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Abstract
The sick and dying neurons in several different neurodegenerative disorders, including
Amyotrophic Lateral Sclerosis (ALS), Frontotemporal dementia (FTLD) and Perry's Syndrome,
are filled with insoluble cytoplasmic aggregates of phosphorylated TAR DNA binding protein 43
(TDP-43). While the mechanisms underlying these TDP-43 proteinopathies have not been
elucidated, it has been suggested that the phosphorylation of TDP-43 is an important part of the
neurodegenerative cascade. In this thesis, I found that overexpression of Casein Kinase 1d (CK1d ) in cells caused phosphorylation and reduced solubility of TDP-43. Proteomic studies showed
that this phosphorylated TDP-43 had a different set of protein partners than did wild type TDP-43.
Phosphorylated TDP-43 mainly locates in the cell's nucleus in this model, and I found that
disruption of TDP-43 nuclear-cytoplasmic transport can facilitate formation of TDP-43
aggregates.

While inhibiting CK-1d may be a viable strategy for preventing the aggregates from forming this
would also prevent CK-1d from phosphorylating its many other substrates besides TDP-43.
Instead, I tried a more selective strategy. I designed interference peptides derived from CK-1d
binding domains or from TDP-43 phosphorylation sites to try to selectively block the interaction
of TDP-43 and CK-1d. The peptide candidates efficiently blocked TDP-43 phosphorylation
induced by CK-1d overexpression. I further assessed the peptide mixture using both in vitro and
in vivo models of cell stress and cell death. In the in vitro studies, the peptide mixture reduced
Ethacrynic acid-induced TDP-43 phosphorylation and aggregation as well as cell death in both
SH-SY5Y cells and in primary cultured neurons. In a mouse in vivo axotomy model, characterized
by a reliable time-specific pattern of TDP-43 phosphorylation and aggregate formation, treatment
iii

with the blocking peptide mixture efficiently promoted recovery of wild type TDP-43 and
phosphorylated TDP-43 solubility in ventral horn motor neurons of the lumbar spinal cord. The
peptide mixture also reduced stress granule formation but did not affect HSP70 nuclear
translocation. Taken together, these results suggest that blocking TDP-43 phosphorylation may be
a useful therapeutic strategy for targeting aggregates that form in several neurodegenerative
diseases.
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Lay Summary

Frontotemporal Dementia (FTD) and Amyotrophic Lateral Sclerosis (ALS) are two devastating
neurodegenerative diseases that exhibit central nerves system symptoms and eventually progress
to death. The protein aggregates in the brain or spinal cord are the prominent features of these two
diseases. However, the underlying mechanisms are still unclear. The key goals of this study are to
investigate the role of TDP-43 proteinopathies in neurodegenerative diseases and further develop
potential therapeutic drugs. In this work, I developed interference peptides that target TDP-43 and
CK-1d interactions which showed blocking effects for TDP-43 phosphorylation and aggregates
forming. This work provides the foundation for the development of potential therapeutic peptide
drugs for treating TDP-43 proteinopathies in neurodegenerative diseases by targeting TDP-43
phosphorylation.
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Preface
Chapter 2 seeks to investigate the underlying mechanisms of TDP-43 phosphorylation and
aggregation. The plasmids pCS2-Myc-CK1δ and pcDNA3.1-FLAG-CK1δ1-317 were the
generous gifts from Dr. Takashi Nonaka. Prof. Max Cynader and Prof. William Jia and I designed
the project and I conducted most of the experiments. For the protein Immunoprecipitation-Mass
Spectrometry analysis, I was responsible for the protein immunoprecipitation part, and the mass
spectrometry analysis of protein partners was conducted in Prof. Leonard Foster’s lab.

Chapter 3 focused on developing the peptides that target TDP-43 phosphorylation. Prof. Max
Cynader and Prof. William Jia and I designed the project and I conducted most of experiments.
Lixia Wang prepared the peptide array membrane and peptide synthesis. Dr. Bin Chen assisted in
constructing the TDP-43 point mutation plasmids.

Chapter 4 seeks to assess the effects of the peptide candidates in several in vitro and in vivo models
for examining cellular stress and cell death. Prof. Max Cynader and Prof. William Jia and I
designed the project and I conducted most of experiments. Wendy Wen prepared the primary
mouse cortical neuron cultures. Dr. Luba Kojic helped in establishing surgery procedures. Dr. Si
Zhang assisted with whole body perfusion and fixation of experimental mice. Xun Zhou assisted
with cryostat slicing of spinal cord tissues. All animal experiments were approved by the Animal
Care Committee of the University of British Columbia (Protocol A18-0221).

A scientific conference presentation:
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Zhu JY, Jia W and Cynader MS (2018) Short interference peptides as blockers for TDP-43
phosphorylation prevent TDP-43 aggregation and cell death. Society for Neuroscience. San Diego.
I presented the data in a poster presentation session.

Chapter 2, 3 and 4 are assembled into a manuscript ‘Development of peptides targeting TDP-43
and CK-1d as potential Amyotrophic lateral sclerosis and Frontotemporal lobar degeneration
therapies’ and will be published soon.
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Chapter 1: Introduction

1.1

Frontotemporal lobar degeneration (FTLD)

Frontotemporal lobar degeneration (FTLD) describes a group of progressive early-onset
neurodegenerative disorders that share the characteristic of neuronal loss predominantly in the
frontal and/or temporal lobes of the brain presenting with deficits in behavior, language and motor
function. FTLD is the third most common form of dementia after Alzheimer’s disease and
dementia with Lewy bodies (Vieira et al., 2013). However, the challenge now is that there are still
no effective disease-modifying drugs available for treatment.

1.1.1

History and Clinical features

In 1892, the first detailed clinical and neuropathological descriptions of a patient with
frontotemporal lobe atrophy were made by Arnold Pick (Pick 1892; Pick 1904). Later, Alois
Alzheimer recognized the symptoms attributable to frontal and temporal lobe dysfunction were
associated with Pick bodies and named the disease as Pick’s disease according to the
clinicopathological features (Alzheimer, 1911). Since then, many clinical presentations compatible
with FTLD have been reported and led to the formulation of consensus criteria for clinical
diagnosis (Brun et al., 1994).

The general clinical features of frontotemporal lobar degeneration (FTLD) manifest as significant
changes in interpersonal conduct and personal behavior, emotional reactivity, motor function, and
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deficits in both expressive and receptive language (Sivasathiaseelan et al., 2019). It is a major
early-onset dementia that mostly prevalent in populations between ages of 45–65 years. According
to the clinical presentations, FTLD is subdivided into a behavioral subtype and language subtype,
then further classified into three clinical variants: behavioral variant of FTLD (bvFTD), semantic
variant of primary progressive aphasia (svPPA) and non-fluent variant of primary progressive
aphasia (nfvPPA).

About half of the FTLD cases are the behavioral variant that present with early behavioral and
executive deficits (Kurz et al., 2014). Besides the imaging evidence of frontal or anterior atrophy
on magnetic resonance imaging (MRI) or computed tomography (CT), the diagnostic criteria of
possible bvFTD need to meet three or more of these symptoms: 1. Behavioral disinhibition 2.
Apathy or inertia 3. Loss of sympathy or empathy 4. Stereotypical, compulsive, or perseverative
behavior 5. Hyperorality or dietary changes 6. Executive deficits with relative sparing of
visuospatial skills 7. Memory (Rascovsky et al., 2011).

Exhibiting language dysfunctions at the initial phase of the disease is the primary feature of the
language subtype of FTLD. The differential diagnosis should differentiate from other
neurocognitive disorders, psychiatric conditions and neurodegenerative processes, especially
Alzheimer’s disease (AD) (Mesulam, 2001). Imaging supported diagnosis shows predominant
temporal lobe atrophy or predominant temporal hypoperfusion and hypometabolism. The patients
with impaired confrontation naming and single-word comprehension are defined as the semantic
variant of PPA (svPPA). The diagnosis of svPPA should also meet at least three of the following
criteria: 1. Impaired object knowledge 2. Surface dyslexia or dysgraphia 3. Spared repetition 4.

2

Spared speech production. The other language subtype is non-fluent variant primary progressive
aphasia (nfvPPA) which is characterized by agrammatism in language production and/or apraxia
of speech. The diagnosis of nfvPPA should also meet at least two of the following criteria: 1.
Impaired comprehension of complex sentences 2. Spared single-word comprehension 3. Spared
object knowledge (Gorno-Tempini et al., 2011). The behavioral changes in the language subtype
may occur when the disease spreads from the temporal lobes into the orbitofrontal cortex (Seeley
et al., 2005).

The clinical symptoms are paralleled with specific brain region dysfunctions. In relation to the
disease progression, motor symptoms develop most often in bvFTD with upper motor neuron signs
and lower motor neuron signs but rarely in svPPA and nfvPPA (Le Ber et al., 2006).

1.1.2

Pathological findings of FTLD

The most remarkable pathological features of FTLD are the neuronal loss, gliosis, and
microvacuolar changes in the frontal lobes, anterior temporal lobes, anterior cingulate cortex and
insular cortex (Mackenzie et al., 2010). The molecular pathologies classified frontotemporal lobe
degeneration (FTLD) into distinct subtypes based on the respective abnormal protein deposition,
including FTLD-tau, FTLD-TDP and FTLD-FUS. These three types cover almost all
frontotemporal lobe degeneration with very few cases present ubiquitin-only or p62-only positive
inclusions or no inclusions at all (Mackenzie et al., 2010).
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FTLD-TAU accounts for approximately 40% of frontotemporal lobe degeneration (FTLD) cases
which is defined by hyperphosphorylated tau inclusions in neurons and glia (Hock and
Polymenidou, 2016). The native tau protein is abundantly expressed in human neurons and its
function is to regulate axonal transport, microtubule formation and stabilization (Clavaguera et al.,
2013). Tau protein is misfolded under pathological conditions, making it more accessible to protein
kinases and less to protein phosphatases. Hyperphosphorylation promotes tau dissociating from
microtubules and accumulating into pathogenic tangles in the cytoplasm (Bodea et al., 2016;
Tripathi et al., 2019). Synaptic abnormalities and neurotoxicity are the consequences of tau
dysfunction that further contribute to neurodegeneration (D'Souza and Schellenberg, 2005;
Clavaguera et al., 2015).

FTLD-TDP has been revealed as the most frequent pathological subtype soon after TDP-43 was
recognized as the major component of the tau-negative, ubiquitin-positive cytoplasmic inclusions
in affected neurons in nearly 50% of patients with FTLD (Arai et al., 2006; Neumann et al., 2006).
TDP-43 is a DNA/RNA binding ribonucleoprotein which is mainly involved in transcriptional
repression, splicing regulation, RNA metabolism and processing (Ou et al., 1995; Buratti et al.,
2001a, b; Lagier-Tourenne et al., 2010). According to the patterns of TDP-43 inclusions and
cortical association, FTLD-TDP is subdivided into Types A, B, C, and D. Type A describes
neuronal cytoplasmic inclusions and dystrophic neurites with immunoactive TDP-43
predominantly located in the second layer of the cortex. Type B features neuronal cytoplasmic
inclusions but the TDP-43 aggregates distribute in the superficial and deeper cortical layers. Type
C has abundant dystrophic neurites, often with a corkscrew appearance throughout all cortical
layers. Type D is characterized by numerous neuronal intranuclear inclusions, dystrophic neurites
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and infrequent neuronal cytoplasmic inclusions (Cairns et al., 2007; Neumann et al., 2007;
Mackenzie et al., 2011).

The last major subgroup, FTLD-FUS, describes cases with fused in sarcoma (FUS) protein positive
inclusions which are tau and TDP-43 negative, ubiquitin positive comprising about 5–10% of
FTLD cases

(Neumann et al., 2009a). FUS is a multifunctional DNA/RNA-binding

ribonucleoprotein that belongs to the FET family (Bertolotti et al., 1996). FUS is functionally
similar to TDP-43 in that it has been implicated in transcriptional repression, splicing regulation,
and micro-RNA processing (Lagier- Tourenne et al., 2010). FUS predominantly localizes to the
nucleus in the healthy neurons whereas it redistributes to the cytoplasm under the pathological
conditions (Mackenzie et al., 2010). Most FTLD-FUS are associated with behavioral-variant
frontotemporal dementia (bv-FTD) and FUS- immunoreactive inclusions are accumulated in the
dentate gyrus with severe striatal atrophy (Mackenzie et al., 2008; Mackenzie et al., 2011).

1.1.3

Genetics of FTLD

The heritability of FTLD is complicated in that it is not purely autosomal dominant like
Huntington’s disease (HD), but family history is more common in FTLD than other
neurodegenerative diseases (Po et al., 2014). 30%~ 40% of FTLD cases are reported as familial
and around 10% have a certain autosomal dominant history (Rohrer et al., 2009). Mutations in
three major genes (MAPT, GRN and C9orf72) have been found in approximately 30% of familial
FTLD (Le Ber, 2013; Goldman et al., 2011; Ferrari et al., 2019; Greaves and Rohrer, 2019).
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MAPT gene mutations were identified as the first recognized monogenic cause of inherited
frontotemporal dementia which were typically associated with bvFTD subtype and occurred in 510% of all FTLD (Hutton et al., 1998; Greaves and Rohrer, 2019). A high portion of mutations in
the MAPT gene exist in exon 10, yielding different conformational protein products. Biochemical
studies revealed that these mutations could change microtube binding ability and increase the
likelihood of forming inclusions (Spillantini and Goedert, 2013). In studies of FTLD clinical
presentations, MAPT cases were associated with relatively early onset when compared with other
FTLD cases. Besides, behavioral disorders combined with semantic impairment strongly predicted
MAPT mutations (Pickering-Brown et al., 2008).

GRN gene mutations account for around 5–20% of the FTLD population (Mackenzie and
Neumann, 2016). Most mutations cause exon deletions, premature stop codons, splice site, or
frameshift that result substantial, but not total functional progranulin loss in the serum and
cerebrospinal fluid (Gijselinck et al., 2008; Shankaran et al., 2008). bvFTD is the most common
clinical presentation in patients with GRN mutations whereas nfvPPA is less common (Moreno et
al., 2009). Neuropsychiatric symptoms and early language involvement have been shown more
frequently in patients with GRN mutations rather than in patients with MAPT or C9orf72
mutations (Moreno et al., 2009; Woollacott and Rohrer, 2016).

C9orf72 expansion mutations are the most common cause of genetic FTLD worldwide, accounting
for about 25.9% of familial cases of FTLD. In the C9orf72 gene, a hexanucleotide repeat region
locates either in the promoter or intron 1 can produce transcript variants with abnormal GGGGCC
expansions (DeJesus-Hernandez et al., 2011; Renton et al., 2011). The accumulation of these
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abnormal transcripts as nuclear RNA foci in the frontal cortex and spinal cord of patients favors a
toxic RNA gain of function disease mechanism (DeJesus-Hernandez et al., 2011; Gendron et al.,
2013). In clinical pathologic findings, C9orf72 expansion mutations were highly associated with
TAR DNA-binding protein (TDP-43) pathology which indicated the involvement of C9orf72
expansion mutations in motor neuron dysfunctions in neurodegenerative diseases, like ALS and
FTLD. Accordingly, FTLD patients with C9orf72 expansion mutations predominantly presented
as bvFTD and/or motor neuron disease but rarely with language decline (Patel and Sampson,
2015).

With the increased understanding of FTLD genetics, patients with other gene mutations have been
reported and identified as rare causes, including mutations in VCP,

TDP-43, CHMP2B,

FUS, TBK1, OPTN etc. (Pottier et al., 2015; Rohrer et al., 2011; Mackenzie et al., 2017; Floris et
al., 2015; Lattante et al., 2013; Clayton et al., 2015).

1.2

Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS) is a late onset fatal neurodegenerative disease mostly
affecting upper and lower motor systems which leads to rapid progression to paralysis and death
within 2-3 years after onset. Traditionally, ALS has been classified into sporadic ALS and familial
ALS. While the genetic causes and multiple underlying mechanisms have allowed for a greater
understanding of this disease, ALS is still not fully understood and the clinical treatment of ALS
is still limited to glutamate release inhibition and symptomatic therapies.
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1.2.1

History and Clinical features

Amyotrophic lateral sclerosis (ALS) was first described by Charcot who has begun to use the term
amyotrophic lateral sclerosis in 1874. (Charcot and Joffroy, 1869). Through post-mortem findings,
he and his colleagues observed lesions in different regions of spinal cord correlating with distinct
clinical presentations, typically, lesions within the anterior horn of spinal cord were associated
with paralysis and atrophy of muscles, whereas lateral column lesions resulted in chronic
progressive paralysis without atrophy. In recent years, there is accumulating evidence has shown
more extensive involvement of the CNS rather than previously recognized as only spinal cord.
Indeed, upper motor neurons (UMNs) in the motor cortex, lower motor neurons (LMNs) in the
brainstem and spinal cord are all the targets in ALS cases. Occasionally, frontal cortex is involved
as well.

The general clinical presentations of ALS are related to the rapid development of progressive
motor deficits, displaying as loss of voluntary motor strength and muscle atrophy throughout the
body. The disease is often classified by the pattern of onset according to the affected motor neuron
subtypes (Geevasinga et al., 2016; Grad et al., 2017). The two major types are bulbar onset and
limb onset which account for 33% and 66% of classic ALS respectively (Swinnen and Robberecht,
2014). Bulbar onset ALS is characterized by progressive dysarthria, difficulty swallowing and
often with associated emotional lability. Some patients develop limb features later in the
progression of the disease. This type presents with both bulbar upper motor neuron signs and lower
motor neuron signs. The bulbar UMN signs primarily show as spastic dysarthria often with a nasal
quality and bulbar LMN signs include tongue wasting, weakness, fasciculations and later
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dysphagia. The limb onset ALS is usually asymmetrical and presents with a combination of upper
motor neuron signs and lower motor neuron signs in the affected upper or lower limb including
spasticity, weakness, brisk deep tendon reflexes and fasciculations, wasting, and weakness
(Ferguson and Elman, 2007). The less common forms of ALS included in El Escorial criteria are:
primary lateral sclerosis with exclusive upper motor neuron degeneration and progressive spinal
muscular atrophy with pure lower motor neuron involvement (Agosta et al., 2015). The survival
time of ALS mostly depends on the onset of respiratory signs. Notably, 5-15% of classic ALS
patients have co-present signs of cognitive or behavioral changes that fulfill the diagnostic criteria
for FTLD. The shared pathophysiological mechanisms may partially explain the overlap of these
two neurodegenerative diseases.

1.2.2

Genetics of ALS

Most cases of ALS are sporadic whereas familial cases only account for 10% of ALS cases. In the
studies of genetic causes, more than 20 genes have been reported to associate with familial ALS
and the most common presumably pathogenic mutations have been identified within genes:
C9orf72 (40%), SOD1 (20%), FUS (1–5%), and TARBDP (1–5%) (Renton and Traynor, 2014).
The known ALS genes could explain about 70% of familial ALS cases and about 15% of sporadic
ALS cases making us better understand the cause of familial ALS than sporadic ALS (Van Es et
al., 2017).

Mutations in SOD1, the first identified causative ALS gene, account for 12~23.5% of familial ALS
and ~7.3%of sporadic cases in Caucasians, and 25.33% of fALS and 1.45% of sALS in Chinese
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patients (Rosen et al., 1993; Andersen, 2006; Wei et al., 2017). Until recently, more than 180
mutations in SOD1 gene have been discovered (http://alsod.iop.kcl.ac.uk) since the first one linked
to ALS in 1993. To date, the most common mutations in SOD1 gene are D90A, A4V and G93A
(Andersen, 2006). Current understanding of genetic ALS links mutations to production of a
misfolded and aggregated form of SOD1 protein acting as a gain of function in toxicity (Bruijn et
al., 1997a,b; Bruijn et al., 1998). The mutant SOD1 (G93A) transgenic mice which recapitulated
most features of ALS showed proximal axonal loss, motor impairment and hindlimb weakness
(Fischer et al., 2004; Fischer and Glass, 2007). Wildtype SOD 1 is an antioxidant enzyme that
protects cells from the damaging effects of superoxide radicals. In the transgenic SOD1G93A mice
model, elevated free radical levels were detected in spinal cord suggested a loss of function
(Bogdanov et al., 1998; Liu et al., 2002). However, not every mutant SOD1 transgenic mouse
shared the same phenotype, suggesting that each mutation may contribute to ALS through varying
mechanisms (Gurney et al., 1994; Wong et al., 1995; Bruijn et al., 1997). Generally, investigations
on SOD1 mutant transgenic mice have revealed disease mechanisms downstream of mutant
SOD1-induced toxicity including axonal transport defects, glutamate-mediated excitotoxicity,
mitochondrial dysfunction, delayed stress granule formation, neuroinflammation and apoptosis
(Bruijn et al., 1997b; Wong et al., 1995; Gal et al., 2016; Küst et al., 2003; Zetterström et al.,
2007).

Mutations in the C9orf72 gene account for about 40% of familial ALS and 10% of sporadic ALS
cases. The mutations are characterized by hexanucleotide repeat expansions in the promoter region
or intron 1 (Renton and Traynor, 2014). Normally, most individuals have less than 11
hexanucleotide repeats in the C9orf72 gene (Rutherford et al., 2012). However, large expansions
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ranging from hundreds to thousands of repeats are most commonly observed in ALS patients
(Simón-Sánchez et al., 2012; Beck et al., 2013). The function of the C9orf72 gene coded protein
has yet to be fully elucidated. Therefore, more attention needs to be given on hexanucleotide repeat
expansions. In bioinformatic analysis, both sense and antisense transcripts exist at the C9orf72
locus and abundant sense and antisense RNA foci have been found in C9FTLD cases using the
RNA fluorescence in situ hybridization (FISH) method (Mizielinska et al., 2013). Besides the
effects of RNA toxicity, the transcribed repeat expansion can be translated into five different
dipeptide repeat proteins (DPRs) -- poly-GA, poly-GP poly-GR, poly-PA and poly-PR via a nonATG translation dependent pathway (Gendron et al., 2013; Ash et al., 2013). These DPRs most
commonly form neuronal cytoplasmic inclusions, but also localize to neurites (Saberi et al., 2018).
Studies in cell models indicated that poly-GR and poly-PR were extremely toxic and poly-GA was
also toxic but exerted less toxicity (Jovičić et al., 2015; Kwon et al., 2014; Flores et al., 2016).
Since the decreased expression of one or more of the C9orf72 transcript variants have been found
in C9orf72 expansion carriers when compared with controls, the loss of function hypothesis has
been proposed due to this phenomenon (Shi et al., 2018; Waite et al., 2014). Knock down of
C9orf72 in human cells specifically inhibited autophagy induction and further promoted
accumulation of p62 and cytoplasmic aggregation of TDP-43 which was consistent with the
pathological findings of ALS (Webster et al., 2016; Sellier et al., 2016). However, none of the
C9orf72 knockout mice manifested motor or behavioral phenotypes but rather showed immune
system dysregulation, suggesting that C9orf72 is not an essential component of the autophagy
pathway that mediates neuronal survival and that loss of function is insufficient to recapitulate
disease (Koppers et al., 2015; Sudria-Lopez et al., 2016; Burberry et al., 2016).
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In 2008, mutations in TARDBP gene were identified as a not common cause that totally account
for 5–10% of familial ALS cases and approximately 1.5% in sporadic ALS cases (Sreedharan et
al., 2008; Kabashi et al., 2008; Van Deerlin et al., 2008). Most of the mutations appear in the exon
6 which encodes the C-terminal glycine-rich region of the TDP-43 protein. Among these
mutations, D169G, A315T, Q331K, M337V, and G348C are most frequently tested in the
functional studies. The effects of mutations are not consistent, instead of directing to specific
disease features, such as mutants A315T and M337V had shorter half-lives than wild type TDP43 (Barmada et al., 2014); Mutants D169G and K263E possessed longer half-lives but resisted to
aggregation (Austin et al., 2014); Mutant Q343R accelerated aggregates forming and had increased
toxicity (Johnson et al., 2009; Nonaka et al., 2009). In these studies, the most consistent
dysfunctional effects of the various mutations were related with aberrant aggregation properties,
abnormal cytoplasmic localization, half-life and altered protein-protein interactions. Even though
some mutations have been widely studied, they have been described only in a few clinical cases.

Soon after the mutations in TARDBP were discovered, another RNA binding protein, Fused in
Sarcoma (FUS), was linked with ALS (Kwiatkowski et al., 2009; Vance et al., 2009) and mutations
in FUS was found to account for approximately 5% to 10% of fALS and less than 1% of sALS
cases. Most mutations of FUS locate within the last 12 amino acids of its C-terminal region which
is similar with TDP-43 (Sleegers and Van Broeckhoven, 2009). Remarkably, FUS mutations have
shown a high frequency with a juvenile onset of the disease including: G466V, G472V, R495Q,
G504W, P525L etc. (Bäumer et al., 2010; Belzil et al., 2012; Conte et al., 2012; Zou et al., 2013).
The normal function of FUS is involved in multiple processes related to cellular RNA metabolism,
RNA binding, splicing, and the nuclear‐cytoplasmic RNA transport (Ratti and Buratti, 2016).
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Studies on mutant FUS showed that it was abnormally recruited to stress granules with oxidative
insults and it was involved in Gems formation in the nucleus (Tradewell et al., 2012; Bosco et al.,
2010; Yamazaki et al., 2012). However, the major FUS pathological features in ALS cases are the
dysfunction of wild type FUS involving cytoplasmic redistribution, localization in protein
aggregates and motor neuron degeneration (Mackenzie et al., 2010; Mitchell et al., 2013).

Besides mutations in SOD1, C9orf72, TARDBP and FUS, mutations were also found in genes
such as valosin ‐ containing protein (VCP), optineurin (OPTN), ubiquilin 2 (UBQLN2),
polymorphisms in sequestrosome 1 (SQSTM1, p62), TANK‐binding kinase (TBK1), angiogenin
(ANG), vesicle associated membrane protein B (VAPB), Charged multivesicular body protein 2B
(CHMP2B), Sigma 1 receptor (SigR1), senataxin (SETX) and matrin 3 ((MATR3) etc. (Williams
et al., 2012; Fecto et al., 2011; Greenway et al., 2006; Yang et al., 2001; Nishimura et al., 2004;
Maruyama et al., 2010; Al-Saif et al., 2011; Le Ber et al., 2015; Cox et al., 2010; Zhao et al., 2009;
Johnson et al., 2014). These mutations all together are responsible for around 10% of familial ALS
and about 4%–9% of sporadic ALS.

1.2.3

Pathological findings and pathogenesis of ALS

The pathological hallmark of the disease is the cytoplasmic aggregation and accumulation of
ubiquitinated protein inclusions in motor neurons surrounded by microglia. In the inclusions, TDP43 is the major protein deposit that occurs in approximately 97% of ALS cases suggesting its
pivotal role in ALS pathology (Neumann et al., 2006). TDP-43 proteinopathies include
cytoplasmic redistribution, protein truncation, ubiquitinated and hyper-phosphorylated protein
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aggregation which are shared by several neurodegenerative diseases (Hasegawa et al., 2008; Inukai
et al., 2008). Other proteins in the inclusions in ALS cases are p62, FUS, OPTN, UBQLN2,
ATXN2, poly dipeptide repeat proteins generated by C9ORF72 intronic repeat expansions (Deng
et al., 2010; Hortobágyi et al., 2011; Williams et al., 2012; Farg et al., 2013; Mori et al., 2013).
Remarkably, most patients with proteinopathies are not mutation carriers indicating a general
pathological role of disease related proteins in ALS.

Neuroinflammation is a prominent pathological finding in ALS cases which is characterized by
microglial activation, astrogliosis, and infiltration of monocytes and T-cells. At the early stages of
ALS with microglia responding, neuroprotective factors are released to repair motor neurons. As
disease burden increases, signals released from motor neurons induce pro-inflammatory cytokines
release to accelerate injury (Zhao et al., 2013). According to these observations, therapeutic
drugs with anti-inflammatory mechanisms have been tested in clinical trials (Cudkowicz et al.,
2006; Lauria et al., 2015; Meininger et al., 2009). Unfortunately, all anti-inflammatory
therapeutics have failed in advanced-stage clinical trials even though they have demonstrated
preclinical efficacy in the SOD1 rodent models.

Glutamate-induced excitotoxicity has been implicated in ALS pathogenesis (Heath and Shaw,
2002). In post-mortem ALS tissue, abnormalities of glutamate metabolism have been observed
including altered synthetic enzymes, tissue glutamate levels, transporter proteins and postsynaptic
receptors (Rothstein, 1995). Glutamate is the major excitatory neurotransmitter in the central
nervous system. It causes neuroexcitotoxicity through binding to postsynaptic receptors and can
incite neurodegeneration through activation of calcium- dependent enzymatic pathways (Meldrum
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and Garthwaite, 1990). The glutamate antagonist, riluzole, is one of the few FDA approved drugs
for ALS therapy and has been shown to slow the progression and increase survival of amyotrophic
lateral sclerosis patients by 2-3 months (Gaber et al., 2016). However, the precise molecular effects
of riluzole are highly complex and still not very clear that explaining the failure in the clinical
trials of other molecules which specifically target glutamatergic transmission. Overall, antiglutamate is best described as a weakly effective strategy in ALS treatment or at least responsible
for only part of the disease development.

In ALS patients, evidence of oxidative stress mediated injury has been observed including protein
injury, lipid peroxidation, and DNA and RNA oxidation (Shaw et al., 1995; Ihara et al., 2005;
Fitzmaurice et al., 1996; Shibata et al., 2001; Ferrante et al., 1997). Multiple oxidative biomarkers
indicate the progress of disease suggesting oxidative stress plays a role in the disease development
(Beal et al., 1997; Ihara et al., 2005). Oxidative stress is induced by free radicals which are
dramatically increased with impaired antioxidant mechanisms in mitochondria. SOD1, as the main
antioxidant enzyme in eukaryote cells, becomes misfolded and aggregated in the spinal cord of
mutant SOD1 carriers. The accumulation of mutant SOD1 in mitochondria reveals a strong link
with oxidative stress through mutant SOD1 induced toxicity and loss of normal functions (Tafuri
et al., 2015). In non-SOD1 ALS cases, mitochondrial damage and oxidative stress may be related
to an alteration of other proteins like CHCHD10 and VCP (Bannwarth et al., 2014; Bartolome et
al., 2013). Based on the observation of elevated oxidative stress in ALS, antioxidant drugs have
been tested in ALS rodent models and clinical trials. Edavarone acting as a free radical scavenger
can efficiently remove lipid peroxide and hydroxyl radicals. Besides, it has also been shown to
reduce 3‐nitrotyrosine levels in the CSF of ALS patients (Sawada, 2017). Now, edaravone has
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become the second drug approved for ALS treatment that improves the condition of people who
are early in their ALS progression.

Recently, the Src/c-Abl pathway has been suggested as a potential therapeutic target in ALS.
Scientists in Japan developed a phenotypic screen using iPSC derived motor neurons from ALS
patient carrying a mutation in SOD1 to repurpose the existing drugs for ALS patients. The results
from screening showed that more than half of the hits targeted the Src/c-Abl signaling pathway
(Imamura et al., 2017). Src and c-Abl are ubiquitous nonreceptor tyrosine kinases. This pathway
has been previously associated with various cellular functions in cancer development like
mitogenesis regulation (Furstoss et al., 2002). However, the functions of Src/c-Abl pathway in
ALS pathogenesis are still not clear. Some clinical observations may support this hypothesis. One
clinical case described a 73 year-old man who took Imatinib as a treatment for CML and then
slowly developed upper motor neuron signs. Surprisingly, the patient suffered a rapid deterioration
6 months after Imatinib withdrawal (Riancho et al., 2018). Masitinib, a tyrosine kinase inhibitor,
has demonstrated prolonged survival and promising preclinical activity in mSOD1 rat models
(Trias et al., 2016). Now, Masitinib is being tested in a clinical trial as an add on therapy to riluzole
for ALS treatment and is showing significant benefit in normal progression group of patients
(Mora et al., 2019).

In addition to those described above, many other cellular and molecular mechanisms have been
implicated, including mitochondrial dysfunction, endosomal and vesicle transport problems, toxic
protein aggregation, prion-like propagation, impaired protein homeostasis, lack of neurotrophic
support from non-neuronal cells, RNA metabolism defects and RNA toxicity (Urushitani et al.,
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2002; Arnold et al., 2013; Schwenk et al., 2016; Magrané et al., 2014). From current understanding
of the disease, it is well accepted that ALS is a multifactorial disease with a complex interaction
between genetic and molecular pathways.

1.3

Overlap between ALS and FTLD

ALS and FTLD are both devastating neurodegenerative diseases, however, some patients with one
disease develop symptoms for the other or meet the diagnostic criteria for both. It is estimated that
up to 50% of patients with ALS also have frontotemporal dementia and cognitive or behavioral
changes are an intrinsic component of some forms of ALS (Phukan et al., 2012; Ringholz et al.,
2005). Similarly, 12.5% of patients with bv-FTD develop ALS and up to 40% of patients present
mild motor neuron involvement (Burrell et al., 2011). Now, it is broadly agreed that FTLD and
ALS represent an overlapping clinicopathological spectrum of disease. The breakthrough linking
pathological finding for ALS and FTLD is TDP-43 proteinopathies which have been found in the
majority of ALS patients and 50% patients with FTLD (Arai et al., 2006; Neumann et al., 2006).
Moreover, with the discovery of genetic causes, several genes have been reported to be responsible
for both diseases’ development and may share the same molecular pathways.

1.3.1

Shared genetic causes of ALS and FTLD

Genetic linkage analysis in families affected with either ALS or FTLD or both have suggested a
major locus for FTLD/ALS on chromosome 9p21 (Morita et al., 2006; Pearson et al., 2011; Vance
et al., 2006). Further genome-wide association studies (GWAS) of sporadic forms of both ALS
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and FTLD implicated a genetic defect that has been identified in the same chromosomal region
(Van Es et al., 2009; Shatunov et al., 2010). Studies with deepened analysis narrowed down the
linkage region to contain only five known protein coding genes (c9orf11, MOBKL2B, IFNK,
c9orf72 and LINGO2) (Boxer et al., 2011). In the same year, abnormal hexanucleotide
(GGGGCC) repeat expansion in C9orf72 was finally identified as a major genetic cause of FTLD,
ALS, and FTLD–ALS (DeJesus-Hernandez et al., 2011; Renton et al., 2011). However, there is
no concluded correlations between repeat length and clinical variables in both diseases (DolsIcardo et al., 2014; Suh et al., 2015; van Blitterswijk et al., 2013). Besides the C9orf72 gene,
numerous mutations in TARDBP gene have been identified to associate with ALS and FTLD
(Sreedharan et al., 2008; Buratti, 2015). A90V, N267S, G295S and R361T mutations were
observed in both cases of ALS and FTLD or FTLD-ALS, but most frequently, a single mutation
was only associated with one disease (Winton et al., 2008b; Borroni et al., 2009; Del Bo et al.,
2009; Benajiba et al., 2009; Chiang et al., 2012). Although the functional studies have revealed
the role of some mutations, the TDP-43 mutation carriers were not prevalent in FTLD/ALS
populations. Similar to TDP-43, mutations in the FUS (fused in sarcoma) gene have been
recognized to account for 5% of fALS and also be the rare cases of FTLD (Kwiatkowski et al.,
2009; Broustal et al., 2010). Mutations in genes which are involved in protein clearance pathways
or maintaining protein homeostasis were also implicated as the key actors in both ALS and FTLD,
including ubiquilin-2 (UBQLN2), vasolin-containing protein (VCP), p62/sequestosome
(SQSTM1), vesicle-associated membrane protein-associated protein B (VAPB), optineurin
(OPTN) and chromatin modifying protein 2B (CHMP2B) (Deng et al., 2011; Johnson et al., 2010;
Watts et al., 2007; Teyssou et al., 2013; Nishimura et al., 2004; Maruyama et al., 2010; Parkinson
et al., 2006).
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1.3.2

The bridging mechanisms of ALS and FTLD

Since the hexanucleotide (GGGGCC) repeat expansion in C9orf72 gene is a major genetic cause
shared by FTLD and ALS, the molecular mechanisms of hexanucleotide repeat expansion as
discussed previously may explain the pathogenesis of both diseases including C9orf72
haploinsufficiency, RNA foci and DPR inclusions. From the post -mortem tissue analysis, the most
common pathological findings in both diseases were TDP-43 proteinopathies which account for
over 97% of ALS patients and 50% of patients with FTLD suggesting a pivotal role in ALS and
FTLD. The recognition of RNA binding proteins, TDP-43 and FUS, highlight the dysfunctions in
RNA metabolism and may contribute to pathogenesis through both gain of function and loss of
function. Also, the protein clearance pathways are involved since the related genes have been
investigated. However, with knowledge of genetic causes and molecular roles, much still needs to
be learned to make these devastating diseases treatable.

1.4

TDP-43 and TDP-43 proteinopathies

The TAR DNA binding protein 43 (TDP-43) contains 414 amino acids. The encoded gene,
TARDBP, located on chromosome 1 is highly conserved in human, mouse, Drosophila
melanogaster, and Caenorhabditis elegans (Wang et al., 2004).
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1.4.1

General structure of TDP-43

Generally, TDP-43 contains an N-terminal domain, RRM1, RRM2 and a C-terminal glycine rich
domain. TDP-43 is predominantly a nuclear protein but shuttles between nucleus and cytoplasm
relying on the nuclear localization signal (NLS) and nuclear export signal (NES) in its protein
sequences. TDP-43 belongs to hnRNP family of proteins with a similar protein structure, the
highly conserved RNA recognition motifs (RRMs), which preferentially bind to RNA (Kuo et al.,
2009). Subsequent studies of RRMs have shown that TDP-43 has high affinity with UG repeat
sequences in RNA and it can bind to both DNA and RNA (Buratti and Baralle 2001; Lukavsky et
al. 2013; Kuo et al., 2014). The studies of N-terminal domain (aa 1–102) suggested the
involvement of physiological monomer-dimer formation (Zhang et al., 2013). The C-terminal
glycine-rich domain is mainly used to mediate protein-protein interaction and interacts with
hnRNP family members in splicing inhibitory activity (Buratti et al., 2005).

1.4.2

Known functions of TDP-43

In 1995, TDP-43 was first identified to be able to bind to trans-active response element DNA
sequence motifs of human immunodeficiency virus type 1 (HIV-1) and acted as a transcriptional
repressor (Ou et al., 1995). Like all hnRNP proteins, TDP-43 binds to nascent pre-mRNA
molecules and is involved in pre-mRNA splicing, such as promote exon 9 skipping in human cystic
fibrosis transmembrane conductance regulator (CFTR) gene, control exon 3 splicing of the human
apolipoprotein A-II (apoA-II) gene, inhibit the binding of SC35 to the terminal exon, and enhance
the SMN2 exon 7 inclusion (Buratti et al., 2001a,b; Mercado et al., 2005; Dreumont et al., 2010;
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Bose et al., 2008). In addition, TDP-43 has been identified to play roles in all steps of mRNA life
cycle. In miRNA processing, evidence has shown that TDP-43 depletion can lead to the
dysregulation of various miRNAs (Buratti et al., 2010; King et al. 2014). Studies also have shown
that TDP-43 can interact with and affect the expression of long non-coding RNAs (lncRNAs) (Liu
et al., 2012; Lourenco et al., 2015) and other non-coding RNAs (ncRNAs) (Cirillo et al., 2013).
Although TDP-43 is mainly located in the nucleus, it engages in regulation of mRNA stability,
transport, and translation partially in the cytoplasm. For example, TDP-43 was found to repress
cyclin-dependent kinase 6 (Cdk6) transcriptional and translational levels in human cells (Ayala et
al., 2008). Moreover, TDP-43 has been reported to bind specifically to HDAC6 mRNA and
silencing TDP-43 was shown to down-regulate HDAC6 at both mRNA and protein levels (Fiesel
et al., 2010). Recently, TDP-43 has also been found to cooperate with a ribosomal protein, receptor
of activated protein C kinase 1 (RACK1), functions as a translational repressor that resulted in
global protein synthesis inhibition (Russo et al., 2017).

1.4.3

Pathomechanisms of TDP-43

Under stress conditions which are considered as a possible cause and contributor of
neurodegenerative diseases, TDP-43 or phosphorylated TDP-43 has been reported to co-localize
with stress granule (SG) markers TIA-1/PABP-1/eIF3 or regulate stress granule dynamics in cells
(Liu-Yesucevitz et al., 2010; Dewey et al., 2011; Bentmann et al., 2012; Khalfallah et al., 2018)
leading to the hypothesis that stress granule assembly might facilitate the formation of TDP-43
inclusions. Accordingly, disruption of stress granule assembly by ablation of ataxin-2, a protein
which is necessary for SG assembly, reduces pathology in TDP-43 mice (Becker et al., 2017).
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However, a recent study demonstrated cytoplasmic liquid-liquid phase separation (LLPS) of TDP43 could be independent of components of stress granules and low doses of stressor which were
not enough to induce stress granule assembly could still induce prolonged TDP-43 cytoplasmic
demixing (Gasset-Rosa et al., 2019). Thus, further studies of detailed mechanisms need to be
explored to understand how TDP-43 and stress granule dynamics influence each other or whether
there may exist other RNA granule pathways in neurodegenerative diseases.

In addition, mitochondrial dysfunction has been implicated in the pathogenesis of
neurodegenerative diseases (Smith et al., 2017; Golpich et al., 2017). As the primary site to
produce ATP, mitochondria assist post-mitotic neurons to maintain their ionic intracellular
communication (Verkhratsky et al., 2014). Thus, defects in the mitochondrial axonal transport,
mitochondrial length and respiration, intracellular calcium levels and ATP production severely
impede normal neuronal functions and accelerate neurodegeneration (Lezi and Swerdlow, 2012;
Smith et al., 2017). Studies on TDP-43 suggested that TDP-43 could be partially localized and
accumulated in mitochondria and interacted with mitochondrial proteins that were critical for
mitophagy and mitochondrial dynamics (Wang et al., 2016; Davis et al., 2018). Functional studies
demonstrated that overexpression of wildtype or mutant TDP-43 was associated with impaired
mitochondrial movement and shortened mitochondrial length (Wang et al., 2013). Accordingly,
experiments that inhibited TDP-43 mitochondrial localization decreased TDP-43 induced neuronal
toxicity indicating that mitochondria provide a route for mediating TDP-43 toxicity (Wang et al.,
2016). On the other side, reactive oxygen species (ROS) are produced in mitochondria which has
also become the target of ROS-induced damage. In a yeast model, TDP-43 aggregation could
induce oxidative stress suggesting its key role in gain of function (Bharathi et al., 2016).
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Interestingly, in cell models and transgenic mice model of oxidative stress, TDP-43 aggregation,
cytosolic localization, C- terminal fragmentation and phosphorylation of TDP-43 were observed
(Kabuta et al., 2015; Jeon et al., 2018). Although increasing evidence links TDP-43 with
mitochondrial dysfunction, further studies are required to understand TDP-43 toxicity in relation
to mitochondria to understand neurodegenerative disease progression.

Additionally, based on the physiological functions of TDP-43, the loss of function hypothesis has
been proposed and supported by impaired RNA splicing and protein homeostasis, altered
transcriptome and chromatin accessibility in disease models (Ling et al., 2015; Humphrey et al.,
2017; Liu et al., 2019).

1.4.4

Theories of TDP-43 aggregation formation

In regard to the importance of TDP-43 aggregates in ALS and FTLD cases, scientists started to
focus on the molecular mechanisms of TDP-43 aggregates and try to find clues explaining the
onset of ALS and FTLD. TDP-43 possesses a C-terminal domain with similarity to yeast prion
domains in which are enriched for asparagine, glutamine, tyrosine and glycine residues. The yeast
prion domains can adopt an alternate conformation that recruits the native form of the protein into
an inactive aggregate. Similarly, studies on TDP-43 prion-like domain supported the notion that
the C-terminus of TDP-43 is critical for aggregation (Chen et al., 2010; Fuentealba et al., 2010;
Yang et al., 2010). Interestingly, most of the clinical mutations are located in this region and some
mutations were found to enhance aggregation, fibril formation and neurotoxicity (Guo et al., 2011).
In some cell models, investigators found that TDP-43 could be cleaved by proteases like caspase
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and calpain, then generated the truncated forms of TDP-43 contain prion-like domains which were
prone to form inclusions and resulted in toxicity. However, it is still an open debate whether
aggregated TDP-43 could sequestrate soluble TDP-43 or not, like most cases of prion-like diseases
(Zhang et al., 2009; Yamashita et al., 2012). In addition, the protease cleavage generated TDP-43
fragments tested in vitro do not correspond with the ones found in ALS brain cases (Kametani et
al., 2016). Studies on TDP-43 N-terminal domain have reported that this region, especially the
first 10 amino acids, are crucial for TDP-43 forming homodimers (Shiina et al., 2010; Zhang et
al., 2013) and is also involved in TDP-43 aggregation and its splicing activity (Jiang et al., 2017;
Zhang et al., 2013). However, whether TDP-43 N-terminal dimerization promotes or protects its
aggregation formation is still uncertain since both sides used an NLS mutant construct of TDP-43
model whose expression did not always cause cytoplasmic aggregation. Currently, there are two
theories to explain the functions of TDP-43 in diseased brain, gain of function versus loss of
function. The gain of function theory is supported by findings that overexpression of wild type
TDP-43 or ALS-linked mutant TDP-43 could cause neurodegeneration in various model systems,
suggesting that such an increase in TDP-43 level can result in neurotoxicity in humans (Da Cruz
and Cleveland, 2011; Wils et al., 2010). On the other hand, overexpression of C-terminal
truncation products generated by caspase-3 cleavage are also toxic and tend to form cytoplasmic
aggregates (Zhang et al., 2009). However, caspase-3 cleaved TDP-43 fragments are not same as
the fragments observed in ALS brain (Kametani et al., 2016). Because there is still no convincing
evidence indicating that increased TDP-43 expression or activity in the central nervous system and
TDP-43 is typically lost from neuronal nuclei in ALS or FTLD cases (Giordana et al., 2010), it is
possible that the loss-of-function mechanisms might play important roles in these
neurodegenerative diseases. Several groups have generated TDP-43 knockout or knockdown
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animal models. The complete knockout mouse TDP-43 model led to early embryonic lethality (Wu
et al., 2010) and the mice in TDP-43 partially knockdown models developed neurodegeneration in
cortical layer V and spinal cord motor neurons (Iguchi et al., 2013). In cell culture models, TDP43 aggregation has a comparable effect to TDP-43 knockdown (Prpar Mihevc et al., 2016) which
is supportive for a loss of function theory. However, the presence of TDP-43 cytoplasmic
aggregates is mostly paired with nuclear depletion and has led to the proposal that the coexistence
of both gain of toxicity in the cytoplasm and a loss of function in the nucleus contributes to
neurodegeneration.

1.4.5

TDP-43 proteinopathies in neurodegenerative diseases

The involvement of TDP-43 in neurodegenerative diseases was first defined in 2006, when it was
reported as the main component of the detergent insoluble inclusions in the affected neurons of
over 90% of patients with Amyotrophic Lateral Sclerosis (ALS) and approximately half of
frontotemporal lobar degeneration (FTLD) cases (Arai et al., 2006; Neumann et al., 2006). Since
then, TDP-43 proteinopathies have become the hallmarks of these two neurodegenerative diseases
as well as others. The FTLD-TDP patients are divided into four main subtypes by TDP-43
pathological findings of neuronal inclusions, distribution, density, and immunohistochemical
profile as discussed in the previous section. One character of TDP-43 dysfunction in ALS is that
the inclusions are abnormally distributed to the cytoplasm. TDP-43 inclusions are predominantly
found in sporadic ALS patients who represent the majority of ALS cases and a small portion of
familial ALS cases also show TDP-43 inclusions. Interestingly, TDP-43 inclusions are rarely seen
in ALS cases with superoxide dismutase gene (SOD1) mutations, which is considered as the most
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common genetic abnormality in ALS (Mackenzie et al., 2007). This suggests a different disease
mechanism in these ALS cases. In recent years, some clinical mutations in the TARDBP gene have
been identified in ALS patients and some of them were shown the same pathological functions of
TDP-43 (Johnson et al., 2009; Nonaka et al., 2009) indicating that aberrant TDP-43 is sufficient
for the genesis of neurodegeneration. Moreover, many other disorders have also reported TDP-43
dysfunctions in some cases, including Alzheimer’s Disease (AD) (Rohn, 2008); Parkinson’s
disease (PD) (Wider and Wszolek, 2008) and Huntington disease (Schwab et al., 2008). However,
TDP-43 pathology in these neurodegenerative diseases may be an important but secondary
clinicopathological feature. Recently, post-mortem examination of a rare facial-onset sensory and
motor neuronopathy (FOSMN) case has shown the widespread distribution of TDP-43 pathology
but not β-amyloid, α-synuclein, or significant hyperphosphorylated tau pathology suggesting that
FOSMN is a neurodegenerative disease characterized primarily by TDP43 pathology (Rossor et
al., 2019).

1.4.6

TDP-43 as a common therapeutic target for multiple neurodegenerative diseases

As TDP-43 inclusions are the major pathologic hallmarks in FTLD and ALS and in vivo studies
have shown that alleviating TDP-43 induced neurotoxicity could improve motor function (Becker
et al., 2017), targeting TDP-43 proteinopathies may be a promising common therapeutic approach
for TDP-43-related neurodegenerative diseases.

Stress granules have a function to sequester RNA transcripts and have been implicated as an early
event in protein aggregation associated with cell stress (Wolozin, 2012). Although the direct link
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between TDP-43 and stress granules is not very clear, the synergistic coordination of both may be
implicated in the diseases. Stress granules indirectly enhance TDP-43 aggregation propensity and
TDP-43 is required for efficient SG dynamics (Chen and Cohen, 2019; Khalfallah et al., 2018).
These data suggest that preventing TDP-43 inclusion formation at the early stages of degeneration
may be a promising therapeutic approach. One study showed that suppressing TDP-43
mitochondrial localization is sufficient to abolish motor and cortical neuron loss in the mutant
TDP-43 transgenic mouse models suggesting another potential therapeutic approach (Wang et al.,
2017). Cytosolic TDP-43 is degraded by both the ubiquitin−proteasome system and the autophagy
lysosomal pathway (Cascella et al., 2017). Failures in the protein clearance systems lead to the
accumulation of TDP-43. In addition, impaired TDP-43 turnover was observed in the aging brain
and in several neurodegenerative diseases (Caccamo et al., 2015; Ciechanover and Kwon, 2017).
Based on these discoveries, several autophagy modulators have been developed to accelerate the
removal of cytotoxic aggregates. Rapamycin, an inductor of autophagy, has been found to improve
the behavioral phenotypes in TDP-43 Tg (+/+) mice that develop learning and memory impairment
at early age and exhibit significant loss of motor function (Wang et al., 2012). However,
Rapamycin failed in a SOD1 ALS model, but instead resulted in exacerbated symptoms (Zhang et
al., 2011). Other autophagy modulators have also been tested but currently no adequate candidates
have been found, suggesting that additional alternative activators of the autophagy pathway with
fewer side effects should be investigated.

Because the cytosolic aggregates of TDP-43 are hyperphosphorylated, several groups developed
kinases inhibitors for targeting TDP-43 phosphorylation. Among them, CK-1δ inhibitors were
well studied. One study has screened out several benzothiazole-based CK-1δ inhibitors using a
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chemical genetic approach that showed an excellent kinase selectivity profile (Salado et al., 2014).
These molecules were tested in a cellular assay in which phosphorylated TDP-43 was induced by
ethacrynic acid (EA). With the treatment of these molecules, the phosphorylated TDP-43 was
effectively reduced in primarily cultured neurons. In a transgenic Drosophila melanogaster model
overexpressing human TDP-43, these compounds were able to extend the life span of the flies and
alleviate the neurotoxic effects of hTDP-43 expression. After two years, another study developed
two new CK-1δ inhibitors named CHC and DHC based on the benzothiazole derivatives through a
novel GQSAR (group based quantitative structure activity relationship) computational model.
However, they have not been tested in in-vivo and in-vitro models yet (Joshi et al., 2016). In 2018,
Benek et al. tested a series of compounds previously designed as amyloid-beta binding alcohol
dehydrogenase (ABAD) inhibitors. Two of them are also the micromolar inhibitors for CK1δ.
These inhibitors target two distinct pathological processes that has shown benefit in AD treatment.
However, further experimental testing would be required to verify the efficacy and the exact
functions of these compounds (Benek et al., 2018). Along the line of benzothiazole derivatives,
one study developed IGS2.7 and IGS3.27 as CK-1δ inhibitors that effectively reduced the level of
TDP-43 phosphorylation and were able to restore TDP-43 homeostasis by restoring nuclear protein
localization in lymphoblasts derived from patients with FTLD-TDP and sporadic ALS (Alquezar
et al., 2016; Posa et al., 2018). Besides CK-1δ, inhibitors targeting other kinases have also been
developed and tested. Cell division cycle kinase 7 (CDC7) is a Ser/Thr kinase which is involved
in the control of cell cycle progression and DNA replication. The previous known CDC7 inhibitor,
PHA767491, could reduce TDP-43 phosphorylation in a transgenic C. elegans model and cellular
models (Liachko et al., 2013). However, high concentrations of PHA767491 have toxic effects,
which is presumably due to the inhibition of cell cycle progression. The inability to penetrate
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the blood−brain barrier is another weakness to be a potential drug candidate (Menichincheri et al.,
2009). In addition, studies have shown that inhibition of tyrosine kinase activity could partially
reverse the toxic effects caused by TDP-43 knock in. However, the precise mechanisms are still
not clear (Heyburn et al., 2016).

Impaired autophagy regulation has been implicated in aging and neurodegenerative diseases.
Studies have demonstrated that the full length TDP-43 and C-terminal fragments are degraded
through both the ubiquitin−proteasome pathway and the autophagy lysosomal pathway (Cascella
et al., 2017). Thus, autophagy modulators may accelerate the clearance of excessive TDP-43 in
the cells. Rapamycin, an inhibitor of the mammalian target of rapamycin (mTOR) which
negatively regulates autophagy, was shown to reduce the accumulation of 25 kDa C-terminal
TDP-43 fragment in the cells (Caccamo et al., 2009). However, in a mutant SOD1 (G93A) ALS
mouse model, Rapamycin was shown to exacerbate the symptoms (Zhang et al., 2011).
Compounds targeting alternative pathways in the autophagy system have also been tested.
Transcriptional activator transcription factor EB (TFEB) is a regulator of autophagosome
lysosome fusion that increases the efficiency of the autophagy system. Trehalose, an activator of
TFEB, was shown to increase the rate of TDP-43 degradation in a cell model, but along with
transient lysosome damage (Wang et al., 2018; Rusmini et al., 2019). Thus, further investigation
is needed to understand its effects in other disease models in the future.
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1.5

Proteinopathies in Neurodegenerative diseases

Neurodegenerative diseases are characterized by progressive neuronal loss and abnormal protein
deposits in neurons and other cells. Researchers try to elucidate common cellular and molecular
mechanisms to explain protein aggregation and inclusion body formation in the nervous system.
The featured proteins which are involved in the pathogenesis of neurodegenerative diseases are
amyloid-β, expanded polyglutamine repeat proteins, tau, α-synuclein, TDP-43, and FUS. Besides
FTLD and ALS discussed above, other neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease and Huntington disease also show evidence of pathological protein deposition
as the hallmark of diseases. Through the investigation of pathological mechanisms, similar routes
have been implicated in most cases, including loss in clearance of aggregated proteins, enhanced
protein production or conformational changes of proteins caused by post-translational
modifications.

1.5.1

amyloid-β and tau in Alzheimer’s disease

Molecular pathology in Alzheimer’s disease (AD) is characterized by the deposition of two toxic
proteins, amyloid-β (Aβ) and hyperphosphorylated tau (Taylor et al., 2002). Aβ is derived from
proteolytic processing of the amyloid precursor protein (APP) and forms aggregates extracellularly
as neuritic plaques. From experimental studies in vitro and in vivo, some forms of Aβ can induce
differential cytotoxicity. Functional studies have revealed that the oligomers of Aβ are involved
in mitochondrial dysfunction, inflammatory reaction, ER stress and oxidative stress (Armstrong,
2011). Therapeutic approaches including vaccination with Aβ and monoclonal anti-Aβ antibody
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treatment have been able to reverse memory deficits and prevent the development of plaque
formation in transgenic mice models (Schenk et al., 1999; Morgan et al., 2000; DeMattos et al.,
2001). However, anti-Aβ immunotherapies in clinical trials have not succeeded that leads to the
questioning of the amyloid hypothesis (Vandenberghe et al., 2016; Honig et al., 2018). There is
compelling evidence that the accumulation of Aβ accelerates the spread of tau pathology which is
characterized by formation of intraneuronal neurofibrillary tangles with aggregated
hyperphosphorylated tau protein (Hutton et al., 1998). The microtubule-associated protein Tau is
encoded by a single gene (MAPT) on chromosome 17q21. Mutations in MAPT gene were the first
genetic cause of FTLD showing the similar tau neuronal inclusions as in AD (Lee et al., 2011). In
AD, the misfolded oligomeric and post-translational modification of tau are believed to contribute
to neurodegeneration and cognitive impairments in the absence of Aβ (Kayed, 2010). The
immunotherapy targeting tau in transgenic mice model showed promising results that significantly
reduced biochemical tau pathology and delayed the onset of motor function decline and weight
loss (Chai et al., 2011). Anti-tau therapies are promising and have a big potential since the tau
pathology is shared by several neurodegenerative diseases.

1.5.2

α -synuclein in Parkinson’s disease and dementia with Lewy bodies

α-synuclein is the major protein component of the intraneuronal Lewy bodies in the degenerating
neurons in PD and dementia with Lewy bodies. α-synuclein is a small protein containing 140
amino acids which is abundantly expressed in the brain. It is natively unfolded and has a propensity
to bind to membrane structures that changes the conformation to a partially helical form (Stefanis,
2011; Dikiy and Eliezer, 2012). The physiological function of α-synuclein involves roles in
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synaptic plasticity, vesicular transport, and release of neurotransmitters. Under pathological
conditions, the accumulation of α-synuclein occurs through several routes including
overexpression by transcriptional regulation, iron-dependent translational control, and diminished
protein degradation systems (Jowaed et al., 2010; Febbraro et al., 2012; Dehay et al., 2013; Cook
and Petrucelli, 2009). In in vitro experiments, overexpression of α-synuclein could induce cell
death and potentiate dopamine toxicity that mimic the features of disease (Bisaglia et al., 2010).
Moreover, mutations in the α-synuclein gene (SNCA) have been implicated in autosomal
dominant familial PD (Klein and Westenberger, 2012). In in vivo models, injection of mutant αsynuclein into mouse substantia nigra could induce protein aggregation and trigger progressive
neurodegeneration (Oliveras-salvá et al., 2013). Several immunotherapies targeting α-synuclein
for Parkinson’s currently undergo early stages of clinical development. Strategies can be divided
into four categories: Reduction of extracellular α-synuclein, blocking misfolding of α-synuclein
proteins, blocking α-synuclein aggregation and reduction of α-synuclein synthesis (McFarthing
and Simuni, 2019).

1.5.3

HTT Exon1 CAG repeats in Huntington disease

Huntington's disease (HD) is a progressive late-onset neurodegenerative disease caused by
expansion of a CAG trinucleotide repeat in the HTT gene that encodes huntingtin protein. The
CAG repeats code for a long polyglutamine (polyQ) tract in the N terminus of the huntingtin
protein which is currently the only genetic cause for Huntington's disease. The huntingtin protein
is involved in neurogenesis, protein scaffolding and transcriptional regulation (Kegel et al., 2002;
Hoffner et al., 2002; Nguyen et al., 2013). The most remarkable pathological finding of HD is the
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presence of Huntingtin Exon-1 Protein aggregates in the brain regions that degenerate. In addition,
clinical evidence suggests a strong inverse correlation between the number of CAG repeats and
the age of onset of symptoms. Larger CAG repeat expansions generally are associated with earlier
ages of onset. In native status, polyglutamine tracts are 20 repeats long and less than 35 repeats
whereas HD patients carry expansions of 36 or more polyglutamine repeats, which can then present
as protein aggregates in the brain. The expanded poly Q aggregates cause neuronal death through
toxic gain of function according to the correlated symptoms. However, some studies argued for
the contribution of loss of function because deletion of wild-type huntingtin also led to
neurodegeneration (O’Kusky et al., 1999). The expanded huntingtin protein can be cleaved into
fragments by proteases and the presence of these mutant fragments was associated with increased
toxicity (Hackam et al., 1998). Besides the neuronal toxicity, mutant huntingtin proteins could
disrupt transcription by interacting with regulators like p53 and CREB proteins that repress cell
proliferation and survival (Steffan et al., 2000). Current therapeutic studies primarily focus on
reducing the expression of mutant huntingtin protein and protease inhibition (Stanek et al., 2014;
Chen et al., 2000) and also have other approaches on reducing mitochondrial stress and
excitotoxicity (Ferrante et al., 2002).

1.6

Rationale and Hypothesis

TDP-43 has been reported as the main component of the detergent insoluble inclusions in the
affected neurons of over 90% of patients with Amyotrophic Lateral Sclerosis (ALS) and
approximately half of frontotemporal lobar degeneration (FTLD) cases (Arai et al., 2006;
Neumann et al., 2006). The phosphorylated TDP-43 (pTDP-43) is the most consistent and robust
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marker of pathological TDP-43 deposition (Neumann et al., 2009b). Since phosphorylated TDP43 is not observed in the absence of neurodegeneration, abnormally phosphorylated TDP-43 has
been hypothesized to mediate TDP-43 toxicity in these neurodegenerative disease states. Current
studies identified several kinases that are responsible for TDP-43 phosphorylation, including CK1 (Kametani et al., 2009), CK-2 (Carlomagno et al., 2014), cell division cycle 7-related protein
kinase (CDC7) (Liachko et al., 2013), and tau tubulin kinases 1 (TTBK1) and 2 (TTBK2) (Liachko
et al., 2014). Among these kinases, increasing evidence supports the notion that CK-1 modulates
TDP-43 phosphorylation and this correlates with TDP-43 aggregation and other TDP-43
proteinopathies.

In

our

studies,

we

hypothesized

that

CK1d

caused

TDP-43

hyperphosphorylation leads to TDP-43 aggregation, which can be specifically blocked by
interference peptides to protect neuronal cells from TDP-43 proteinopathies.

CK1d overexpression in cells was used to characterize TDP-43 phosphorylation and its association
with TDP-43 aggregation and cytoplasmic redistribution. Studies have reported that TDP-43
phosphorylation could cause TDP-43 cytoplasmic redistribution (Nonaka et al., 2016), however,
TDP-43 phosphorylation under pathological condition may not be an isolated event. Thus, we
induced TDP-43 phosphorylation by CK1d overexpression to explore the relationship between
TDP-43 phosphorylation and cytoplasmic redistribution. Besides, disrupted TDP-43 nucleocytoplasmic transportation has been implicated in pathological conditions (Winton et al., 2008a;
Jovičić et al., 2015; Liu et al., 2019). We also explored the relationship between TDP-43
phosphorylation and aggregation by disrupting TDP-43 nucleo-cytoplasmic transportation using a
CK1d overexpression model.
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Since the kinase operate on specific substrates through substrate docking and direct binding, we
will determine the CK1d binding motif for TDP-43 and generate selective interference
peptides. In Chapter 3, we used peptide array technology to identify and synthesize peptide
candidates which we tested for blocking effects in the CK1d overexpression model.

These interference peptides are powerful tools for testing the functions of phosphorylated TDP-43
in disease models. Based on the observation of pathological features in neurodegenerative
diseases, we hypothesized that blocking TDP-43 phosphorylation may rescue TDP-43
solubility and TDP-43 proteinopathies related cell death. We chose a cellular model that used
ethacrynic acid to induce TDP-43 phosphorylation, cytoplasmic redistribution, aggregation and
cell death in SY5Y cells and primary cultured neurons (Iguchi et al., 2012). For in vivo studies, a
retrograde motor neuron degeneration model created by crushing the sciatic nerve was employed
to test the effects of peptides on blocking endogenous TDP-43 phosphorylation and aggregation
(Moisse et al., 2009; Sato et al., 2009).

The studies in this thesis will hopefully lead to a novel strategy to understand the features of TDP43 phosphorylation under pathological conditions. Interference peptides are powerful tools for
exploring the underlying mechanisms and may have therapeutic potential as drugs for treatment
of neurodegenerative diseases.
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Chapter 2: Characteristics of phosphorylated TDP-43 induced by CK1d

2.1

2.1.1

Introduction

post-translational modifications of TDP-43

Under pathological conditions, aggregated TDP-43 is extensively post-translational modified,
including ubiquitination, acetylation, SUMOylation, and phosphorylation (Arai et al., 2006; Cohen
et al., 2015; Seyfried et al., 2010). Among them, the phosphorylated TDP-43 (pTDP) is the most
consistent and robust marker of pathological TDP-43 deposition (Neumann et al., 2009b). Since
phosphorylated TDP-43 is not observed in the absence of neurodegeneration, abnormally
phosphorylated TDP-43 has been hypothesized to mediate TDP-43 toxicity in these
neurodegenerative disease states.

2.1.2

The functions of phosphorylated TDP-43

Studies on phosphorylated TDP-43 have shown that it is more resistant to degradation than nonphosphorylated proteins through proteasomal-mediated degradation, suggesting that TDP-43
phosphorylation may contribute to aggregates formation (Zhang et al., 2010). Another study has
revealed that the phosphorylated C-terminal fragments (CTF) of TDP-43 only exist in Sarkosylinsoluble fractions (Li et al., 2015). In clinical studies, the phosphorylation of TDP-43
predominantly at specific sites, serine 409 and 410 (S409/410), has been mapped and characterized
in disease pathology (Neumann et al., 2009b).
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2.1.3

The responsible kinases for TDP-43 phosphorylation

Several protein kinases have been reported to be responsible for TDP-43 phosphorylation,
including CK-1 (Kametani et al., 2009), CK-2 (Carlomagno et al., 2014), cell division cycle 7related protein kinase (CDC7) (Liachko et al., 2013), and tau tubulin kinases 1 (TTBK1) and 2
(TTBK2) (Liachko et al., 2014). Some isoforms of CK-1 have been reported to promote TDP-43
oligomerization and aggregates formation both in vitro and in vivo (Choksi et al., 2014; Nonaka
et al., 2016). CK-2 was shown to induce soluble TDP-43 into filaments in vitro and this process
was inhibited by heat shock protein 90. The binding of Hsp90 to TDP-43 following
phosphorylation by CK-2 suggested that this protein was recognized as abnormal (Carlomagno et
al., 2014). TDP-43 was shown to be phosphorylated by CDC7 in pull-down assays and inhibition
of CDC7 kinase activity by small molecules prevented TDP-43 phosphorylation that induced by
oxidative stress (Liachko et al., 2013). However, there is still no solid evidence to demonstrate if
CDC7 has a direct function on TDP-43 phosphorylation in vivo and even in cell culture models.
In a cell culture model, TDP-43 was phosphorylated by TTBK1/2 and knockdown of TTBK1
partially reduced TDP-43 phosphorylation under conditions of oxidative stress. In another study
of TTBK1/2, TTBK1 and TTBK2 co-localized with phosphorylated TDP-43 in cytoplasmic
inclusions in FTLD-TDP brain slices. However, there is no clear evidence linking TTBK1/2 with
TDP-43 abnormal aggregation (Liachko et al., 2014; Taylor et al., 2018). Among the various
kinases, increasing evidence support the notion that CK-1 modulates TDP-43 phosphorylation and
this correlates with TDP-43 aggregation. Endoplasmic Reticulum stress signaling pathways and
oxidative stress were proposed to induce CK-1 dependent cytoplasmic TDP-43 phosphorylation
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and aggregation (Hicks et al., 2020; Iguchi et al., 2012). In vitro studies identified 29 potential
phosphorylation sites in recombinant TDP-43. 18 of them are located in the C-terminal Glycinerich region. This suggests that the C-terminal Glycine-rich region has a favorable conformation
for CK1 phosphorylation (Kametani et al., 2009). These findings together suggest TDP-43
phosphorylation is modulated by specific kinases and may correlate to TDP-43 pathological
accumulation and aggregation.

2.1.4

Aims of Chapter two

Aim 1: To test if TDP-43 phosphorylation is the cause of TDP-43 redistribution from nucleus to
cytoplasm.
Aim 2: To test how CK1δ induced TDP-43 phosphorylation relates to TDP-43 solubility in
different intracellular compartments.
Aim 3: To characterize protein network differences between wildtype TDP-43 and phosphorylated
TDP-43.

2.2

2.2.1

Methods and materials

Cell cultures

Human cell lines: Human Embryonic Kidney 293 (HEK293) and human neuroblastoma (SHSY5Y) cells, were purchased from American Type Culture Collection (ATCC). Cells were
maintained in Dulbecco's modified Eagle's medium (DMEM; Sigma Chemical Co., St. Louis, MO)
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and supplemented with 10% fetal bovine serum (FBS) (GIBCO BRL, Grand Island, NY) and 1%
antibiotics (Gibco-BRL, Grand Island, NY). All Cultures were maintained at 37 °C in a humidified
incubator (NuAir, Plymouth, MN) with 95%O and 5% CO and were passaged when they achieved
2

2

90% confluence.

2.2.2

2.2.2.1

Plasmid Engineering

Plasmid construction

The expression vectors for HEK293 and SH-SY5Y cells used in this study were as follows: pCS2Myc-CK1δ, pcDNA3.1-FLAG-CK1δ1-317, pEGFP-C1-TDP-43 wildtype, pEGFP-C1-TDP-43
DNLS and pEGFP-C1-TDP-43 DNES. pCS2-Myc-CK1δ and pcDNA3.1-FLAG-CK1δ1-317
plasmids were the generous gift from Dr. Takashi Nonaka and the detailed information about
plasmid construction is descripted in Nonaka et al., 2016. EGFP-C1-TDP-43 wildtype was created
by cloning TDP-43 full length sequences into a pEGFP-C1vector using BamH1 and Xba1
digestion sites. The primers for generating EGFP-C1-TDP-43 wildtype are listed in table 1.
Table 1. Primers for pEGFP-C1-TDP-43 wildtype construction.
Primer name

Primer sequences

TDP-43 WT Forward

CGCGGATCCCGCATGTCTGAATATATT

TDP-43 WT Reverse

GCTCTAGAGCCTACATTCCCCAGCCAG

TDP-43 carrying mutations in putative nuclear localization signals (NLS) and nuclear export
signals (NES) were generated using the Q5 site-directed mutagenesis kit (NEB, US) using EGFP-
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C1-TDP-43 wildtype as the template. For pEGFP-C1-TDP-43 DNLS, the first three amino acids
of the nuclear localization signals of TDP-43 were changed: K82A, R83A, K84A. For pEGFP-C1TDP-43 DNES, the last three amino acids of nuclear export signals of TDP-43 were changed:
L248A, I249A, I250A. The primers were used in the site-directed mutagenesis experiments are
listed in table 2 and PCR amplification, KLD reaction and transformation were followed in the
protocol procedure. The PCR exponential amplification and cycling conditions are listed in table
3 and 4.

Table 2. Primers for the site-directed mutagenesis
Primer name

Primer sequences

TDP-43 DNLS Forward

5’-AGCAATGGATGAGACAGATGCTTC-3’

TDP-43 DNLS Reverse

5’-GCTGCGTTATCTTTTGGATAGTTGACAAC-3’

TDP-43 DNES Forward

5’-AGCAAAAGGAATCAGCGTTCATATATC-3’

TDP-43 DNES Reverse

5’-GCTGCGTCCTCTCCACAAAGAGAC-3’
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Table 3. PCR amplification Preparation
Reagents

25ul RXN

Q5 Hot Start High-Fidelity 2X Master Mix

12.5 µl

10uM Forward Primer

1.25 µl

10uM Reverse Primer

1.25 µl

25ng/ul Template

1 µl

Nuclease-free water

9 µl

Table 4. PCR cycling condition
Steps

Temperatures

Time

Initial Denaturation

98℃

30 seconds

98℃

10 seconds

61℃

25 seconds

72℃

3 minutes

Final extension

72℃

2 minutes

Hold

4℃

25 Cycles

2.2.2.2

Plasmids identification, amplification, purification and storage

The sequences of constructed plasmids were verified by Sanger sequencing at the UBC sequencing
center. The confirmed plasmids were then transformed into DH5α E.coli competent cells and
cultured on LB plates with appropriate antibiotics (100µg/ml ampicillin or 30µg/ml kanamycin)
at 37 ̊C overnight. Each single E.coli colony carrying the plasmids was picked and amplified as
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needed. The plasmids from E.coli were purified using a plasmid Maxi Kit (QIAGEN, 12163)
according to manufacturer’s instruction and dissolved in nuclease-free water solution for further
study. The concentration of plasmids was measured by nanodrop 8000 spectrophotometer based
on the absorbance at 260 nm. All plasmids were stored at -20 ̊C.

2.2.2.3

Plasmids transfection

The plasmids were transfected into HEK293 or SH-SY5Y cells using the Lipofectamine 2000
system. Before transfection, cells were plated at 80~90% confluent and cultured in DMEM
containing 10% fetal bovine serum (FBS). DNA and lipofectamine reagent were mixed at 1:2.5
ratio in opti-MEM Reduced Serum Medium for 20 minutes and then added to cells. After 4~5
hours, the transfection medium was changed with fresh DMEM containing 10% fetal bovine
serum.

2.1.1

Protein -protein coimmunoprecipitation assay

48 hours after transfection with pcDNA3.1-FLAG-CK1δ1-317 plasmid, cells were washed with
PBS twice and harvested on ice with gentle lysis buffer (25mM Tris-Hcl, 10mM NaCl, 20mM
EDTA, 10mM EGTA, 0.5% Triton-100, 10% Glycerol, 1mM dithiothreitol and protease inhibitor)
for 10 minutes. Then, the cell lysate was sonicated and centrifuged at 16, 000g for 10 minutes. The
supernatant was further incubated with 10ul 50% protein A/G magnetic beads (Themo, Rockford,
IL) for 30 minutes to remove nonspecific binding. Then, the FLAG antibody was added into the
supernatant and incubated at 4 ̊C overnight. On the second day, 50ul 50% protein A/G magnetic
beads were added into the mixture for another 2 hours. After washing with gentle lysis buffer 3
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times, the proteins were eluted from the beads with 35-50µl 2×lysis buffer and boiled for 3
minutes. The samples were then ready for further analysis by western immunoblotting.

2.2.3

Protein extraction and BCA protein assay

For whole cell protein extraction, cells were washed with cold PBS three times and lysed on ice
with 2X sample buffer [62.5mM Tris-HCl (pH 6.8), 2% sodium dodecyl sulfate (SDS), 25%
Glycerol, 0.02% (w/v) Bromophenol blue and 5% β-mercaptoethanol for 10 minutes. Then, the
cell lysate was collected and boiled at 100°C for 5~10 minutes to denature proteins for further
analysis.

The protein concentrations were determined using a BCA protein assay (Pierce, Rockford, IL)
following the manufacturer’s instructions. The standard curve was created according to different
concentrations of bovine serum albumin (BSA) at 25µg/ml, 125µg/ml, 250µg/ml, 500µg/ml,
750µg/ml, 1000µg/ml, 1500µg/ml and 2000µg/ml. The reactions were finally analyzed by
measuring the absorbance of each sample at a wavelength of 560nm using the “uQuant” microplate
spectrophotometer (Bio-Tek Instruments, USA).

2.2.4

Fractionation of Cellular soluble and insoluble Proteins

HEK293 cells grown in a 6-well plate were transfected with different expression vectors. At
several specific time points, cells were harvested and lysed in 500µl RIPA buffer [50mM Tris-HCl
pH 7.4; 150mM NaCl; 1% NP-40; 0.5% Na-deoxycholate; 1mM EDTA; 50mM NaF; 1mM PMSF
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and protease inhibitor] on ice. The lysates were sonicated and centrifuged at 20,000 × g for 15
minutes at 4°C. The supernatant was recovered as a soluble fraction. The pellet was sonicated and
washed in RIPA buffer for 3 times, then suspended in 200μl UREA buffer [7M Urea; 2MThiourea;
2%SDS, 30mM Tris-HCl, pH 8.5 and protease inhibitor]. The pellet was sonicated and maintained
at room temperature for 20 minutes, then centrifuged at 20,000 × g for 10 minutes. The resulting
samples were used as the insoluble fraction. All the protein samples were further analyzed by
Western immunoblotting.

2.2.5

Nuclear and cytoplasmic protein separation

The nuclear and cytoplasmic proteins were separated using an NE-PER Nuclear and Cytoplasmic
Extraction kit (Pierce, Rockford, IL). Briefly, the cells in 6 well plates were washed with PBS 3
times and completely air-dried on ice. Then, cells were lysed in 200µl ice-cold CER I buffer for
10 minutes and softly scratched into a tube on ice. 11µl ice-cold CER II was added to each tube
and vortexed for 5 seconds. After 1 minute of incubation, the lysates were centrifuged for 5 minutes
at 14,000×g. The supernatant was recovered as cytoplasmic proteins. The pellets were further lysed
in ice-cold NER buffer and vortexed for 15 seconds every 10 minutes, for a total of 40 minutes.
Finally, the lysates were centrifuged at 14,000×g for 10 minutes. The supernatant was collected as
nuclear proteins and stored at -80 ̊C for further analysis.
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2.2.6

Western immunoblotting

Protein samples were mixed with 4×sample buffer and denatured by heating at 100 ̊C before
loading into SDS-PAGE gel. Proteins in UREA buffer skipped the denaturation step of protein
preparation. According to protein concentration, equal amounts of protein in each sample were
loaded into 5% stacking gels and separated in 10% SDS-polyacrylamide resolving gels using a
Bio-Rad Gel electrophoresis system (Bio-Rad, Hercules, CA). PageRulerTM Plus Prestained
Protein ladder (Fermentas, CA) was loaded as the molecular weight indicator for protein samples.
Proteins in the SDS-PAGE gel were then transferred to PVDF membrane using Bio-Rad Wet
Transfer System (Bio-Rad, Hercules, CA) running at 100 volts for 90 minutes at 4°C. The PVDF
membrane was activated before the transfer procedure by soaking it in methanol for one minute.
After proteins were transferred onto the PVDF membrane, the membrane was blocked in 5%BSA
in TBST (Tris buffered saline tween 20) for one hour at room temperature, then incubated with
primary antibodies at 4°C overnight. On the second day, the membrane was washed 3×10 min in
TBST and then incubated with horseradish peroxidase conjugated secondary antibody (Goat antirabbit IgG, PerkinElmer, NEF812001EA, 1:5000 dilution or Goat anti-mouse IgG, PerkinElmer,
NEF822001EA, 1:5000 dilution) for one hour. Then, the membrane was washed again for 3×10
min in TBST and visualized in the Bio-Rad Imaging system (Bio-Rad ChemiDoc MP) using ECL
Western blotting substrate. The relative density of each protein was calculated by normalization
with actin or GAPDH on the same membrane using Bio-Rad Quantity One software. The primary
antibodies used in the study are listed in Table 5.
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Table 5. List of Primary antibodies used in the study
Name

Company

Host and clonality

dilution

Anti phosphoTDP-43

Cosmo Bio Co

Mouse Monoclonal

1:1000

TARDBP

Proteintech

Rabbit Polyclonal

1:1000

Casein Kinase 1 Delta

abcam

Mouse Monoclonal

1:1000

Phospho-p53 (Ser20)

Cell Signaling

Rabbit Polyclonal

1:1000

Anti-FLAG M2

Sigma

Mouse Monoclonal

1:1000

b-Actin

Cell Signaling

Rabbit Polyclonal

1:1000

Anti-Lamin B1

abcam

Rabbit Polyclonal

1:1000

Anti-GAPDH [6C5]

abcam

Mouse Monoclonal

1:1000

Anti-Hsp70 [5A5]

abcam

Mouse Monoclonal

1:1000

Anti-TIA1

abcam

Rabbit Monoclonal

1:1000

(pS409/410)

2.2.7

Immunocytochemistry

The HEK293 cells were plated and cultured on poly-D-lysine coated glass coverslips at a density
of 5 x 105 cells per well in 12-well plate. 48 hours after transfection with pcDNA3.1-FLAGCK1δ1-317 plasmids, cells were washed with cold PBS (pH 7.4) and fixed in 4%
Paraformaldehyde (PFA) in PBS for 15 minutes. Then, cells were washed with cold PBS 2 times
and permeabilized with 0.25% Triton X-100 in PBS for 10 minutes at room temperature. To block
the unspecific binding of the antibodies, cells were washed with PBS 3 times to completely remove
the Triton X-100 and incubated with 1%BSA in PBST (0.1% Tween 20 in 1x PBS) for 30 minutes
46

at room temperature. After that, the primary antibody against phosphoTDP-43 (1:250; Proteintech
Rabbit polyclonal, 22309-1-AP) and FLAG (1:500; Sigma Mouse monoclonal) was added to the
cells and incubated for 2 hours. Then, cells were washed with PBS 3 times to remove primary
antibody residue and probed with anti-rabbit secondary antibody conjugated with Alexa 488
(Invitrogen, Carlsbad, CA) and anti-mouse secondary antibody conjugated with Alexa
568(Invitrogen, Carlsbad, CA) for 1 hour at room temperature. The coverslips with cells were
washed with PBS for 3 times and mounted on glass slides with antifade reagent with DAPI to
counterstain nuclear DNA. All samples were stored at 4°C in dark and subjected to confocal scan
imaging using an Olympus Fluoview FV1000 confocal laser microscope.

2.2.8

Immunoprecipitation-Mass Spectrometry

For the antibody-beads coupling preparation: 50µl NHS-activated sepharose beads were washed
with 500µl cold 1mL HCl followed by rapid washing with 500µl coupling buffer (0.2M NaHCO3,
0.5M NaCl, pH 8.3), repeated 3 times. Then, mixed beads were incubated with 5µl antibody
(phosphoTDP-43 409/410 or TDP-43) in 20µl coupling buffer and rotated at 4°C overnight. On
the second day, coupled beads were washed with 500µl coupling buffer 2 times, followed by
blocking in Tris-buffer (0.1M Tris-HCl, pH 8.5) for 2 hours at room temperature. Then, beads
were washed alternatively with Tris buffer and acetate buffer (0.1M Acetic acid, 0.1 M Sodium
acetate, 0.5M NaCl, pH 4.5) 3 times on ice. The coupled beads were stored in 20% ethanol until
used.
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The cell lysates were prepared from HEK293 cells transfected with either empty vector or
pcDNA3.1-FLAG-CK1δ1-317 for 48 hours. Cells were lysed in Lysis buffer (20mM Tris-HCl pH
7.5, 50mM NaCl, 1% NP-40, 3mM MgCl2, 1mM CaCl2, 1mM Na3VO4, 10mM NaF, 50mM
Na4P2O7) on ice for 10 minutes. The supernatant was collected after spinning at 16,000xg for 10
minutes and then precleared with goat anti-mouse IgG agarose (Sigma). After that, the cell lysate
was incubated with coupled beads, rocked at 4°C for 2 hours and then washed with 1ml lysis
buffer. The protein complexes were eluted from beads using 6M urea/2M thiourea in 10mM TrisHCl pH8.0 at room temperature for 30 minutes. Each protein sample was mixed with 4x sample
buffer and run in SDS-PAGE gel. The proteins digested from gel were subjected to mass
spectrometry analysis.

2.2.9

Statistical analysis

All data was calculated from at least 3 repeats of experiments and expressed as mean ± standard
error of the mean (S.E.M). The statistical significance of the differences in two groups was
calculated by Student’s t test and statistical significance of the differences among three or more
groups was defined by one-way ANOVA. Statistical significance was considered as p < 0.05.
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2.3

2.3.1

Results

Endogenous TDP-43 is phosphorylated by truncated CK-1d in a time dependent

manner in HEK293 cells
Several kinases have been reported to be responsible for TDP-43 phosphorylation in vitro and in
vivo, but only CK-1d has been linked with TDP-43 inclusions (Nonaka et al., 2016). To confirm
the function of CK-1d as the general mechanism for TDP-43 phosphorylation, we first
overexpressed empty vector, pCS2-Myc-CK1δ and pcDNA3.1-FLAG-CK1δ1-317 in HEK293
cells (Figure 1A). pCS2-Myc-CK1δ showed a slight phosphorylation activity on endogenous
TDP-43 when compared with the hyperreactive form of CK-1d (pcDNA3.1-FLAG-CK1δ1-317).
Thus, we further tested the time course of truncated CK-1d to see the time it exhibited the
phosphorylation effect. As shown in Figure 1B, CK1δ1-317 phosphorylated endogenous TDP-43
at 24 hours after transfection and increased activity through 48 hours and 72 hours after
transfection indicating the kinase activity operates in a time dependent manner.

49

Figure 1. TDP-43 phosphorylation by hyperactive form of CK-1 δ occurs in a time dependent
manner.
(A) Immunoblot analysis of phosphoTDP-43, TDP-43 and actin in HEK293 cells which were
transiently transfected with empty vector, pCS2-Myc-CK1δ and pcDNA3.1-FLAG-CK1δ1-317
after 48 hours. (B) Immunoblot analysis of phosphoTDP-43, TDP-43, FLAG and actin in HEK293
cells expressing empty vector or pcDNA3.1-FLAG-CK1δ 1-317 at 24hours, 48 hours and 72 hours
after transfection.
2.3.2

The solubility of TDP-43 decreases with CK-1d overexpression

To verify the function of hyperactive form of CK1δ (CK1δ 1-317) on TDP-43 solubility, the
insoluble fraction of total protein was separated at 48 hours after the HEK293 cells were
transfected with either empty vector or pcDNA3.1-FLAG-CK1δ 1-317 (Figure 2A). The
phosphorylated TDP-43 abundantly accumulated in the insoluble fraction with pcDNA3.1-FLAGCK1δ 1-317 overexpression and the total TDP-43 in the insoluble fraction also dramatically
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increased with pcDNA3.1-FLAG-CK1δ 1-317 overexpression. We further performed
immunocytochemistry experiments to confirm the effects of hyperreactive form of CK1δ (CK1δ
1-317) on endogenous TDP-43 phosphorylation and aggregation. As shown in Figure 2B, around
75.3% of the pcDNA3.1-FLAG-CK1δ 1-317 expressing cells were positive for staining of
phosphorylated TDP-43. In addition, phosphorylated TDP-43 and CK1δ (1-317) were colocalized
in the aggregates in the cells providing direct evidence that the hyperreactive form of CK1δ (CK1δ
1-317) can phosphorylate endogenous TDP-43 and decrease its solubility (Figure 2B).

Figure 2. Hyperactive form of CK1δ (CK1δ 1-317) decreases endogenous TDP-43 solubility.
(A). Immunoblot analysis of phosphoTDP-43, TDP-43, FLAG and actin in the soluble and
insoluble fractions of cells expressing either empty vector or pcDNA3.1-FLAG-CK1δ 1-317 for
48 hours. (B) Confocal microscope images of human HEK293 cells expressing empty vector or
pcDNA3.1-FLAG-CK1δ 1-317 for 48 hours. The cells were immunostained with anti51

phosphorylated TDP-43 (pS409/410) polyclonal antibody (green), anti-FLAG monoclonal
antibody (red) and were counterstained with DAPI (blue). Arrows indicate the inclusion bodies.
Data representative of at least three independent experiments.

2.3.3

TDP-43 does not stably bind with CK-1d

Protein interactions are either stable or transient. Because we confirmed TDP-43 was a substrate
of CK1δ, we next tested the protein-protein interaction of CK1δ and TDP-43 using protein coimmunoprecipitation. In our study, we used truncated CK1δ (CK1δ 1-317) containing the catalytic
domain (aa 9-277) which has been proposed to interact with its substrates. We pulled down the
proteins using the FLAG antibody in SH-SY5Y cells and HEK293 cells which were transfected
with pcDNA3.1-FLAG-CK1δ 1-317 for 48 hours. 5% of whole cell lysate was the input to indicate
TDP-43 on the blotting. Notably, there was no clear binding in either SH-SY5Y cells or HEK293
cells suggested that CK1δ interacted with TDP-43 in a transient way (Figure 3).
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Figure 3. TDP-43 does not stably bind with CK1δ.
Coimmunoprecipitation and immunoblotting of SH-SY5Y cell (Left) or HEK293 cell (Right)
lysate transiently expressing pcDNA3.1-FLAG-CK1δ 1-317. FLAG antibody was used to pull
down proteins and the immunoblots were probed with a TDP-43 antibody and a FLAG antibody.

2.3.4

TDP-43 phosphorylated by truncated CK-1d is predominantly located in the nucleus

and not redistributed to the cytoplasm
Since phosphoTDP-43 in the pathological conditions of FTLD and ALS was found to be
accumulated in cytoplasmic inclusions, we explored whether phosphorylation of TDP-43 is the
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cause of the cytoplasmic mislocalization. As we show in Figure 2B, the hyperreactive form of
CK1δ induced endogenous TDP-43 phosphorylation predominantly located in the nucleus. Next,
we quantitively measured the protein level respectively in nucleus and cytoplasm. The
immunoblotting results demonstrated that the endogenous TDP-43 was in the nuclear fraction and
there was no cytoplasmic redistribution following the pcDNA3.1-FLAG-CK1δ 1-317
overexpression. In this experiment, the nuclear protein level was normalized with Lamin B1
protein and did not show significant differences (Figure 4). The phosphorylated TDP-43 was only
found in the nucleus with pcDNA3.1-FLAG-CK1δ 1-317 overexpression. FLAG antibody
indicated the expression of truncated CK1δ (1-317) and actin was the internal control for
cytoplasmic proteins. Thus, we concluded that phosphorylation of TDP-43 was not the cause of
the TDP-43 cytoplasmic mislocalization in the cell model suggesting TDP-43 cytoplasmic
redistribution

under

the

pathological

condition

is

independent

from

TDP-43

phosphorylation.
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Figure 4. TDP-43 phosphorylation induced by truncated CK1δ (1-317) does not result in
TDP-43 redistribution to the cytoplasm.
(Left) Immunoblotting of nuclear and cytoplasmic proteins of HEK293 cells transiently expressing
empty vector or pcDNA3.1-FLAG-CK1δ 1-317. TDP-43, phosphoTDP-43, FLAG, Lamin B1 and
Actin were probed as indicated. TDP-43 and phosphoTDP-43 were in the nuclear fraction. (Right)
the protein levels of TDP-43 in the nucleus were calculated by normalizing with Lamin B1 protein
levels. n=3, p>0.1.
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2.3.5

Disruption of TDP-43 nuclear-cytoplasmic transportation was associated with

decreased solubility
After we confirmed that TDP-43 phosphorylation was not the inducer for the cytoplasmic
redistribution, we then disrupted TDP-43 normal transportation from nucleus to cytoplasm and
vice versa by mutating the sequences in the nuclear localization signal and nuclear export signal
to see how the location of TDP-43 was corelated with phosphorylation and aggregation. Mutations
in the nuclear localization signal (NLS) or nuclear export signal (NES) have been reported to
disrupt TDP-43 nuclear- cytoplasmic shuttling and sequester the protein in either nucleus or
cytoplasm, despite the well-known findings that TDP-43 has a normally predominant nuclear
localization (Winton et al., 2008a). We co-expressed truncated CK1δ (1-317) with either TDP-43
wildtype, DNLS or DNES in HEK293 cells and analyzed the proteins in the soluble or insoluble
fraction of cell lysates using immunoblotting (Figure 5). TDP-43 DNES self-aggregated in the cells
whereas TDP-43 wildtype and TDP-43 DNLS maintained good solubility. When co-expressed
with truncated CK1δ (1-317), the solubility of TDP-43 wildtype, DNLS and DNES were all
decreased, showing as increased protein density in the insoluble fraction. Interestingly, both TDP43 DNLS and DNES became more insoluble than wildtype after phosphorylation and TDP-43
DNES changed the most among the three. These results demonstrated neither keeping the TDP-43
in the nucleus nor in the cytoplasm could protect them from aggregation suggesting that decreased
TDP-43 trafficking may occur in the diseases progression and promotes TDP-43 aggregates
formation.
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Figure 5. Disruption of TDP-43 nuclear-cytoplasmic transportation is associated with
decreased solubility.
Immunoblotting of soluble and insoluble proteins of HEK293 cells transfected with different
expressing vectors. TDP-43, phosphoTDP-43, FLAG and actin were probed as indicated. Majority
of TDP-43 DNES was found in the insoluble fraction. The solubility of TDP-43 wildtype, DNLS
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and DNES were all decreased after CK1δ (1-317) co-transfection. Relative expression of TDP-43
or phosphoTDP-43 in insoluble fraction was normalized to actin. n=3, *p<0.05, #p<0.05.

2.3.6

Wild type TDP-43 and phosphorylated TDP-43 share the same group of protein

partners but with different binding affinity

Next, we explored whether wildtype TDP-43 and phosphorylated TDP-43 have a different protein
-protein interaction networks. We transfected either empty vector or pcDNA3.1-FLAG-CK1δ 1317 into HEK293 cells for 48 hours and pulled down proteins using TDP-43 antibody or
phosphoTDP-43 antibody. The protein partners were analyzed by mass spectrometry. Control was
represented as immobile beads only and the corresponding pulled down proteins were dimethyl
labelled light. Proteins were pulled down using either TDP-43 antibody or phosphoTDP-43
antibody dimethyl labelled medium or heavy respectively. All the protein partners are listed in
table 6. Wildtype TDP-43 and phosphorylated TDP-43 shared most of the same protein partners
but with different binding affinities. The binding ratio reflected that phosphorylated TDP-43 lost
part of its binding with proteins suggesting a partial loss of function. Most interestingly,
phosphorylated TDP-43 obtained two new binding partners (Zinc finger protein 320 and Protein
ZNF767) which were not protein partners for wildtype TDP-43 (Table 6).
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Table 6. Protein partners of wildtype TDP-43 and phosphoTDP-43 by Mass spectrometer
analysis.
Majority
protein IDs

Protein names

Gene

Intensity

Intensity

Intensity

Ratio H/M

names

L

M

H

normalized

Zinc finger protein

A2RRD8

320

ZNF320

NE09;P088

40S ribosomal

RPSA;RP

65

protein SA

0

0

16728 NaN

SAP58

0

0

0 NaN

H2AFV

7338

162550

14948 NaN

C9J9K3;A6

C9J0D1;C9J Histone H2A;Histone
E22;A8MQ

H2A.V;Histone H2A

C5;Q71UI9

type 1-J;Histone H2A

-

type 1-H;Histone

2;Q99878;

H2A.Z;Histone

Q96KK5;Q
71UI9;P0C
0S5;Q9BT
M1;Q1677
7;Q93077;
Q8IUE6;Q7
L7L0;Q6FI1

H2A.J;Histone H2A
type 2-C;Histone H2A
type 1-C;Histone H2A
type 2-B;Histone H2A
type 3;Histone H2A
type 2-A;Histone H2A
type 1-D;Histone H2A
type 1;Histone H2A

3;P20671;P type 1-B/E;Histone
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0C0S8;P04

H2A type 1-A;Histone

908;Q96Q

H2AX

V6;P16104;
Q9BTM1-2
B7Z2E6;H0
YB80;B0AZ
S6;E7EX24;
E7EX29;P6

14-3-3 protein

3104

zeta/delta

YWHAZ

27953

67951

20113 NaN

EWSR1

20082

111310

53490 NaN

TARDBP

43468

514140

H7BY36;C9
JGE3;B0QY
K0;Q01844
2;B0QYK1;
Q018443;Q01844;

RNA-binding protein

Q01844-5

EWS

B1AKP7;G3
V162;Q131
48;Q13148

TAR DNA-binding

-2;B4DJ45

protein 43

314640

0.61112
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H0YER0;H0
Y5F5;B1AN
R0;Q13310
-

Polyadenylatebinding

2;Q13310;

protein;Polyadenylat

Q13310-3

e-binding protein 4

PABPC4

0

26568

0 NaN

Heterogeneous

G3V555;G3

nuclear

V575;G3V5 ribonucleoproteins

HNRNPC;

76;

C1/C2

HNRPC

7595.2

477260

9086.8 NaN

RuvB-like 2

RUVBL2

8186.6

30206

16082 NaN

Transketolase

TKT

0

14359

0 NaN

20943

34809

B3KQ59;Q
9Y230
B3KSI4;B4E
022;P2940
1;E7EPA7
B4DPU3;P1
3639;B4D
MC6;F5H3

Elongation factor
2;116 kDa U5 small
nuclear

70;B4DK30

ribonucleoprotein

EEF2;EFT

;Q15029

component

UD2

21100

0.58599

61

Histone H2B;Histone
H2B type 1-L;Histone
H2B type 1M;Histone H2B type
1-N;Histone H2B type
1-H;Histone H2B type
2-F;Histone H2B type
1-C/E/F/G/I;Histone
H2B type 1-D;Histone
H2B type F-S;Histone
H2B type 1-K;Histone
H2B type 2-E;Histone
H2B type 1-B;Histone
H2B type 1-O;Histone

B4DR52;Q

H2B type 1-J;Histone

99880;Q99

H2B type 1-A;Histone

HIST1H2

879

H2B type 3-B

BL

34867

552560

15425

69311

43598

0.092009

RNA-binding protein

F5GWQ7;B

FUS;TATA-binding

4DR70;H3B protein-associated

FUS;TAF

PE7;

15

factor 2N

33839 NaN

62

Ubiquitin-60S
ribosomal protein
L40;Ubiquitin;60S
ribosomal protein
L40;Ubiquitin-40S
ribosomal protein
S27a;Ubiquitin;40S
ribosomal protein

F5H4D8;F5

S27a;Polyubiquitin-

H6Q2;F5GY B;Ubiquitin;Polyubiq

UBC;UBB

U3;F5H2Z3

uitin-C;Ubiquitin

;UBA52

B4E241;P8

Serine/arginine-rich

4103

splicing factor 3

SRSF3

54999

245810

2270

12682

114860

232860

53988

0.27811

2586 NaN

Actin, cytoplasmic
2;Actin, cytoplasmic
2, N-terminally
processed;Actin,
cytoplasmic 1;Actin,
cytoplasmic 1, Nterminally

I3L3I0;I3L1

processed;Actin,

U9;F5H0N0 gamma-enteric

ACTG1;A

;B4E335

CTB

smooth muscle;Actin,

102190

0.45253

63

alpha skeletal
muscle;Actin, alpha
cardiac muscle
1;Actin, aortic
smooth muscle

H0YFC6;B5
MDF5;P62

GTP-binding nuclear

826

protein Ran

RAN

15771

67626

22439 NaN

13750

47611

21849 NaN

9942

36033

12428 NaN

Sodium/potassiumtransporting ATPase
subunit alpha3;Sodium/potassiumtransporting ATPase
subunit alpha1;Sodium/potassiumtransporting ATPase
subunit alpha-

B7Z1Q9;E9
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2.4

2.4.1

Discussion

Is phosphorylation the cause of TDP-43 cytoplasmic redistribution?

The presence of cytoplasmic TDP-43 aggregates is a major histopathological characteristic of
FTLD and ALS. These inclusions are hyperphosphorylated and ubiquitinated in the post-mortem
brain. However, the sequence of the pathological events and precise underlying mechanisms are
still not clear. Some evidence demonstrated that the TDP-43 cytoplasmic inclusions were toxic to
neurons in both in vivo and in vitro models and also showed loss of function by repressing global
protein synthesis (Baskaran et al., 2018; Leibiger et al., 2018; Becker et al., 2017; Russo et al.,
2017). In a time lapse experiment, TDP-43 cytoplasmic redistribution happened earlier in the
pathological process than did aggregation (Ishii et al., 2017). Thus, it is important to understand
how TDP-43 redistributes to cytoplasm under pathological conditions. There are several theories
proposed to explain the TDP-43 mislocalization. In the cases with C9orf72 mutations, the
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GGGGCC (G4C2) hexanucleotide repeat expansion could be translated into dipeptide-repeat
proteins. Functional studies revealed that dipeptide-repeat proteins trigger TDP-43 pathology by
disrupting nucleocytoplasmic transport (Zhang et al., 2015; Chew et al., 2015; Nonaka et al.,
2018). Recent studies reported the different cytoplasmic TDP-43 pattern in sporadic versus
familial C9orf72-related amyotrophic lateral sclerosis. The sporadic ALS/FTLD brain has more
frequent and larger pTDP-43 inclusions whereas C9orf72 ALS/FTLD brain has more diffused
soluble TDP-43 (Josephs et al., 2019; Lee et al., 2019). These data suggest that TDP-43
cytoplasmic redistribution may occur through multiple pathways. In the studies of post-mortem
FTLD brains, some of the TDP-43 positive inclusions were ubiquitinated (Brady et al., 2011; Tanji
et al., 2012). Thus, the involvement of protein degradation pathways in the diseases were well
studied. UBQLN2 mutations, were occasionally found in fALS and ALS/FTLD, arise from the
gene UBQLN2 which encodes the ubiquilin-2 protein that facilitates delivery of ubiquitinated
proteins to the proteasome for degradation. Overexpression of mutant UBQLN2 has been shown
to induce TDP-43 pathology which implicated the impaired ubiquitin proteasome pathway in
disease development (Ceballos-Diaz et al., 2015; Picher-Martel et al., 2015). Besides the genetic
causes, TDP-43 phosphorylation was commonly seen in the aggregates in the ALS brain and was
proposed to cause TDP-43 mislocalization. The Nonaka group showed that co-expressing CK1δ
with exogenous wildtype TDP-43 triggered TDP-43 phosphorylation and partial mislocalization (
Nonaka et al., 2016). Thus, in our studies, we first tested this hypothesis by inducing endogenous
TDP-43 phosphorylation with CK1δ overexpression and quantitatively measured protein levels in
both nucleus and cytoplasm. We observed TDP-43 phosphorylation induced by active CK1δ
predominantly located in the nucleus using imaging technologies and both the phosphorylated
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TDP-43 and the total TDP-43 were detected in the nuclear protein fraction. Thus, we suggest the
TDP-43 mislocalization in Nonaka group’s results might be caused by TDP-43 overexpression.

2.4.2

The role of TDP-43 phosphorylation in the pathogenesis of disease

Since the discovery that TDP-43 is involved in neurodegenerative diseases, aberrant TDP-43
phosphorylation in the aggregates has become one of major pathological features of ALS and
FTLD. In clinical pathologic observations, phosphorylated TDP-43 is associated with greater
severity of pathological inclusions and a higher consistency with FTLD-TDP subtype
classification (Tan et al., 2013). It was also observed that the extent of phosphorylated TDP-43
pathology correlates with neuronal loss in many brain regions in ALS (Ravits and La Spada, 2009).
Researchers tried to understand the precise role of phosphorylated TDP-43 in disease pathogenesis
and the exact underlying mechanisms. In cellular models, several cellular stressors triggered
aberrant TDP-43 changes that recapitulated pathological hallmarks of TDP-43 proteinopathies
(Ayala et al., 2011; Iguchi et al., 2011). Studies on TDP-43 phosphorylation found that
phosphorylation could increase the propensity of TDP-43 to aggregate and also made the proteins
more resistant to degradation (Goh et al., 2018; Nonaka et al., 2016; Zhang et al., 2010).
Phosphorylation may also have a regulatory role in proteolysis to make TDP-43 more resistant to
calpain cleavage (Yamashita et al., 2016). On the other hand, some studies argued that TDP-43
phosphorylation represented a cellular defensive mechanism. For instance, mutating the diseaserelated phosphorylation sites (409/410) to phosphomimetic aspartic acid residues could
significantly reduce aggregation and restore neurite extension (Li et al., 2011; Brady et al., 2011).
However, these studies constructed phosphomimetic TDP-43 using a C-terminal fragment but not
the full length TDP-43. With the same manipulation of phosphorylation sites mutation but in full
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length TDP-43, Kim et al. reported phosphomimetic mutant TDP-43 (S409/410E) significantly
reduced microRNA processing enzyme-- Drosha stability and induced cytotoxicity in Neuro 2A
cells (Kim et al., 2015). Besides these experimental data, the initiation and pathological
consequences of these phosphorylation events need further investigation. In our studies, we found
two novel protein binding partners of phosphorylated TDP-43. Both are zinc finger proteins. The
zinc finger proteins have the wide variety of zinc-finger domains which are able to interact with
DNA, RNA, PAR (poly-ADP-ribose) and other proteins. The functions of zinc finger proteins are
involved in regulation of several cellular processes, including transcriptional regulation, signal
transduction, ubiquitin-mediated protein degradation, actin targeting, DNA repair, cell migration,
and other processes (Cassandri et al., 2017). In future studies, we will further confirm the functions
of these proteins and this may clarify the role of phosphorylated TDP-43 on disease development.
2.4.3

Is phosphorylated TDP-43 directed to protein homeostasis and quality control

system

Previous work has shown that the aggregated TDP-43 found in ALS and FTLD tissue is not only
phosphorylated, but also labelled for ubiquilin-1 and -2, the markers for protein ubiquitylation
which raise the possibility that TDP-43 phosphorylation may be involved in the protein
degradation process (Neumann et al., 2006). Evidence supporting this hypothesis showed that
phosphorylated TDP-43 was accumulated in cells when the protein degradation systems were
impaired and both the phosphorylation level and TDP-43 aggregates were decreased when
overexpressing p62/SQSTM1 (Brady et al., 2011; Cascella et al., 2017). Studies from FTLD
patients suggested p62 physiologically bound to TDP-43 but preferentially participated in
degradation of C-terminal fragments which contain the majority of phosphorylation sites (Tanji et
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al., 2012). However, phosphorylated TDP-43 present in the inclusions is more corelated with the
FTLD-TDP lesion types but neither TDP-43 C-terminal nor N-terminal fragments (Josephs et al.,
2019). These evidences suggested the function of TDP-43 phosphorylation might not be limited
to the involvement in the formation and degradation of aggregates.

Heat shock proteins are widely involved in the response to protein misfolding events that precede
cellular dysfunctions in neurodegenerative diseases (San Gil et al., 2017). The heat shock response
was also reported to play an important role in TDP-43 clearance by expression of dominant active
HSF1 that resulted in a dramatic reduction of insoluble and hyperphosphorylated TDP-43 (Chen
et al., 2016). However, one study reported the TDP-43 dual phosphorylation (p-T153/Y155)
induced by heat shock was not associated with aggregation rather than promoting protein
misfolding that uncovered the roles in cell metabolism (Li et al., 2017). Besides, phosphorylation
was observed to drive G290A/M337V TDP-43 mutants but not wild-type protein toxicity in a C.
elegans model (Liachko et al., 2010). In our protein partner screening, phosphorylated TDP-43
lost several protein binding partners including heat shock proteins and members of the hnRNP
family, but instead was strongly associated with several novel zinc finger proteins. Considering
the importance of phosphorylation in mediating TDP-43 pathology, more functional studies should
be done to understand TDP-43 phosphorylation and the consequences for protein interactions.
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Chapter 3: Development of peptides targeting TDP-43 and CK-1d

3.1

3.1.1

Introduction

CK-1d protein structure and kinase activities

CK-1d belongs to the casein kinase 1 family which shares highly conserved kinase domains with
preference for binding with serine or threonine residues. Other members include α, β, γ1, γ2, γ3
and ε that differ significantly in length and composition of their regulatory non-catalytic Cterminal domains. The C-terminal domain was proposed to play a crucial role in substrate
specificity and kinase activity. For instance, CK-1d kinase activity is inhibited either through
autophosphorylation or site-specific phosphorylation mediated by cellular kinases in the Cterminal domain. S318, T323, S328, T329, S331 and T337 within the C-terminal inhibitory
domain were predicted as the candidate sites for intramolecular autophosphorylation. However,
point mutation experiments indicated that not all these sites influenced kinase activity and
truncation of 1-317 amino acids significantly enhanced activity of CK1δ (Graves and Roach,
1995). Other cellular kinases including PKA, Akt, CLK2, PKCα and Chk1 have been reported to
inhibit CK-1d kinase activity (Bischof et al., 2013; Giamas et al., 2007). The activation of CK1δ
can be induced by stimuli, like insulin and viral transformation, or by reversible phosphorylation
( Cobb and Rosen, 1983; Chergui et al., 2005). CK1δ recognizes a broad spectrum of substrates
which are involved in different pathways. In CK1δ, multiple substrate binding sites have been
reported. Besides the general regulatory C-terminal domain, some other sites (R178, G215 and
K224) were demonstrated to mediate substrate recognition and a catalytic cleft was also described
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for binding of substrates and ATP (Xu et al., 1995; Longenecker et al., 1996). In our studies, we
detected the binding motif for TDP-43 using peptide array technology to narrow down the
sequences and defined the exact binding epitopes on CK-1d.

3.1.2

phosphorylated residues of pathological TDP-43

Ser409 and Ser410 are the most well documented phosphorylated residues since TDP-43
phosphorylation has been found in the inclusions in the post-mortem brains of patients (Hasegawa
et al., 2008; Inukai et al., 2008; Neumann et al., 2009b). One study analyzed Sarkosyl-insoluble
proteins in the brains from two ALS patients that presented the TDP-43 pattern in the disease
condition. Two patients have common phosphorylation sites at Ser242, Ser305, Ser317, Ser375,
Ser387, Ser389, Ser393, Ser395 and Ser404 (Kametani et al., 2016). Some of them have been
reported previously (Gu J et al. 2018; Hasegawa M et al. 2008; Inukai et al., 2008). In addition, an
in vitro study described 29 TDP-43 phosphorylation sites potentially targetable by casein kinase1 and 18 of them were located in the C-terminal glycine-rich region of TDP-43 which may explain
the finding that protease cleaved C-terminal fragments were hyperphosphorylated (Kametani et
al., 2009). In our studies, we mutated all 29 of these phosphorylated residues to Alanine to see if
these sites were involved in the regulation of TDP-43 insolubility.

3.1.3

peptide array technology for detecting protein binding epitopes

We used peptide arrays as one of the approaches for mapping the protein binding epitopes. The
strength of peptide array technology is low cost and high throughput when compared with other
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methods, like X-ray crystallography and multidimensional NMR (Liu and Hsu, 2005; Rosen et al.,
2009). With the development of peptide synthesis method, SPOT synthesis was introduced and
widely used for sequentially synthesizing peptides directly on a solid support that became the most
common application to study protein-protein interaction. The benefit of this advanced method is
to rapidly detect the linear binding epitopes, however, epitopes which are restricted to being linear
may cause false positive or negative results because the protein may bind to conformational or
discontinuous epitopes and hydrophobic epitopes preferentially cluster inside the protein structure.
In the binding assay, nonspecific adsorption of proteins on the membrane is often the leading cause
of the false positive result. Thus, peptide epitopes derived from the array technology need to be
confirmed further with other methods.

3.1.4

Aims and hypotheses

Aim 1: To determine the CK1d binding motif for TDP-43 and generate peptide candidates.
Aim 2: To test the blocking effects of peptide candidates on TDP-43 phosphorylation.
Aim 3: To test the specificity of peptide candidates.
Aim 4: To test the effects of peptide candidates on TDP-43 aggregation.

Hypothesis: Peptides that block TDP-43 phosphorylation may decrease the formation of TDP-43
aggregates.
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3.2

3.2.1

Methods and materials

Peptide Array

The peptide spot array on the cellulose based membrane was synthesized at the UBC peptide
synthesis facility using a previously published protocol (Hilpert et al., 2007). The array contained
overlapping peptides (12-mer peptides with 2 amino acids shift per spot) to cover the full sequence
of CK1d. To initialize the array membrane, the membrane was washed twice with methanol for 10
minutes at room temperature followed by washing with TBST three times. Then the array
membrane was ready to use.

Before bait protein binding, the membrane was blocked with 5% sucrose and 4% non-fat dry milk
in TBST for 4 hours at room temperature. Then it was incubated with 10ug/ml TDP-43
recombinant protein in 4% non-fat dry milk overnight at 4°C or 4% non-fat dry milk only as the
negative control. On the second day, the membrane was washed with TBST and incubated with
rabbit polyclonal TDP-43 antibody overnight at 4 °C. After that, the membrane was washed again
in TBST and incubated with secondary antibody for 2 hours at room temperature. Finally, the
membrane was washed with TBST and was ready to visualize the positive protein binding spots
by an enhanced chemiluminescence reaction assay.
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3.2.2

Cell-penetrating peptides design and synthesis

Peptides can be designed from overlapped sequences of continuous positive binding spots on the
peptide arrays spanning the entire protein sequence but one needs to consider the overall length,
solubility and stability of the peptides. Peptides with a high proportion of hydrophobic amino acids
(Ala, Ile, Leu, Met, Phe, Trp, Val) will negatively affect the solubility in aqueous solutions. To
make the peptides suitable for cell penetration, a sequence consisting of the truncated TAT domain
was added at the N-terminal. The designed peptides were then synthesized and purified by HPLC
with over 90% purity. The resulting peptides were verified by mass spectrometry and dissolved in
double distilled water at stock concentration.

3.2.3

Peptide treatment in cultured cells

After the cells were transfected with pcDNA3.1-FLAG-CK1δ1-317 plasmids, the synthetic
peptides were diluted in the culture medium at concentrations of 5μM, 10μM, 15μM, 20μM and
25μM respectively every 6 hours and incubated for a total of 48 hours before processing.

3.2.4

Site- direct mutagenesis

The 29 predicted phosphorylation sites in the TDP-43 sequences were mutated to Alanine using
the Q5 site-directed mutagenesis kit (NEB, US) using pEGFP-C1-TDP-43 wildtype as the
template. The cloning procedure was the same as described in Chapter two. The primer sequences
and the annealing temperature are listed in the Table 7.
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Table 7. Primers and annealing temperature for generating site-directed mutagenesis of
predicted 29 phosphorylation sites in TDP-43 sequences.
Substitution

Annealing
Primer sequences

sites

temperature
Forward: ATCCCGCATGgctGAATATATTCGG

2 Ser-Ala

61°C
Reverse: CCCCAGCCAGAAGACTTA
Forward: CATGTCTGAAgctATTCGGGTAACCGAAG

4 Tyr-Ala

61°C
Reverse: TACATTCCCCAGCCAGAA
Forward: AGACGATGGGgctGTGCTGCTCT

25 Thr-Ala

63°C
Reverse: TCCGATGGTATTTCAATGGG
Forward: AATGGATGAGgctGATGCTTCATC

88 Thr-Ala

57°C
Reverse: TTTCTTTTGTTATCTTTTGGATAG
Forward: GACAGATGCTgctTCAGCAGTGAAAG

91 Ser-Ala

61°C
Reverse: TCATCCATTTTTCTTTTGTTATCTTTTG
Forward: AGATGCTTCAgctGCAGTGAAAG

92 Ser-Ala

57°C
Reverse: GTCTCATCCATTTTTCTTTTG
Forward: ATGGAAAACAgctGAACAGGACC

116 Thr-Ala

61°C
Reverse: GGGAGACCCAACACTATTAAATC
Forward: TTCTAAGCAAgctCAAGATGAGCCTTTG

183 Ser-Ala

57°C
Reverse: TTAGGAAGTTTGCAGTCAC
Forward: GATTGCGCAGgctCTTTGTGGAG

242 Ser-Ala

64°C
Reverse: TGATCATCTGCAAATGTAACAAAGG
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Forward: TAAAGGAATCgctGTTCATATATCCAATGCC
254 Ser-Ala

57°C
Reverse: ATGATCAAGTCCTCTCCAC
Forward: GTTAGAAAGAgctGGAAGATTTGGTGGTAATC

273 Ser-Ala

57°C
Reverse: TGTCTATTGCTATTGTGC
Forward: ATTTGGTAATgctAGAGGGGGTGGAG

292 Ser-Ala

60°C
Reverse: CCACCCTGATTCCCAAAG
Forward: CAATCAAGGTgctAATATGGGTGGTGGGATG

305 Ser-Ala

61°C
Reverse: TTTCCCAAACCAGCTCCA
Forward: CATGTTAGCCgctCAGCAGAACCAGTC

342 Ser-Ala

61°C
Reverse: CCCATCATACCCCAACTG
Forward: GCAGAACCAGgctGGCCCATCGG

347 Ser-Ala

70°C
Reverse: TGGCTGGCTAACATGCCC
Forward: GTCAGGCCCAgctGGTAATAACCAAAAC

350 Ser-Ala

67°C
Reverse: TGGTTCTGCTGGCTGGCT
Forward: GGCCTTCGGTgctGGAAATAACTC

369 Ser-Ala

68°C
Reverse: TGGTTTGGCTCCCTCTGC
Forward: TAACTCTTATgctGGCTCTAATTCTGGTGCAG

375 Ser-Ala

61°C
Reverse: TTTCCAGAACCGAAGGCC
Forward: TTATAGTGGCgctAATTCTGGTG

377 Ser-Ala

58°C
Reverse: GAGTTATTTCCAGAACCG
Forward: TGGCTCTAATgctGGTGCAGCAA

379 Ser-Ala

64°C
Reverse: CTATAAGAGTTATTTCCAGAACCGAAG
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Forward: TGGTTGGGGAgctGCATCCAATG
387 Ser-Ala

61°C
Reverse: ATTGCTGCACCAGAATTAG
Forward: GGGATCAGCAgctAATGCAGGGT

389 Ser-Ala

65°C
Reverse: CAACCAATTGCTGCACCAG
Forward: CAATGCAGGGgctGGCAGTGGTT

393 Ser-Ala

67°C
Reverse: GATGCTGATCCCCAACCAATTG
Forward: AGGGTCGGGCgctGGTTTTAATGGAG

395 Ser-Ala

60°C
Reverse: GCATTGGATGCTGATCCC
Forward: AGGCTTTGGCgctAGCATGGATT

403 Ser-Ala

62°C
Reverse: CCATTAAAACCACTGCCC
Forward: CTTTGGCTCAgctATGGATTCTAAGTC

404 Ser-Ala

56°C
Reverse: CCTCCATTAAAACCACTG
Forward: AAGCATGGATgctAAGTCTTCTG

407 Ser-Ala

61°C
Reverse: GAGCCAAAGCCTCCATTA
Forward: GGATTCTAAGgctTCTGGCTGGG

409 Ser-Ala

66°C
Reverse: ATGCTTGAGCCAAAGCCTC
Forward: TTCTAAGTCTgctGGCTGGGGAA

410 Ser-Ala

63°C
Reverse: TCCATGCTTGAGCCAAAG

3.2.5

Cell culture and transfection

Please refer to Chapter Two Methods section for the complete procedures.
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3.2.6

Insoluble protein fractionation and western blotting

Please refer to Chapter Two Methods section for the complete procedures.

3.3

3.3.1

Results

TDP-43 protein binds with CK-1d derived peptides on the peptide array membrane

To identify the binding region for TDP-43, we used a peptide array containing 12 mers with a 2
amino acids shift to cover the full sequence of CK-1d. Four potential binding regions were
identified when probed with TDP-43 protein on the CK-1d membrane (Figure 6). Thus, we
designed and synthesized four peptide candidates (A, B, C and D) to further test their effects on
blocking the interactions between TDP-43 and CK-1d. Scrambled peptides were designed from
the sequence of peptide A as control.
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negative control

TDP-43 protein blotting

A
B
C
D

Figure 6. Identification of peptide candidates derived from CK-1d may bind with TDP-43
using the high density peptide array.
(Left) CK-1d membrane probed with antibody only as the negative control. (Right) CK-1d
membrane probed with TDP-43 protein. Four peptide candidates (A, B, C and D) were designed
according to the positive binding regions. The membrane was stripped and the experiment repeated
three times.

3.3.2

Different combinations of synthetic peptide candidates are able to block TDP-43

phosphorylation caused by CK-1d overexpression

Next, we tested different combinations of synthetic peptide candidates in the cell model to see their
effects on blocking TDP-43 phosphorylation. The HEK293 cells were transfected with pcDNA3.1FLAG-CK1δ1-317 to induce TDP-43 phosphorylation and different combinations of peptide A,
B, C and D were added into the cell culture every six hours and incubated for 48 hours. As shown
in Figure 7, peptide D, peptide B + C, peptide A + C, peptide A + D, peptide B + D, peptide
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A+B+C+D had better block effects than peptide A, peptide B, peptide C, peptide A+B and peptide
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Figure 7. The blocking effects of TDP-43 phosphorylation with different combinations of
peptides treatment.
The HEK293 cells were transfected with pcDNA3.1-FLAG-CK1δ1-317 for 48 hours. A final
concentration of 20μM peptide candidates with different combinations was added into cultured
cells as indicate. The protein levels of phosphoTDP-43 (409/410), TDP-43 and FLAG were
detected by western blotting.

3.3.3

The efficiency of different doses and combinations of peptides on TDP-43

phosphorylation blockage

Thus, we chose these combinations to test the dose effect on TDP-43 phosphorylation. The
HEK293 cells were transfected with pcDNA3.1-FLAG-CK1δ1-317 and treated with different
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doses at 5μM, 10μM, 15μM, 20μM and 25μM for every six hours for a total of 48 hours. The
treatment with peptide D only effectively blocked the TDP-43 phosphorylation at 15μM. The
combination A+D and A+C worked at 20μM and peptide mixture B+C worked at 10μM. Peptide
B+D showed not much effect. The four peptides together (A+B+C+D) blocked TDP-43
phosphorylation at concentrations as low as 5μM (Figure 8). Based on this result, we chose the
combination of four peptides together (A, B, C and D) in the following experiments.
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Figure 8. The dose effects of different combination of peptide candidates on blocking TDP43 phosphorylation.
HEK293 cells were transfected with pcDNA3.1-FLAG-CK1δ1-317 for 48 hours. The different
combinations of peptide candidates at concentration of 5μM, 10μM, 15μM, 20μM and 25μM were
added into the cultured cells. The protein levels of phosphoTDP-43 (409/410) and TDP-43 were
detected by western blotting.
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3.3.4

The synthetic peptides are able to reduce TDP-43 aggregation caused by CK-1d

overexpression

Based on the observation that overexpression of the active form of CK1δ caused endogenous TDP43 aggregation, we asked if the peptide candidates efficiently reduced TDP-43 aggregation
induced by CK1δ. HEK293 cells were transfected with pcDNA3.1-FLAG-CK1δ1-317 and treated
with the mixture of peptide A, B, C and D at a total concentration of 20μM every six hours for a
total of 48 hours. Then we separated the cell lysates into soluble and insoluble fractions. TDP-43
in the insoluble fraction was abundantly increased with pcDNA3.1-FLAG-CK1δ1-317
overexpression and the level of insoluble TDP-43 was reduced with the peptide mixture treatment.
The phosphorylated TDP-43 was dramatically reduced with peptides treatment in both the soluble
fraction and the insoluble fraction (Figure 9). From these results, we concluded that the peptide
candidates efficiently blocked TDP-43 phosphorylation and partially reduced TDP-43 aggregation
induced by CK1δ overexpression.
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Soluble fraction
Vehicle

FLAG-CK1δ FLAG-CK1δ
1-317
1-317
+Scramble +peptides
peptides
ABCD

Insoluble fraction
Vehicle

FLAG-CK1δ FLAG-CK1δ
1-317
1-317
+Scramble +peptides
peptides
ABCD

TDP-43
phosphoTDP-43
(409/410)
Flag
Actin
Figure 9. Peptide candidates partially reduce TDP-43 aggregation.
HEK293 cells were transfected with pcDNA3.1-FLAG-CK1δ1-317 for 48 hours and the peptide
combination of A, B, C and D at a concentration of 20μM total (5μM of each peptide) was added
to the cultured cells. The protein levels of TDP-43, phosphoTDP-43 (409/410), FLAG and Actin
in the soluble fraction and insoluble fraction were detected by western blotting.

3.3.5

The synthetic peptides specifically block the interaction of TDP-43 and CK-1d

Because binding to the substrates by the kinases may have similar bonds and structures, we then
tested the peptides specificity by examining another known CK1δ substrate, the p53 protein, to
rule out off target binding. CK1δ has been reported to phosphorylate p53 at multiple sites and to
play a major role in the cellular response to DNA damage or other cellular stresses (MacLaine et
al., 2008). In our studies, p53 was phosphorylated by the overexpression of pcDNA3.1-FLAG92

CK1δ1-317 and the peptide combination of A, B, C and D had no effect on p53 phosphorylation
(Figure 10). Thus, we can conclude that our peptide candidates specifically blocked the interaction
between CK1δ and TDP-43.

Vehicle

FLAG-CK1δ FLAG-CK1δ
1-317
1-317
+Scramble +peptides
peptides
ABCD

Phospho TDP43
(409/410)

p53 Ser 20

Flag

Actin

Figure 10. The specificity of peptide candidates for blocking substrates phosphorylation.
HEK293 cells were transfected with pcDNA3.1-FLAG-CK1δ1-317 for 48 hours and the peptide
combination of A, B, C and D at a concentration of 20μM was added to the cultured cells. The
protein levels of phosphoTDP-43, p53 Ser20, FLAG and Actin were detected by western blotting.

3.3.6

29 phosphorylation sites on TDP-43 contribute differentially on TDP-43 aggregation

In vitro studies have reported 29 TDP-43 phosphorylation sites potentially targeted by casein
kinase-1δ (Kametani et al., 2009) (Figure 11A). Next, we determined how each phosphorylation
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site contributed to TDP-43 aggregation. We substituted each amino acid of these 29 residues to
Alanine to prevent potential phosphorylation. Then, we co-expressed each vector with pcDNA3.1FLAG-CK1δ1-317. Interestingly, 7 of these substitutions increased TDP-43 aggregation and only
2 of them were less insoluble than wildtype (Figure 11B). We further tested the expression pattern
of these expressing vectors only. The T88A, S91A, S92A, T116A, S254A, S305A and S369A
were self-aggregated in the cells suggesting that these aggregations were not caused by CK1δ
phosphorylation and might be caused by structure changes. Finally, we reconfirmed the solubility
of T25A, S403A and two previous reported phosphorylation sites (S409A and S410A) together
with pcDNA3.1-FLAG-CK1δ1-317. T25A, S403A and the combination of S409A and S410A
showed dramatically decreased insolubility when compared with wildtype TDP-43 (Figure 11C).
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Figure 11. Point mutation of 29 phosphorylation sites in TDP-43 are relevant to TDP-43
solubility.
A. Schematic of 29 CK1δ phosphorylation sites in the TDP-43 protein sequence. B. The
expression of TDP-43 variant with each point mutation in the soluble fraction and insoluble
fraction. The results were repeated three times. *p<0.05, **p<0.01 and ****p<0.0001. C. The
expression of single or multiple point mutations in the soluble fraction and insoluble fraction.

3.3.7

Peptides covering TDP-43 phosphorylation sites are able to partially block TDP-43

aggregation

We then designed peptide T-N-C that covered the T25 at N- terminal and S403 at C- terminal with
a linker in the middle and a TAT sequence (Figure 12A). Next, we asked whether this peptide
could also block the interaction between TDP-43 and CK1δ. We overexpressed pcDNA3.1FLAG-CK1δ1-317 in HEK293 cells and treated the cells with peptides at 20μM or 40μM every 6
hours for a total of 48 hours. As shown in Figure 3.7B, peptides at 20μM efficiently blocked TDP43 phosphorylation in both the soluble fraction and insoluble fraction. However, peptides at either
20μM or 40μM were only partially blocked TDP-43 aggregation induced by CK1δ (Figure 12B).
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T-N-C:

GGGG
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FLAG-CK1δ（1-317）
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Figure 12. Peptide designed from TDP-43 phosphorylation sites efficiently blocks TDP-43
phosphorylation but only partially blocks TDP-43 aggregation.
A. Schematic of peptide designed from TDP-43 phosphorylation sites. B. HEK293 cells were
transfected with pcDNA3.1-FLAG-CK1δ1-317 and treated with peptides. The expression of TDP43, phosphoTDP-43, actin and Flag in the soluble and insoluble fraction were detected by western
immunoblotting.
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3.4

3.4.1

Discussion

Limitations of this study

In our study, we used peptide array technology to find the binding motif of CK1δ that targeted
TDP-43 and we designed peptides derived from these array sequences which efficiently blocked
TDP-43 phosphorylation and partially reduced TDP-43 aggregation. In point mutation
experiments, we found two phosphorylation sites on TDP-43 that might contribute to the solubility
and designed an interference peptide covering these sites. However, one limitation of this study
was that the antibody for detecting phosphoTDP-43 only recognized phosphorylation sites S409
and S410 which might not reflect all of the phosphorylation state of TDP-43. Other antibody-based
methods like ELISA and Mass spectrometry might have the same problem. The traditional method
for directly measuring protein phosphorylation is to label cells with 32P-orthophosphate which will
be taken into the cells and incorporated into ATP. Nevertheless, our primary target was to reduce
the level of TDP-43 aggregation with the treatment of peptides which was easy to detect using the
TDP-43 antibody.

There are 29 phosphorylation sites within TDP-43 that can be phosphorylated by CK1δ. Most of
them are located in the C-terminal region which has been well studied and found to be responsible
for TDP-43 aggregation. The post translational modifications of the relevant amino acids may alter
the protein conformation to make them more likely to form aggregates. In our point mutation
experiments, we identified two sites that were important for CK1δ induced TDP-43 aggregation.
However, the mutation of 7 different sites to Alanine causes self-aggregation. Based on the
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observation that CK1δ can induce TDP-43 aggregation, there is less possibility that
phosphorylation of these 7 site decreases the general TDP-43 aggregation. Therefore, the point
mutation method cannot exclude the possibility for altering protein structure. To understand how
each phosphorylation site related to TDP-43 solubility, a specific antibody needs to be generated
to recognize each mutated site in the insoluble fraction of cell lysate.

3.4.2

The implication of phosphorylation sites overlapped with clinical mutations

Within these phosphorylation sites, three of them (S292, S379 and S393) come to our attention
because of their overlap with reported clinical mutations. S292N is a mutation found in a familial
ALS case and this mutation was inherited by the next two generations which means this mutation
might have functions in the disease progress (Xiong et al., 2010). Since S292 is a target site for
CK1δ, we speculate it may affect the phosphorylation status of TDP-43 in this case. However,
there were no further functional studies were done on this mutation. A mutation of S379P was
reported in an Italian patient with early onset ALS (Corrado et al., 2009). Soon after, the same
mutation was reported in another fALS patient which suggested a high frequency of this mutation
(Ticozzi et al., 2011; Chiang et al., 2012). Unfortunately, there was no further functional studies
following these clinical reports. After the discovery of the S393L mutation in ALS patients, this
substitution mutation was reported to promote TDP-43 aggregation in patient fibroblasts (Corrado
et al., 2009; Origone et al., 2010; Praline et al., 2011). Apparently, these mutations may be involved
in the post translational modification due to the same kinase targeting sites that may cause the
conformational change and have consequences for TDP-43 solubility.

99

3.4.3

The CK1d binding motif and substrates specificity

CK1δ has a catalytic domain and a C-terminal inhibitory domain in its structure. The catalytic
domain of CK1δ is composed of two lobes with a cleft between them for binding ATP. The
substrate binding site was proposed to be predominantly in the catalytic domain since removal of
the inhibitory domain increased substrates binding. In our peptide array findings, all 4 peptide
candidates located in the catalytic domain suggested that TDP-43 mainly bound to this region.
Unlike most protein Ser/Thr kinases, CK1δ recognizes acidic or phospho-primed substrates. The
major sites involved in mediating substrate recognition were proposed as Arg-178, Gly-215, and
Lys-224. From our results, the four candidate peptides did not cover all these sites but the substrate
specificity for TDP-43 suggested that CK1δ substrate binding might not be the consensus
sequences. This result is consistent with a previous finding which reported the substrates recognize
differences between CKI isoforms, although they have high similarity in catalytic domains
(Dahlberg et al., 2009). Besides structural preferences for substrates binding, multiple mechanisms
have been shown to contribute to substrate specificity including local and distal interactions
between the kinase and substrate, and formation of complexes with scaffolding and adaptor
proteins (Ubersax and Ferrell, 2007).
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Chapter 4: Assessing the effects of blocking TDP-43 phosphorylation with in
vitro and in vivo models

4.1

4.1.1

Introduction

Disease models of TDP-43 proteinopathies

Since abnormally deposited TDP-43 was found as a predominant feature in the post mortem brains
of FTLD and ALS patients, several TDP-43 species including full length, fragmented and
phosphorylated TDP-43 were observed in the inclusions. Among them, phosphorylated TDP-43
was recognized as the highest burden in the inclusions (Neumann et al., 2006; Brettschneider et
al., 2014; Josephs et al., 2019). Due to these important pathological findings, the development of
experimental models of TDP-43 proteinopathies is essential to understand the underlying
mechanisms of the disease.

In FTLD or ALS, the expression of TDP-43 is higher than that in healthy individuals (Cairns et
al., 2007; Gitcho et al., 2009). Therefore, In vivo disease models commonly use wild type or
mutant TDP-43 transgenic animals. Transgenic mice models have been developed that express
either human or murine TDP-43 under the control of specific promoters to trigger different
expression patterns. The TDP-43 proteinopathies and phenotypes of these models were not
consistent but showed some of the same features which were observed in human diseases, like
cognitive and motor dysfunctions. Overexpression of human wildtype TDP-43 controlled by the
mouse prion promoter in mice mainly resulted in changes in the CNS and heart. The transgenic
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mice exhibited motor deficits and TDP-43 proteinopathies (Truncation, cytoplasmic redistribution,
phosphorylation and aggregation) in the CNS (Xu et al., 2010). The expression of TDP-43
controlled by the murine Thy-1.2 promoter (mThy1.2) resulted in overexpression in neurons
located in the central nervous system (CNS). In this model, mice developed motor dysfunction and
presented both neuronal intranuclear inclusions (NII) and neuronal cytoplasmic inclusions (NCI)
(Shan et al., 2010). Interestingly, the truncated 25kD fragment was seen as the major component
in the insoluble deposits (Wils et al., 2010). The CamKII promoter can drive transgene expression
in the forebrain area. TDP-43 transgenic mouse under control of this promoter developed cognitive
dysfunction at 2 months of age and motor dysfunction at 6 months of age. In these models, the
cytoplasmic inclusions along with the reduction of nuclear TDP-43 and the activation of caspase3 were the crucial features with high similarity to clinical pathologic findings (Tsai et al., 2010).
Besides the mouse promoters, the human TDP-43 endogenous promoter has been used to drive
human wildtype and mutant TDP-43 overexpression in transgenic mice to mimic the situation in
FTLD/ ALS patients. Both wildtype and mutant TDP-43 overexpression resulted in impaired
learning and memory capabilities during aging as well as motor dysfunction. The proteinopathies
were observed only in mutant TDP-43 transgenic mice but not in wildtype TDP-43 transgenic
mice (Swarup et al., 2011). In addition to transgenic mice models, a retrograde degeneration motor
neuron model created by crushing the sciatic nerve led to TDP-43 proteinopathies in the ventral
horn of spinal cord of wild-type mice. In ALS, evidence has indicated that early peripheral
denervation happened before ventral motor neuronal cell body loss suggested that degeneration
progresses retrogradely along the axon (Fischer et al., 2004). Sciatic nerve crush or axotomy in
mice was used as a fast nerve denervation model that captured elements of the stress and
degeneration process. In this model, TDP-43 was strikingly redistributed from the nucleus to the
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cytoplasm after axonal injury which is similar to the aberrant homeostasis of TDP-43 in the
neurodegenerative diseases (Moisse et al., 2009; Sato et al., 2009).

In addition, in vitro models have been widely used to study the molecular mechanisms and
neurotoxicity in TDP-43 proteinopathies. Overexpression of full length, mutant or proteolytically
processed products of TDP-43 in primary cultured neurons or neuronal cell lines have been a
common strategy to determine the protein function and disease characteristics. Moreover, human
iPSCs derived from ALS patients have been generated and differentiated into motor neurons to
restore the pathological state with endogenous levels of TDP-43. Also, this approach has the
advantage of allowing for investigation of the initial pathological events in the disease. To mimic
the stress condition in the diseases, several stressors were used to challenge cells that eventually
causes neurodegeneration and neuronal death. Administration of zinc or arsenate as potent
neurotoxins were found to generate TDP-43 cytoplasmic redistribution or cleavage in the cells
(Caragounis et al., 2010). Ethacrynic acid (EA) induces oxidative stress through glutathione
depletion and has been shown to result in aberrant TDP-43 phosphorylation, cleavage, cytoplasmic
redistribution and aggregation (Iguchi et al., 2012). Hydrogen peroxide (H2O2), the product of
SOD1-catalyzed reaction, was able to induce TDP-43 proteinopathies at pathological
concentrations (10–100 μM) (Ayala et al., 2011). These models were established to understand the
mechanisms of

disease related TDP-43 proteinopathies and to test potential therapeutic

compounds.
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4.1.2

Peptide based therapeutics in Neurodegenerative diseases

Peptide based drugs have emerged as a major class of therapeutics with advantages of specificity,
biological activity, low cost and high membrane penetration ability. Several neurodegenerative
diseases possess common features, like gradual neuronal death and abnormal protein aggregation.
Peptide inhibitors have been developed to protect against protein misfolding, amyloid formation,
mitochondrial permeability transition, or to stimulate and/or inhibit signal transduction in specific
neurodegenerative diseases (Baig et al., 2018).

In Alzheimer’s disease (AD), most potentially therapeutic peptides have aimed at preventing fibril
formation or Aβ elongation. Other approaches have tried to prevent Aβ formation by inhibiting
the beta-site APP cleaving enzyme 1 (BACE1) or γ secretase. However, the peptide based AD
therapeutics are limited and currently there are no completed clinical trials that have been reported
(Bieler and Soto, 2004; Funke and Willbold, 2012). In Parkinson’s disease, the peptide based
therapeutics in clinical development have focused on neurotrophic factor mimics, α-synuclein
formation breakdown and GLP-1 receptor activation. A peptide of the eight amino acids,
NAPVSIPQ, derived from a growth factor called activity-dependent neurotrophic protein (ANAP)
which is released from glia cells, was reported to decrease tau hyperphosphorylation and showed
potent neuroprotective activity in mouse models of Parkinson’s disease (Jouroukhin et al., 2013;
Fleming et al., 2011). However, it was halted at clinical trial phase 2/3 due to the negative results
on all endpoints. Strategies targeting α-synuclein are aimed to block the aggregates formation,
accelerate protein degradation, and also to induce immune response by generating antibodies
against it. For example, David Eisenberg’s group patented several structure-based inhibitory
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peptides that efficiently halted α-synuclein aggregation by binding to residues 68-78 or residues
47-56 of α-synuclein (IPN: WO 2018/005867 A2). A peptide based method to induce α-synuclein
degradation was through linking a protein binding domain with CMA-targeting motif (CTM) that
directed α-synuclein to the lysosome for degradation. This method showed rapid and reversible
knockdown effects in the preclinical stage (Fan et al., 2014). In addition, an α-synuclein
mimicking peptide was designed to induce an immune response that generates antibodies
specifically against α-synuclein. In this regard, a potential vaccine called Affitope – PD01A has
been shown to decrease the accumulation of α-synuclein oligomers in axons and synapses with
the improvement of motor and memory deficits in mice models (Mandler et al., 2014). Follow up
studies after a phase I clinical trial showed long term immune responses but there were still
concerns due to the absence of symptomatic improvements. Recently, increasing interest has
focused on glucagon-like peptide-1 (GLP-1) receptor agonists in PD therapy as systemic insulin
resistance is associated with the onset of PD. Exenatide, a 39 amino acid peptide analogue of
human GLP-1, has been shown to improve motor function compared to a placebo group in PD
clinical studies and its phase 3 clinical trial is ongoing. In polyglutamine diseases, the abnormally
expanded poly Q tract undergoes a conformational change to the misfolded state and tends to form
insoluble aggregates. Peptide inhibitor poly Q binding peptide-1 (QBP1) was developed by phage
display screening showing high affinity to expanded polyQ proteins (Nagai et al., 2000). QBP1
effectively suppressed the formation of polyglutamine protein aggregates and showed
neuroprotective effects on poly Q-induced cytotoxicity in vitro (Nagai et al., 2007). However,
QBP1 treatment did not result in an obvious decrease in HTT inclusion body formation in human
huntingtin exon 1 transgenic mice model (Popiel et al., 2009). Another polyglutamine disease,
spinal and bulbar muscular atrophy, is caused by the expansion of a polyQ tract in androgen
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receptors resulting in lower motor neuron degeneration. Leuprorelin, a peptide agonist, was shown
to reduce testosterone-dependent androgen receptor accumulation in the nucleus and to effectively
rescue motor dysfunction in male transgenic mice (Katsuno et al., 2003). Recently, leuprorelin was
reported to delay the functional decline with long term treatment (Hashizume et al., 2017).
However, it has only been approved for delaying the progression of spinal and bulbar muscular
atrophy disease in Japan patients.

4.1.3

Aims and hypotheses

Aim 1: To test the blocking effects of a peptide mixture (A+B+C+D) on ethacrynic acid induced
TDP-43 phosphorylation and aggregation in SY5Y cells and primary cultured neurons.

Aim 2: To test the effects of the peptide mixture (A+B+C+D) on ethacrynic acid induced cell death
in SY5Y cells and primary cultured neurons.

Aim 3: To test the blocking effects of the peptide mixture (A+B+C+D) on TDP-43
phosphorylation and aggregation in sciatic nerve axotomy model in mice.

Aim 4: To test the effects of the peptide mixture (A+B+C+D) on stress responses in the sciatic
nerve axotomy model.
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4.2

4.2.1

Methods and materials

Cell line and mouse primary cortical neuron culture

SH-SY5Y cells and HEK-293 cells were used in these studies and the complete procedures for cell
culture were the same as these described in Chapter Two Methods section.

Primary cortical neuron cultures were prepared from the embryos of E15 timed pregnant CD1
mice. The embryos were cut and transferred to the dish with HBSS. The whole brains were then
dissected and the meninges were gently peeled to open the cortical lobes. The cortices were
separated and transferred to 15mL tubes containing HBSS. After a gentle spin, we replaced the
HBSS with 5mL of 0.25% trypsin and incubated the tissue in a 37°C water bath for 20 minutes to
digest the tissue. Then, the cortical tissues were triturated using a 10mL pipette and washed twice
with DMEM containing 10% Fetal Bovine Serum. After spinning at 1500rpm for 5 minutes, the
cell pellet was resuspended in 5~10 mL neurobasal plating medium (Gibco-BRL, Grand Island,
NY) supplemented with 2% B27 (Gibco-BRL, Grand Island, NY), 2mM L-glutamine (Sigma,
Saint Louis, MO), 25μM glutamic acid (Sigma, Saint Louis, MO), 10mM β-mercaptoethanol
(Gibco-BRL, Grand Island, NY) and 1% penicillin-streptomycin (Sigma, Saint Louis, MO). These
neuronal cells were then plated and cultured on poly-D-lysine coated 6 well plate at a density of 8
x 105 cells per well. The medium was replaced on the second day and afterwards half of the
medium was replaced every 3-4 days. The cultures were maintained at 37°C in a humidified
incubator with 5% CO2.
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4.2.2

Ethacrynic acid (EA) treatment

Ethacrynic acid (EA) (Sigma, Saint Louis, MO) was dissolved in Dimethyl Sulfoxide (DMSO) at
a stock concentration of 100mM. For SH-SY5Y cells and HEK-293 cells, Ethacrynic acid (EA)
was added to the culture medium at 1:1000 to reach a final concentration of 100μM. The treatment
was maintained for 24 hours. For mouse cortical neurons, mature cortical neurons of 14 days in
vitro (DIV) were used for experiments. Ethacrynic acid (EA) was added to neurons at a
concentration of 20μM for 5 hours.

4.2.3

Protein -protein coimmunoprecipitation assay

After the treatment with Ethacrynic acid (EA), the SH-SY5Y cells were subjected to the protein protein coimmunoprecipitation assay. The complete procedures were as the same as described in
Chapter Two Methods section.

4.2.4

Peptide preparation and administration

For peptide treatment in cell culture, the peptides were dissolved in double distilled water at a
stock concentration of 10mM and stored at -80°C. The combination of peptides A, B, C and D
mixture at equal concentration of 5μM for each and 20μM total were added into cultures of SHSY5Y cells or HEK-293 cells. The primary cultured neurons were treated with peptide A, B, C
and D mixture (equal concentration for each) at the final concentration of 5μM and 10μM.
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For peptide intravenous (iv) injection in the mouse model, the peptides were dissolved in saline
and prepared freshly on the day of experiment at a stock concentration of 4 mg/ml.20 mg/kg
(5mg/kg of each of four peptides) peptides were administrated once per day through intravenous
injection via the tail vein. The first injection took place 30 minutes before the surgical procedure
and the following injections took place every 24 hours until the mice were sacrificed.

4.2.5

CK1d siRNA transfection

The pre-designed silencing siRNA was purchased from Invitrogen (siRNA ID: 146134). The
sequence

(5’—3’)

are:

sense:

CCGAUGAGAACUCUCCUUATT;

Antisense:

UAAGGAGAGUUCUCAUCGGTG. The pre-designed siRNA was transfected into cells using
Lipofectamine RNAiMAX reagent according to the manufacturer’s instructions.

4.2.6

MTT assay

The cell viability of SH-SY5Y cells after treatment of Ethacrynic acid (EA) was determined using
the MTT assay (Sigma, Saint Louis, MO). Briefly, MTT solution was added to cells for 3-4 hours
at 37 °C at the time when the cell viability was determined. Then, the lysis buffer was added into
each well and incubated overnight. On the second day, the plate was shaken for 15 minutes in the
dark and absorbance at OD=595 nm was read using a plate reader (Envision 2103 Multilabel
Reader, Perkin Elmer).
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4.2.7

Lactate dehydrogenase (LDH) assay

The viability of primary cultured neurons after the treatment of Ethacrynic acid (EA) was
determined using the Lactate dehydrogenase (LDH) assay (in vitro toxicology assay kit; Sigma,
Saint Louis, MO). The release of lactate dehydrogenase was measured by incubating the cultured
medium from each condition with the reagent for 1 hour in the 96 well plate according to the
manufacturer’s instructions. The optical density of each sample was measured at a wavelength of
490 nm and a reference filter of 750nm using the ‘uQuant’ microplate spectrophotometer. LDH
readings of each conditions were subtracted from the readings of 100% survival well and then
converted to the percentage of neuronal death by comparing with the reading of 100% death well
which was incubated with 1% triton-X100 for 10 minutes.

4.2.8

Sciatic nerve axotomy procedure in mice

6-8 weeks old adult male C57BL/6 mice weighing 20-25g were employed for the sciatic nerve
axotomy procedure. Mice were anaesthetized with 5% isoflurane in 70% N2O/ 30% O2 mixed gas
in the induction chamber and maintained with 2% isoflurane in 70% N2O/ 30% O2 using a nose
cone. Once anesthetized, mice were placed on a thermal pad and body temperature was maintained
at 37.5 °C. Ophthalmic ointment was applied to both eyes. To control the pain in the procedure, 5
mg/kg ketoprofen and 0.05 mg/kg Buprenorphine were given subcutaneously prior to the surgery.
The fur was shaved between the cranial edge of the wing of the ileum and the last rib on the left
side and the skin was prepared for surgery with alternating scrub of iodine solution and 70%
ethanol (three repeats). A clean surgical drape was placed over the body with an appropriate
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operative field. Next, a 0.5 cm skin incision was made parallel to the Femur. The sciatic nerve was
exposed after opening the fascial plane between the gluteus maximus and the anterior head of the
biceps femoris. Then the sciatic nerve was gently freed from the surrounding connective tissue
using iridectomy scissors and transected in the middle. After the procedure, the muscle,
subcutaneous tissue and the skin were closed with 4-0 vicryl suture layer by layer. Gas anesthesia
was turned off and mice were placed into a recovery cage and monitored for another 2 hours for
adequate recovery. The mice were provided with supportive care after the surgery and body weight
was monitored for before and after surgery. At day 1 and day 2 after surgery, Ketoprofen (5 mg/kg)
and Buprenorphine (0.05 mg/kg) were given subcutaneously to control the pain. The mice were
sacrificed at various times (days 1 to 7) after surgery.

4.2.9

Immunocytochemistry and immunohistochemistry

SH-SY5Y cells were treated with Ethacrynic acid (EA). The subcellular localization of
phosphorylated TDP-43 was confirmed by immunocytochemistry. The complete procedure was
the same as described in Chapter Two Methods section.

Before the mice spinal cord was assessed using immunohistochemistry, the mice perfused with
fixative through the circulatory system to obtain the best possible preservation of the spinal cord
for immunohistochemistry. Briefly, 1.5 g/kg urethane was administered via intraperitoneal
injection after mouse became unresponsive, a 5-6 cm lateral incision was made through the
abdominal wall just beneath the rib cage and the diaphragm was broken. The pleural cavity was
fully exposed and a needle connected with a perfusion pump was directly inserted into the
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protrusion of left ventricle. Then, the mouse right atrium was opened using iris scissors to allow
the blood to flow out of the body. Mice were first perfused with 0.9% saline and switched to 4%
paraformaldehyde (PFA) when the fluid was running clear. After the perfusion fixation, the spinal
cord was separated and immersed in 4% PFA in a 15ml tube for another 24 hours at 4°C and then
transferred into 30% sucrose/PBS solution at 4°C until the tissue sunk to the bottom. The fixed
spinal cord was embedded in OCT on dry ice and sliced into 30 um sections using a Leica cryostat.
The slices were kept in PBS at 4°C before immunohistochemistry.

The slices were then blocked with 0.1% Triton X-100 and 5% BSA in PBS for 1 hour. Then, the
sliced were incubated with primary antibody at 1:100 in 3%BSA in PBS overnight at 4°C. On the
second day, slices were washed with PBS for 3 times and incubated with secondary antibody with
Alxe-488 or Alxe-568 at 1:200 for 2 hours at room temperature. After washing with PBS again,
slices were stained with DAPI at 1:500 for 5 minutes. Then the samples were washed with PBS
for 3 times and mounted onto the glass slices. Sections were then visualized and imaged using a
confocal microscope. The following primary antibodies were used in the study: anti-phosphoTDP43 (409/410) (Cosmo, CAC-TIP-PTD-M01), anti-TDP-43 (Proteintech, 10782-2-AP), anti-HSP70
(Abcam, ab2787) and anti-TIA1 (Abcam, ab263945).

4.2.10 Tissue protein extraction and western blotting

In the paralleled with the immunohistochemistry staining, the protein levels of fresh tissue were
analyzed by western blotting. After decapitation, the spinal cords were immediately removed and
the ventral column of the lumbosacral cord segments of the axotomy side were collected. Tissues
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from 4 mice were then subjected to protein extraction and western blotting analysis. The tissues
were washed in cold PBS 3 times and homogenized in RIPA buffer. After 10 minutes, the lysates
were sonicated and centrifuged at 20, 000 × g for 15 minutes at 4°C. The soluble fraction was
collected from the supernatant. The pellet was re-sonicated and lysed in the RIPA buffer again for
another 10 minutes and then centrifuged at 20,000 × g for 10 minutes. The pellet was sonicated
and suspended in UREA buffer for 20 minutes at room temperature. The supernatant was collected
as the insoluble fraction after centrifuged at 20,000 × g for 10 minutes. The resulting samples were
further analyzed by Western immunoblotting.

4.2.11 Statistical analysis

All values were calculated from at least 3 repeats of experiments and presented as mean ± standard
error of the mean. Statistical significance of the differences in two groups was calculated by
Student’s t test and statistical significance of the differences among three or more groups was
defined by one-way ANOVA. Statistical significance was set as p < 0.05.

4.3

4.3.1

Results

CK-1d is responsible for ethacrynic acid (EA) induced TDP-43 phosphorylation

and aggregation in SH-SY5Y cells

Ethacrynic acid (EA) was reported to induce TDP-43 phosphorylation and aggregation in SHSY5Y cells (Iguchi et al., 2012). Thus, we first asked if CK-1d plays a role in ethacrynic acid (EA)
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induced TDP-43 phosphorylation and aggregation. We knocked down (see methods) endogenous
CK-1d in SH-SY5Y cells which were then treated with 100μM ethacrynic acid for 24 hours. As
shown in Figure 13, TDP-43 and phosphoTDP-43 were presented in the insoluble fraction with
the treatment of ethacrynic acid (EA). However, after knockdown of endogenous CK-1d, TDP-43
and phosphoTDP-43 were not seen in the insoluble fraction suggested that CK-1d is necessary for
ethacrynic acid induced TDP-43 phosphorylation and aggregation in SH-SY5Y cells (Figure 13).
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Figure 13. Knockdown of endogenous CK-1d abolishes ethacrynic acid (EA) induced TDP43 phosphorylation and aggregation.
SH-SY5Y cells were transfected with a pre-designed siRNA targeting CK-1d for 48 hours and
then treated with 100μM ethacrynic acid for 24 hours. The expression of CK-1d and actin in the
whole cell lysate and TDP-43 and phosphoTDP-43 in the soluble and insoluble fraction were
detected by western immunoblotting.

4.3.2

Ethacrynic acid (EA) induces robust cytoplasmic accumulation of phosphorylated

TDP-43 in SY5Y cells

Next, we determined if ethacrynic acid treatment was able to cause phosphoTDP-43 redistribution
to cytoplasm. We treated SH-SY5Y cells with 100μM ethacrynic acid for 24 hours and fixed cells
for immunocytochemistry. The visualized phosphoTDP-43 was mainly located in the cytoplasm
showing a nuclear clearance pattern which is similar to that observed in pathological findings in
neurodegenerative diseases such as ALS and FTLD (Figure 14), whereas the phosphoTDP-43 was
not shown in control cells.
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Figure 14. Ethacrynic acid (EA) induces robust cytoplasmic accumulation of phosphorylated
TDP-43 in SY5Y cells.
Confocal microscope images of SH-SY5Y cells after the treatment with 100μM ethacrynic acid
for 24 hours. The cells were immunostained with anti-phosphorylated TDP-43 (pS409/410)
monoclonal antibody (green) and were counterstained with DAPI (blue).

4.3.3

Ethacrynic acid (EA) does not promote a stable interaction between CK-1d and TDP-

43 in SY5Y cells

We then tested if ethacrynic acid could induce a stable interaction between CK-1d and TDP-43.
We treated SH-SY5Y cells with 100μM ethacrynic acid for 24 hours and assessed the proteinprotein interaction of CK1δ and TDP-43 using protein co-immunoprecipitation. Cells with the
treatment of ethacrynic acid and peptide mixture were considered as negative controls. We used
the CK-1d antibody to pull down proteins and probed with TDP-43 antibody by western blotting.
5% of whole cell lysate was the input to indicate TDP-43 on the blotting. The results indicated that
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there was no stable binding between CK1δ and TDP-43 after the treatment of ethacrynic acid
(Figure 15).
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Figure 15. Ethacrynic acid (EA) does not promote stable interaction between CK-1d and
TDP-43 in SY5Y cells
Coimmunoprecipitation and immunoblotting of SH-SY5Y cells under the indicated conditions.
CK-1d antibody was used to pull down proteins and immunoblotting was probed with TDP-43
antibody.
4.3.4

Synthetic peptides derived from CK-1d efficiently block TDP-43 aggregation in

SY5Y cells with ethacrynic acid (EA) treatment

Next, we assessed the effects of our synthesized peptides on ethacrynic acid induced TDP-43
aggregation. We pre-treated SH-SY5Y cells or HEK293 cells with the peptide mixture (peptides
A+B+C+D) for 1 hour and added ethacrynic acid for another 24 hours to induce TDP-43
aggregation. Interestingly, the ethacrynic acid induced TDP-43 aggregation was only seen in SH-
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SY5Y cells but not HEK293 cells suggesting that decreased protein solubility is a unique feature
in neuronal cells. With the treatment of peptide mixture at 20μM, the TDP-43 and phosphoTDP43 in the insoluble fraction was totally absent. We concluded from these results that blocking the
interaction of CK-1d and TDP-43 could efficiently reduce TDP-43 phosphorylation and
aggregation (Figure 16).

Figure 16. Synthesized peptides blocked ethacrynic acid induced TDP-43 phosphorylation
and aggregation.
Immunoblotting of proteins from SH-SY5Y cells and HEK293 cells with the treatment of
ethacrynic acid with scrambled or candidate peptides. The diagram shows the procedures for cell
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treatments (Left). TDP-43, phosphoTDP-43, CK-1d and actin in the soluble and insoluble fraction
were detected by western immunoblotting (Right).

4.3.5

Synthetic peptides derived from CK-1d partially rescue cell death in SY5Y cells

To test the effects of synthetic peptides on cell death, we pre-treated SH-SY5Y cells with peptides
and challenged cells with 100μM ethacrynic acid. The cell viability under each condition was
determined by MTT assay. Compared with control group, ethacrynic acid treatment caused
69.97% cell death of SH-SY5Y cells. Remarkably, Pre-treatment with our peptide mixture
(A+B+C+D) effectively rescued 27.44% of cells from ethacrynic acid induced cell death (Figure
17).
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Figure 17. Synthetic peptides derived from CK-1d partially rescued cell death in SY5Y cells.
Quantification of MTT absorbance in peptides protected cultures. Significance between control
group and each ethacrynic acid treatment group was calculated by student’s t test, *p<0.05.
Significance between scramble peptides and peptide mixture group was calculated by student’s t
test, **p<0.05.

4.3.6

Synthetic peptides derived from CK-1d efficiently block the TDP-43 aggregation

and partially rescue cell death in primary cultured neurons with ethacrynic acid (EA)
treatment

We also tested the peptide mixture in primary cultured cortical neurons which are a more
physiologically relevant tissue. We pretreated neurons with different doses of the peptide mixture
and added 20μM ethacrynic acid for 5 hours (Figure 18A). Then, we assessed cell viability by
measuring LDH release into the culture medium. The peptide mixture at 5μM efficiently decreased
TDP-43 in the insoluble fraction (Figure 18B) and reduced the number of dead neurons by about
half (from 18.82% to 9.81%) (Figure 18C).
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Figure 18. Synthetic peptides derived from CK-1d efficiently block TDP-43 aggregation and
partially rescue cell death in primary cultured neurons after ethacrynic acid (EA) treatment.
A. The diagram shows the treatment procedures for neurons. B. Immunoblotting of proteins from
neurons treated with ethacrynic acid and peptides. TDP-43 and actin in the soluble fraction and
insoluble fraction were probed, and the ratio of insoluble TDP-43 to soluble TDP-43 was
quantified. *p, #p<0.05. C. Quantification of LDH release in peptide mixture protected cultures.
n.s. not significant, *p, #p<0.05.
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4.3.7

Sciatic nerve axotomy induce TDP-43 cytoplasmic redistribution, phosphorylation

and aggregation in ventral horn motor neurons in lumbar spinal cord of adult C57BL/6
mice

To explore the effects of the peptide mixture in vivo, we used a retrograde neurodegeneration
mouse model. This was done by crushing the sciatic nerve which has been shown to lead to TDP43 proteinopathies in ventral horn of the spinal cord (Moisse et al., 2009). The C57BL/6 mice were
subjected to left sciatic nerve axotomy and proteins were extracted from ipsilateral lumbar spinal
cord on each day from day 0 to day 7 after surgery for immunoblotting. We first determined the
pattern of TDP-43 and phosphoTDP-43 in the soluble and insoluble fraction by western
immunoblotting. As shown in Figure 19A, the protein levels of TDP-43 and phosphoTDP-43 were
increased in the insoluble fraction on day 3, 4 and 5 in parallel with a decrease in the soluble
fraction and these changes returned to base line at day 7. We further assessed the subcellular
localization of TDP-43 and of phosphoTDP-43 in this model. In the ipsilateral side to the sciatic
nerve axotomy, both TDP-43 and phosphoTDP-43 were found in the cytoplasm of motor neurons
on days 3, 4 and 5 in the ventral horn of lumbar spinal cord. In the contralateral side of spinal cord
to the surgery, TDP-43 was concentrated in the nucleus which represented as a normal control.
This phenotype is similar to that observed in pathological samples in neurodegenerative diseases
like ALS (Figure 19B and C).
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Figure

19.

Sciatic

nerve

axotomy

induce

TDP-43

cytoplasmic

redistribution,

phosphorylation and aggregation in ventral horn motor neurons in lumbar spinal cord of
adult C57BL/6 mice.
A. Immunoblots demonstrating TDP-43, phosphoTDP-43 and actin levels in ipsilateral lumbar
cord tissue in the soluble and insoluble fraction at indicated days after sciatic nerve axotomy. B.
Confocal images of immunohistochemical TDP-43 staining of ipsilateral and contralateral lumbar
spinal cord slices three days after sciatic nerve axotomy. C. Confocal images of
immunohistochemical phosphoTDP-43 staining of ipsilateral and contralateral lumbar spinal cord
slices three days after sciatic nerve axotomy. Scale bar 20μm.
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4.3.8

Treatment with synthetic peptide mixture derived from CK-1d efficiently promotes

recovery of wild type TDP-43 and phosphorylated TDP-43 solubility in ventral horn motor
neurons in lumbar spinal cord of adult C57BL/6 mice

To test the effects of our peptide mixture in the spinal cord response to axotomy, we injected the
peptide mixture at 20mg/kg into C57BL/6 mice tail vein once a day from day 0 to day 7 and
compared protein levels with a scrambled peptide injection group. With the peptide mixture
injection, TDP-43 was less abundant in the insoluble fraction and phosphoTDP-43 was only
slightly visible on day 3, demonstrating the effectiveness of the peptides in blocking TDP-43
phosphorylation in vivo (Figure 20A). To quantitatively compare the TDP-43 levels in the peptide
mixture group versus scrambled peptide group, we analyzed TDP-43 expression on day 3, 4 and 5
in two groups. TDP-43 levels in the peptide mixture group in the insoluble fraction were
significantly reduced by 50.17%, 29.03% and 14.85% on day 3, 4 and 5 when compared with that
of the scrambled peptide group(Figure 20B). Together, these results suggested that the peptide
mixture derived from CK-1d efficiently blocked TDP-43 phosphorylation and partially reduced
TDP-43 aggregation in vivo. However, we observed that the TDP-43 location in days 3, 4 and 5
after sciatic nerve axotomy in the peptide mixture group was still concentrated in the cytoplasm
without nuclear rescue indicating that blocking TDP-43 phosphorylation does not rescue TDP43 nuclear localization.
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Figure 20. The peptide mixture derived from CK-1d efficiently blocks TDP-43
phosphorylation and partially reduced TDP-43 aggregation in vivo.
A. Immunoblots demonstrating TDP-43, phosphoTDP-43 and actin levels of ipsilateral lumbar
tissue in the soluble and insoluble fraction at indicated days after sciatic nerve axotomy and peptide
injection. B. Comparison of scramble peptide and peptide mixture group showing TDP-43 and
actin levels in ipsilateral lumbar spinal cord tissue in the soluble and insoluble fraction on day 3,
4 and 5 after sciatic nerve axotomy.
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4.3.9

Sciatic nerve axotomy induces HSP70 nuclear translocation without regulating

HSP70 protein expression

The accumulation of misfolded proteins in the CNS is the major feature of many
neurodegenerative diseases and the heat shock protein (HSP) family of proteins are involved in
each step of proteostasis that facilitates protein folding and degradation by ubiquitin-proteasome
or autophagy pathways. Heat shock proteins have been implicated in TDP-43 clearance in
transgenic mice model and human ALS tissue (Chen et al., 2016). In response to stress, it was
demonstrated that the expression of heat shock protein 70 was upregulated and the nuclear
translocation was important for suppression of glutamate excitotoxicity-induced apoptosis (Song
et al., 2016). In our studies, the levels of TDP-43 and phosphoTDP-43 were increased in the
insoluble fraction after sciatic nerve axotomy. We then tested if the protein level of heat shock
protein 70 was regulated after sciatic nerve axotomy since heat shock protein family were found
to be up-regulated during stress exposure to prevent additional conformational changes or selfaggregation of misfolded proteins. However, in this model, heat shock protein 70 levels were not
regulated after sciatic nerve axotomy within 7 days (Figure 21A). Interestingly, heat shock protein
70 showed a nuclear translocation on days 1, 2 and 3 after sciatic nerve axotomy which suggested
the heat shock protein 70 activation and the initiation of a heat shock response in this system
(Figure 21B).
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Figure 21. Sciatic nerve axotomy induces HSP70 nuclear translocation without changing
levels of HSP70 protein expression.
C57BL/6 mice subjected to sciatic nerve axotomy and analysis compared every day for one week
after injury. A. Immunoblotting of HSP70 and GAPDH proteins at the indicated days after sciatic
nerve axotomy. B. Confocal images of immunohistochemical HSP70 staining of ipsilateral lumbar
spinal cord slices at indicated days after sciatic nerve axotomy. Scale bar, 5µm.

4.3.10 Treatment of Synthetic peptides derived from CK-1d does not affect HSP70 activity
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We next tested whether reducing TDP-43 aggregation by peptide administration would affect
HSP70 activity. The peptide mixture was injected at 20mg/kg into C57BL/6 mice tail vein once a
day from day 0 to day 7 after sciatic nerve axotomy. HSP70 was probed in whole protein lysates
by western immunoblots and the results showed that HSP70 level was not regulated after sciatic
nerve axotomy within 7 days when TDP-43 phosphorylation was blocked by peptide mixture
injection(Figure 22A). In addition, HSP70 nuclear translocation was not affected also which
demonstrated that TDP-43 phosphorylation was not involved in the initial heat shock response
after sciatic nerve axotomy (Figure 22B).
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Figure 22. Treatment of Synthetic peptides derived from CK-1d does not affect HSP70
activity.
Peptide mixture administration once a day in sciatic nerve axotomy mice. A. Immunoblotting of
HSP70 and GAPDH proteins at the indicated days after sciatic nerve axotomy. B. Confocal images
of immunohistochemical HSP70 staining of ipsilateral lumbar spinal cord slices at indicated days
after sciatic nerve axotomy. Scale bar, 5µm.

4.3.11 Treatment with Synthetic peptide mixture derived from CK-1d reduces stress
granule formation induced by sciatic nerve axotomy

Stress granules (SGs) are formed in the cytoplasm in response to cellular stress. Previous studies
have demonstrated that post-translational modification of RNA binding proteins strongly
contributes to the regulation of SGs (Lee et al., 2012; Hofweber and Dormann, 2019). Pathological
proteins containing low complexity domain in which the glycine and proline are overrepresented
and with hydrophobic side groups are recruited into stress granules under pathological conditions
and that maturation of stress granules promote these proteins forming potential fibrillar structures
(Dobra et al., 2018). Therefore, we examined the effects of our blocking peptide mixture on stress
granule formation after sciatic nerve axotomy by assessing the stress granule marker TIA-1. The
peptide mixture or scramble peptides were injected at 20mg/kg into C57BL/6 mice tail vein once
a day from day 0 to day 7 after sciatic nerve axotomy. The immunohistochemical staining of TIA1 in control group was concentrated within cytoplasmic foci in the ipsilateral lumbar spinal cord
slices which indicated stress granules were formed with acute peripheral nerve injury. These stress
granules existed on day 1, 2 and 3 and disassembled gradually after. Surprisingly, these
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cytoplasmic foci were not observed in peptide mixture group, suggested that TDP-43
phosphorylation regulates sciatic nerve axotomy induced stress granule assembling (Figure 23A).
We then quantitively analyzed the protein level of TIA-1 by western immunoblotting. TIA-1 was
dramatically increased in the insoluble fraction on the day 1, 2 and 3 after sciatic nerve axotomy
in the control group. However, TIA-1 in the insoluble fraction was not abundantly observed in the
peptide mixture injection group (Figure 23B). We also compared TIA-1 levels in the insoluble
fraction in two groups on the same blotting and further confirmed the effects of peptide mixture
on reducing the stress granule assembling on day 1, 2 and 3 after sciatic nerve axotomy (Figure
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Figure 23. Treatment of Synthetic peptides derived from CK-1d reduces stress granule
formation.
Control peptides or peptide mixture were administrated once a day in sciatic nerve axotomy mice
from day 0 to 7. A. Confocal images of immunohistochemical TIA-1 staining of ipsilateral lumbar
spinal cord slices in control group or peptide mixture group at indicated days after sciatic nerve
axotomy. B. Immunoblotting of TIA-1 and GAPDH proteins of control group or peptide mixture
group in the soluble fraction and insoluble fraction at the indicated days after sciatic nerve
axotomy. C. Comparation of TIA-1 expression in the insoluble fraction between control group and
peptide mixture group. Scale bar, 5µm.
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4.4

Discussion

In this chapter, we confirmed the blocking effects of peptide mixture derived from CK-1d for TDP43 phosphorylation and aggregation using both in vitro and in vivo models. We further examined
the effects of our peptide mixture on ethacrynic acid induced pathology in a cellular model and the
effects of the peptides on motor neuron retrograde degeneration pathology in a mouse sciatic nerve
axotomy model. In SH-SY5Y cells and primary cultured neurons, TDP-43 phosphorylation,
cytoplasmic redistribution and aggregation were clearly observed with ethacrynic acid challenge.
Blockade of TDP-43 phosphorylation could partially reduce TDP-43 aggregation and rescue cells
from cell death but did not alter TDP-43 cytoplasmic redistribution. These results indicated that
TDP-43 phosphorylation has a role in forming TDP-43 aggregates which is consistent with
pathological findings in ALS and FTLD brain. However, TDP-43 phosphorylation is not the cause
of TDP-43 cytoplasmic redistribution. In previous chapters, we induced TDP-43 phosphorylation
by overexpressing CK-1d which did not lead significant cell death, however, blocking TDP-43
phosphorylation did protect the cells from ethacrynic acid challenge suggested that TDP-43
phosphorylation may be involved in other unknown signaling when cells challenged by stressors
or under disease conditions. Thus, it is still not clear what the precise role of TDP-43
phosphorylation is in pathological process and whether TDP-43 aggregates are toxic or act as a
protective mechanism is still an open debate. It is worth noting that the responses and the order of
the events in our sciatic nerve axotomy model may provide useful information for understanding
the sequence of pathological events in neurodegenerative diseases. After the sciatic nerve
axotomy, the heat shock response and stress granule formation were first observed, and TDP-43
redistribution and aggregation happened later after. Previous studies have demonstrated that TDP-
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43 is essential for stress granule dynamics (Khalfallah et al., 2018; Chen and Cohen, 2019). Other
evidence has indicated that modulation of stress granules or prevention of TDP-43 recruitment to
stress granules could interfere TDP-43 accumulation (Fang et al., 2018; Fang et al., 2019). In our
findings, blocking TDP-43 phosphorylation could efficiently reduce stress granule assembly
suggested that phosphoTDP-43 may be involved in this process. However, stress granule dynamics
are complicated and not fully illustrated in neurodegenerative diseases.

4.4.1

Is stress granule toxic or protective?

Stress granules (SGs) assembly during cellular stress have been implicated in neurodegenerative
diseases (Fujita et al., 2008; Liu-Yesucevitz et al., 2010; Dewey et al., 2012). They are cytoplasmic
membrane-less particles exhibiting liquid-like behaviors that form in response to various external
stressors and are believed to transiently facilitate cell survival as an adaptive survival mechanism
(Anderson and Kedersha, 2006; Kedersha, and Anderson, 2007). Non-translating mRNAs, RNAbinding proteins and some translation factors are recruited and translationally stalled during stress
granules assembly and this process is strictly dependent on phosphorylation of eukaryotic
translation initiation factor 2 (eIF2α) (Kedersha et al., 1999; Cherkasov et al., 2015). Upon the
removal of the stress factors, stress granules disassemble within minutes (Buchan and Parker,
2009). Therefore, stress granules are considered as a protective and defensive mechanism when
the cells facing acute stress.

With the development of screening and sequencing methods, the mRNA and RNA binding
proteins in the stress granules have been elucidated, making more clear the nature and possible
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function of stress granules and the intracellular activities under stress conditions. In a yeast model
under robust heat stress, researchers did a SG co-localization screen and proteomic analysis of
insoluble protein fractions. The results suggested cytosolic protein synthesis and nuclear ribosome
production were both downregulated at multiple levels through protein sequestrations (Cherkasov
et al., 2015). Another study analyzed the stress granule transcriptome in yeast and mammalian
cells indicating stress granules are primarily accumulations of diverse mRNA species with over
78% in mammalian cells and around 95% in yeast of the molecules in SGs. With the estimation of
genes, there are around 185 genes within SGs in which greater than 50% of the mRNA molecules,
even though these mRNAs are only 9.4% of the total mRNAs in the cells (Khong et al., 2017).
Both studies indicate that stress granules sequester more generally rather a specific subset of
mRNAs or cellular proteins.

Stress granule formation has been implicated in neurodegenerative diseases, especially in ALS,
FTLD and Alzheimer’s Disease. Multiple studies suggested that TDP-43 and other disease-linked
RNA-binding proteins co-localize with SGs and showed a transition from SG intermediate to solidlike protein aggregates, raising the hypothesis that stress granules may participate in the initiation
of pathological protein aggregation. Also, neurons exposed to constant oxidative and other types
of stress under pathological conditions promoting the transition of stress granule components to a
more stable complex, thereby facilitate the amyloidosis of RNA-binding proteins. Thus, a new
concept ‘pathological stress granules’ has been proposed which are characterized by carrying
pathological proteins and maturing to stable complexes with less dynamics (Wolozin and Ivanov,
2019). In addition, studies have shown that TDP-43 and other RNA-binding proteins are required
for efficient SG dynamics (Khalfallah et al., 2018; Fang et al., 2019). The evidence also supported
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the association of phosphorylated TDP-43 with stress granules showing that the pathological
mutations in TDP-43 or FUS were able to modify the recruitment and dynamics of stress granules
(Liu-Yesucevitz et al., 2010; Dewey et al., 2011). However, the RNA binding proteins TDP-43
and FUS did not consistently co-label with well-known SG markers in animal models and
ALS/FTLD human samples. Recent studies have demonstrated that induced pathological TDP-43
and other RNA binding proteins can accumulate through a pathway other than SGs (Gasset-Rosa
et al., 2019; Shin et al., 2017). These results highlighted that TDP-43 can evolve from a SG into a
pathological aggregation status. Taken together with these findings, we suggest that TDP-43
pathology may be associated with stress granule dynamics but the accumulation of TDP-43 may
occur through multiple pathways besides the stress granule pathway.

4.4.2

The limitations of experimental models

Most in vivo models of TDP-43 pathology rely on the overexpression of TDP-43 and display
symptoms of diseases. However, these overexpression models depend on different promoters
which we have summarized in the introduction, leading to variable phenotypes of TDP-43
pathology. The limitations are clear with the most important concern that the potent toxicity of
overexpression may accelerate pathogenesis in animals. Thus, we chose this motor neuron
retrograde degeneration model to study TDP-43 phosphorylation and aggregation intrinsically.
This model has the added advantage of having a precisely measurable start time at the moment of
axotomy, enabling us to determine the sequence of pathological events over a short time course.
In this sciatic nerve axotomy model, we clearly observed endogenous TDP-43 proteinopathies
over time and the sequences of pathological events with a recovery curve. However, this model
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only transiently induces stress, but not the chronic and persistent stress as in neurodegenerative
diseases. In addition, there is no phenotype of altered cell death observed in this model, therefore
the outcome of blocking TDP-43 phosphorylation is not fully elucidated. To better understand the
role of TDP-43 phosphorylation in neurotoxicity, other models and approaches are required to be
employed in the future .
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Chapter 5: Conclusions

5.1

Summary of Findings

Under pathological conditions, TDP-43 is hyperphosphorylated, ubiquitinated and/or abnormally
cleaved to generate C-terminal fragments in the brain of patients with ALS and FTLD (Arai et al.,
2006; Hasegawa et al., 2008; Neumann et al., 2006). Our research has mainly focused on the
characteristics of TDP-43 phosphorylation. We first confirmed the previous findings that Casein
Kinase 1δ is the kinase responsible for TDP-43 phosphorylation and aggregation (Nonaka et al.,
2016). In an overexpression model, we found that CK-1δ does not stably bind with TDP-43 but
with high catalytic efficiency. The solubility of TDP-43 is altered by CK-1δ overexpression and
depends on its nucleocytoplasmic trafficking since TDP-43 became more insoluble when we
disrupted its nuclear import or export signals. TDP-43 were sequestered in the nucleus (DNES)
tended to aggregate by itself and this was exacerbated by CK-1δ overexpression. These findings
are consistent with the evidence of nucleocytoplasmic transport defects found in brain tissue of
TARDBP or C9orf72 mutation carriers and also in sporadic ALS (Kim and Taylor, 2017; Chou et
al., 2018).

After the pathological features of TDP-43 phosphorylation were confirmed, we used a peptide
array covering the full sequence of CK-1δ and determined candidate binding motifs of CK-1δ for
TDP-43. Four peptides were generated from CK-1δ binding sequences and tested for their
blocking effects with different combinations and concentrations. The peptide specificity was
confirmed by examining other substrates of CK-1δ. We next determined the association of each
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phosphorylation sites in TDP-43 with its aggregation property with CK-1δ overexpression.
Mutations of S25, S403, S409 and S410 were found to have the most significant effects on
reducing TDP-43 aggregates. Peptides covering these phosphorylation sites were synthesized and
exhibited blocking effects on TDP-43 phosphorylation and partially reduced TDP-43 aggregation.
These results confirm that interfering with the interaction between CK-1δ and TDP-43 could
efficiently block TDP-43 phosphorylation and reduce TDP-43 aggregation.

With the development of blocking peptides, we then explored the effects of blocking TDP-43
phosphorylation in disease models. For in vitro experiments, we chose the human neuroblastoma
cell line SH-SY5Y and primary cultured cortical neurons and challenged them with ethacrynic
acid (EA) which induces oxidative stress through glutathione depletion and leads to TDP-43
pathological features reminiscent of disease status (Iguchi et al., 2012). In this model, we observed
TDP-43 phosphorylation, aggregation and cytoplasmic redistribution. The ethacrynic acid induced
TDP-43 aggregation was abolished by knocking down CK-1δ suggested that CK-1δ is the
principal kinase leading to TDP-43 aggregation under stress. The binding pattern between CK-1δ
and TDP-43 with ethacrynic acid treatment was not characterized by the proteins stably interacting
with each other. Instead, it appears to involve a ‘Kiss and Run’ interaction (de Oliveira et al.,
2016). Then, we tested the effects of our peptide mixture in this model. Blocking the interaction
between CK-1δ and TDP-43 efficiently abolished TDP-43 phosphorylation and part of
aggregation. More impressively, the peptide mixture treatment partially rescued cells from cell
death induced by ethacrynic acid, confirming the role of TDP-43 phosphorylation and aggregation
in the cell death. For in vivo experiments, we chose a motor neuron retrograde neurodegeneration
mouse model induced by sciatic nerve axotomy. This model has the advantage of a well-defined
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start time for pathology, a rapid time course, and an avoidance of spurious effects associated with
exogenous genetic introductions or deletions. In this model, we first showed TDP-43
phosphorylation and aggregation was increased after axotomy in ventral horn of lumbar spinal
cord and heavily accumulated on days 3, 4 and 5 after injury. It then returned to baseline seven
days after injury. The cytoplasmic redistribution with nuclear clearance was also back to normal
at the same time. Nuclear mislocalization paralleled the time course of TDP-43 aggregation,
suggesting the various components of TDP-43 proteinopathies sequences are synchronous rather
than sequential events. In addition, heat shock protein responses happened soon after the axotomy
on days 1, 2 and 3 before changes were observed in TDP-43, with the phenotype of HSP70 nuclear
translocation clearly observed. The stress responses had the similar pattern showing the stress
granules formation by TIA-1 staining on days 1, 2 and 3 after the axotomy. After the model was
established, we further tested the effects of the peptide mixture in mice using intravenous
administration. In this group, the sciatic nerve axotomy-induced TDP-43 aggregation was
dramatically decreased on days 3, 4 and 5 and the TDP-43 phosphorylation was efficiently blocked
in the insoluble fraction. Despite these blocking effects, the peptide mixture administration did not
affect heat shock responses which showed the same pattern as in the scrambled peptides control
group, indicating the heat shock pathways for correcting misfolded proteins are independent of
TDP-43 phosphorylation and aggregation in this model. However, the stress responses as
measured by stress granules formation and TIA-1 changes were strikingly abolished in the peptide
mixture group suggested that TDP-43 phosphorylation is necessary for stress granule formation.

Taken together, our results clearly illustrate the role of TDP-43 phosphorylation in TDP-43
aggregate formation and show that synthesized peptides interfering with CK-1δ and TDP-43
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binding contribute to TDP-43 aggregate reduction. In addition, the peptides rescued cells from cell
death by ethacrynic acid challenge in vitro and reduced stress granule formation in vivo.

5.2

Limitations and strengths

In this study, we developed four blocking peptides using peptide array technology and tested these
peptides in both in vitro and in vivo models. Using these powerful tools, we specifically focused
on the related mechanisms of TDP-43 phosphorylation which is a robust pathological feature in
the brain of patients with ALS and/or FTLD and whose precise functions are not clear. However,
there are some limitations in this study that could be addressed in future research.

The experimental method we used protein coimmunoprecipitation for detecting the interaction
between CK-1δ and TDP-43. We used FLAG-labelled antibody pulldown proteins that bind with
CK-1δ. However, this method is only adapted for stable protein binding but not for capturing
transient protein partners. We believe that this was the reason that TDP-43 was not identified
among the proteins by FLAG antibody pulldown even though TDP-43 was clearly phosphorylated
after CK-1δ overexpression. Previous studies have demonstrated that the negative charge of the
added phosphate on a substrate frequently repels the kinase thus disrupting the kinase-substrate
association after the phosphorylation event (Xue et al., 2013). However, the protein binding
analysis may provide useful information on estimating protein binding as well as binding affinity
that is essential for drug development. Since kinase-substrate interactions are transient, several
sensitive methods have been developed to detect linear or structural motifs of kinase-specific
substrates, including the yeast two-hybrid (Y2H) system, kinase-interacting substrate screening
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(KISS) assay, two-dimensional gel electrophoresis and mass spectrometry, and stable isotope
labeling by amino acids in cell culture (SILAC), among others. These methods could be considered
in further studies.

Our peptide candidates were generated according to CK-1δ binding motifs from the peptide array
results. However, the peptides detached on array membrane are in a linear form that does not
reflect the protein tertiary structure. Thus, we need to check these motifs on the protein 3D
structure and further test the blocking effects of peptides. In addition, we generated these blocking
peptides which are derived from CK-1δ that belongs to casein kinase family. Casein kinase 1
family proteins show high homology in their catalytic domains. For instance, casein kinase 1δ and
casein kinase 1e are 98% identical in their kinase domain and 53% identical in their C-terminal
regulatory domain (Schittek and Sinnberg, 2014). Three of the peptides (peptides A, B and C) that
we generated are derived from catalytic domains which may serve as potential blockers targeting
casein kinase 1e and TDP-43 interactions as well as CK-1δ. However, the results from single
peptide testing showed that peptide D was the most effective single blocker (Figure 3.2) which is
located in the regulatory domain and the other three peptides did not show effectiveness with single
peptide treatment. Quite interestingly, CK-1e has been reported to associate with TDP-43
pathology in AD brain very recently (Gu et al., 2019). Thus, the separate functions of CK-1δ and
CK-1e in brain diseases need further investigation in the future. In our study, the four peptide
mixture was most effective at blocking TDP-43 phosphorylation and this may implicate multiple
binding sites as being necessary for CK-1δ and TDP-43 interaction. We tested the peptides
specificity by assessing another substrate of CK-1δ, the p53 protein. p53 has been reported as a
general substrate of casein kinase 1 family proteins: CK-1α, CK-1δ, CK-1ϵ, CK-1γ1, CK-1γ2,
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CK-1γ3 (Milne et al., 1992). Our results demonstrated the specificity of peptides derived from
CK-1δ on TDP-43 binding which did not show effects on p53. Nonetheless, more substrates need
to be tested to confirm the specificity of these peptides.

We tested our peptide candidates in an in vivo model by performing unilateral sciatic nerve
axotomy. In this model, the motor neurons in lumbar ventral horn of spinal cord undergo retrograde
changes presenting the TDP-43 proteinopathies transiently. This model is useful for testing the
blocking effects of our peptides in a short period since it displays pathological TDP-43
characteristics in the spinal cord which is the caudal extension of the central nervous system and
the primary site of ALS pathology. However, this model does not recapitulate all the features in
ALS and FTLD, such as persistent stress, proteostasis disturbances and nucleocytoplasmic
transport defects. This model represents damage and recovery of the nervous system and the
proteinopathies in this model are presented as a time-related curve, from injury, to stress, and
return to baseline. Therefore, the prolonged time course effects of blocking TDP-43
phosphorylation cannot be achieved in this model. Nonetheless, the sequential events (heat shock
response, stress response and TDP-43 proteinopathies) after the axotomy may explain the initiation
phase of neurodegeneration that give us a clue to expand our knowledge and explore the
development of chronic diseases. Another weakness of this model is the lack of neuronal cell death
after the axotomy which is the endpoint of ALS and FTLD. The apoptosis of motoneurons after
sciatic nerve axotomy is only achieved in neonatal mice or rats (Kinugasa et al., 2002; Sun and
Oppenheim, 2003), but these animals cannot be the model for peptide testing because of the
immature cardiac system and challenging peptide intravenous administration route.
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5.3

potential applications of the research findings

Given the importance of TDP-43 phosphorylation in pathological conditions in several
neurodegenerative diseases, we generated peptide blockers against TDP-43 phosphorylation which
are the useful tools to investigate the downstream signaling of TDP-43 phosphorylation. In
addition, this target may possess clinical therapeutic potential based on the current notion that
TDP-43 phosphorylation is important for TDP-43 aggregates forming which is the signature
pathology in both ALS and some forms of FTLD (Neumann et al., 2006; Neumann et al. 2009b;
Kametani et al., 2016).

The advantages of peptide drugs are many. They have higher specificity than kinase inhibitors
since the kinases regulate nearly every process of cells and may have numerous substrates as
targets. The unexpected toxicity of kinase inhibitors in clinical development are mostly caused by
off-target effects showing unintentional inhibition of other kinases (Maitland and Ratain, 2006).
The protein binding interfaces that we explore here are diverse and peptides are synthesized
according to the binding sequences which exhibit high specificity. In our studies, we showed that
the interactions between TDP-43 and CK-1δ are likely to occur through multiple binding domains
which increase specificity but bring challenges for drug development. In addition, in central
nervous system (CNS), blood brain barrier (BBB) is a special selective border with semipermeability preventing almost all antibodies and many small molecule drugs from passing
through. A drug that has a molecular weight less than 400 Da and forms no more than 8 hydrogen
bonds may have the potential to cross through into the brain (Pardridge, 2012). We used cell
penetrating peptide which is the sequence derived from transduction domain of HIV-Tat protein
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and has the capability of crossing both the Blood Brain Barrier and the cell membrane (Das et al.,
2011). Other approaches for peptide engineering like Transportan and Pep-1 also exhibit high cell
penetration efficacy. In our experiments, we designed these peptides by conjugating the Tat
peptide with our potential protein binding domains. The resulting peptides exhibited good cell
penetration and efficacy for target binding. In addition to these cell penetrating strategies, peptide
drugs may also pass into cells by carrier transport-mediated uptake, receptor-mediated uptake and
passive delivery (Lalatsa et al., 2014).

Peptides are bioactive molecules composed of nontoxic amino acids which are easily metabolized
in the body and cleaved by various peptidase. This characteristic allows peptide drugs to maintain
good bio-availability but low toxicity and side effects. However, this advantage for peptide drugs
also raises problems for peptide-based therapeutics in human body showing the short half-lives
due to the rapid metabolism and cleavage by serum proteases and peptidases. Several
modifications for peptide drugs aim to prolong the half-life and increase efficacy, such as
PEGylation, Cyclization, and replacing the natural L-amino acids with unnatural D-amino acids.
However these modifications also bring the problems of increased toxicity and hindered biological
activities (Lee et al., 2019).

Another consideration is the peptide administration route. In our study, we administrated peptides
via an intravenous route once a day with high efficiency. However, our developed peptides aim to
chronic neurodegenerative diseases which means the frequent and invasive delivery of a peptide
may limit the commercial potential and therapeutic value. Both oral and the intranasal routes have
shown some promise in this respect (Lalatsa et al., 2014). In addition, nanoparticle technologies
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may be able to protect peptides from gastrointestinal tract digestion. The intranasal route is worth
trying in FTLD patients since the short distance between the frontal lobe to nasal cavity may allow
frontal cortex to receive a high concentration of peptides.

5.4

Future directions

TDP-43 phosphorylation in aggregates has now been observed in several neurodegenerative
diseases, including ALS, FTLD and AD. However, its precise functions in neurodegenerative
diseases are still not clear. Few studies have reported the upstream responsible kinases and their
association with TDP-43 in the brain. The most promising kinases are casein kinase 1δ and casein
kinase 1e which are both upregulated in various diseases. In our study, we confirmed that TDP-43
phosphorylation contributes to decreased TDP-43 solubility. The results of phosphosites mutations
implicated specific TDP-43 residues that undergo phosphorylation and may exhibit different
functions that could profoundly affect key TDP-43 processes. In the CK-1δ overexpression model,
we could investigate whether the normal functions of TDP-43 would be affected, including its
RNA binding ability and cellular trafficking. In the ethacrynic acid challenge model, we would
investigate the involvement of TDP-43 phosphorylation in apoptosis-related signaling and the
strength of neuroprotective effects of our peptides. With the observation that blocking TDP-43
phosphorylation interfered with stress granule assembly in vivo, we could use our peptides in other
stress models or in iPSC derived from ALS patients to examine the precise roles of
phosphorylation that related to stress granules and survival.
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In Chapter 2, we investigated the differential protein binding profile of wildtype TDP-43 and
phosphorylated TDP-43. Phosphorylated TDP-43 showed reduced binding with many proteins,
suggesting a partial loss of function but also obtained two new binding partners which are both
zinc finger proteins with unknown functions in the cell. Zinc finger proteins have a wide range of
molecular functions and are able to interact with DNA, RNA, PAR (poly-ADP-ribose) and other
proteins with zinc-finger domains. They are involved in the regulation of numerous cellular
processes including transcriptional regulation, DNA repair, signal transduction, cell migration etc.
Therefore, the interaction of these two ZNFs with phosphorylated TDP-43 will be further
confirmed by other approaches, like protein coimmunoprecipitation (Co-Ip) and proximitydependent biotin identification (Bio-ID) assay, and the role of these two ZNFs in neurological
systems should be investigated. It also important to understand if their association with
phosphorylated TDP-43 may affect normal functions and gain other functions in diseases.

Kinase inhibitors in clinical settings are not easily developed because of the lack of specificity of
these inhibitors. Peptide drugs like our peptides are naturally designed with high specificity that
offer a solution to this problem. In next steps, we would test the specificity of our peptides by
choosing more substrates of CK-1δ and also further examine the specificity for CK-1e. We need
to optimize these peptides to find the best condition of specificity and high blocking efficiency to
reach potential therapeutic goals.
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