxic-gain-of-
function (Liu-Yesucevitz et al., 2010; Dewey et al., 2011). In my study, I did not
observe increased or reduced localization of mutant TDP-43 in SGs, as the amount of
mutant TDP-43 in SGs was not altered compared to controls (Bentmann et al., 2012).
Nevertheless, I cannot exclude that other ALS-associated 74RDBP mutations that I did

not examine show an effect on SG recruitment of TDP or SG dynamics.

4.7.3  Third hit: Conversion of SGs into TDP-43 inclusions.

Once cytosolic TDP-43 is recruited into SGs, the same mechanisms as described in
4.6.3 for FUS (e.g. chronic stress, dysfunction in dissolution of SGs or autophagic
clearance of SGs) might convert reversible TDP-43-containing SGs into irreversible
inclusions composed of aggregated TDP-43.

Moreover, recent studies have demonstrated that TDP-43 forms aggregates in
vitro through its C-terminal prion-like G-rich domain (Johnson et al., 2009; Furukawa et
al., 2011; Guo et al., 2011). Furthermore, intracellular aggregation of TDP-43 can be
facilitated by addition of fibrillar TDP-43 aggregates prepared in vitro (Furukawa et al.,
2011) or by insoluble TDP-43 isolated from ALS or FTLD patient brains (Nonaka et al.,
2013). Thus, especially for TDP-43 mechanisms such as the unfolded protein response
inhibiting protein misfolding are essential and an age-dependent decline of proteins
involved in protein homeostasis might tip the balance towards TDP-43 aggregation.
Furthermore, mutations in genes coding for proteins involved in the regulation of the

unfolded protein response (Nishimura et al., 2004) or autophagy (Maruyama et al.,

65



Discussion

2010; Fecto et al., 2011) have been identified in ALS patients and might contribute to
the pathogenesis of TDP-proteinopathies (Ling et al., 2013).

Once TDP-43 is trapped in irreversible aggregates, a vicious circle might
exacerbate the situation (Lee et al., 2012). TDP-43 autoregulation is essential to prevent
excessive TDP-43 mRNA production and to sustain cell viability (see also 1.2.2). When
TDP-43 is trapped in aggregates and is not able to autoregulate its own expression, the
consequences are increased TDP-43 levels that in turn might facilitate TDP-43
aggregation. Such a feed forward mechanism might ultimately result in formation of

huge TDP-43 aggregates, loss of nuclear TDP-43 and cell death.

4.8 Alternative scenarios of inclusion formation in neurodegenerative diseases

SG marker proteins have been identified in various neurodegenerative diseases. Not
only FUS or TDP-43 inclusions in ALS and FTLD contain SG proteins, but SG proteins
have been also detected e.g. in Tau or polyQ inclusions in Alzheimer’'s disease
(Vanderweyde et al., 2012), FTLD-Tau (Vanderweyde et al., 2012) and Huntington's
disease (Waelter et al., 2001). Thus, mounting evidence has implicated SGs as
important players in several neurodegenerative diseases. In addition to the multiple hit
model I present in this thesis (sections 4.5 - 4.7), other scenarios can be envisioned that

will be shortly presented in the following.

4.8.1 Aggregation independent of SGs

In an alternative scenario, mutations or altered post-translational modifications may
provoke aggregation of FUS, TDP-43 or other aggregation-prone protein such as Tau,
SOD1 or Huntingtin without initial recruitment of these proteins into SGs. TARDBP
mutations are reported to enhance TDP-43 aggregation in cell culture, yeast and in vitro
(Johnson et al., 2009; Nonaka et al., 2009; Arai et al., 2010; Liu-Yesucevitz et al., 2010;
Guo et al., 2011). In addition, phosphorylation and caspase cleavage further increase the
aggregation propensity of TDP-43 (Zhang et al., 2009; Brady et al., 2011). For FUS,
alterations in arginine methylation of FUS might increase its aggregation propensity, as
shown for other RNA-binding proteins that aggregate and become insoluble when
arginine methylation is reduced (Ostareck-Lederer et al., 2006; Perreault et al., 2007). In
mice expressing mutant SOD1 show an age-dependent increase of SOD1 aggregation in

neuronal tissues that resulted in formation of fibrillar aggregates (Wang et al., 2002a;
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Wang et al., 2002b). These aggregates themselves and/or additional cellular stress might
then initiate SG formation. Subsequently, SGs might secondarily fuse with already
existing protein aggregates and give rise to pathological inclusions containing SG

marker proteins.

4.8.2 Sequestration of nuclear transport factors in SGs

Nuclear transport factors such as Transportin (Chang and Tarn, 2009), Importin B1
(Chang and Tarn, 2009), importin al, a4 and a5 (Fujimura et al., 2010; Mahboubi et al.,
2013) have been shown to be components of SGs. This is an interesting finding, as the
vast majority of ALS cases and half of the FTLD cases are sporadic and are not caused
by mutations in FUS or TARDBP, thus alternative mechanisms of formation of cytosolic
FUS and TDP-43 inclusions have to be supposed. It has been shown that exposure of
cells to oxidative stress or heat shock causes sequestration of Transportin, Importin al,
Importin 04 and Importin a5 in SGs (Chang and Tarn, 2009; Fujimura et al., 2010;
Mahboubi et al., 2013). This may result in reduced levels of free nuclear transport
factors in the cytosol, so that proper nuclear import of FUS and TDP-43 might not be
sustained, resulting in cytosolic mislocalization of FUS and TDP-43. Additional cellular
stress and/or subsequent protein-protein interactions with transport factors captured in
these SGs might recruit cytosolic FUS and TDP-43 into SGs, which then might be

converted into irreversible inclusion by mechanisms discussed in 4.6.3 and 4.7.3.

Concluding remarks

Within the last decade our knowledge about key genes and pathomechanisms of ALS
and FTLD has dramatically increased and mounting evidence supports the notion that
SGs are key players in neurodegeneration. Nevertheless, we are still lacking cell culture
and animal models that resemble features of ALS and FTLD with progressive
neurodegeneration and pathological inclusions. My studies suggest that it might be
important to incorporate different cellular stressors that induce SG formation and are
linked to neurodegeneration into these models (Bentmann et al., 2013). In addition,
further hits such as defects in autophagy or chronic stress may be required to trigger
TDP-43 and FUS pathology and neurodegeneration in existing cell culture and animal

models.
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