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Abstract

The relationship between RNA-binding proteins, particularly TAR DNA binding protein 43
(TDP-43), and neurodegeneration is an important area of research. TDP-43 is involved in so many
cellular processes that perturbation of protein homeostasis can lead to countless downstream
effects. Understanding what leads to this disease-related protein imbalance and the resulting
cellular and molecular effects will help to develop targets for disease intervention, whether it be
prevention of protein accumulation, or addressing a secondary effect of protein accumulation.
Here we review the current literature of TDP-43 and TDP-43 pathologies, the effects of TDP-43
overexpression and disruption of synaptic proteins through its binding of messenger RNA, leading
to synaptic dysfunction. This review highlights some of the still-limited knowledge of the protein
TDP-43 and how it can contribute to disease.

Introduction

Transactivation response DNA binding protein of 43 kDa (TDP-43) is a 414 amino acid
protein of the heterogenous nuclear ribonucleoprotein (hnRNP) family involved in the
regulation of thousands of genes via DNA/RNA binding, RNA splicing and protein/protein
interactions (Baralle, Buratti, & Baralle, 2013; Chaudhury, Chander, & Howe, 2010). The
protein contains two RNA-recognition motifs (RRM1 and RRM2), which can bind nucleic
acids, and a glycine-rich region at the C-terminal. TDP-43 contains a nuclear localization
sequence (NLS) and a nuclear export signal (NES), which allow it to shuttle between the
nucleus and cytoplasm. TDP-43 has a specific affinity for binding to GU-rich regions of
RNA, and RRML1 is specifically involved in this binding (Buratti & Baralle, 2001). The
ability of TDP-43 to bind RNA is essential for all of its roles in RNA processing such as
mRNA transport, pre-mRNA splicing, and mRNA stability (Baralle, Buratti, & Baralle,
2013; Polymenidou, et al., 2011). Because of the many roles and targets of TDP-43, cells are
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very sensitive to alterations in TDP-43 levels, and TDP-43 expression is tightly regulated
(Cohen, Lee, & Trojanowski, 2011). TDP-43 is able to self-regulate using a negative
feedback mechanism in which the protein binds to its own 3" untranslated region (UTR),
leading to TDP-43 instability and degradation (Ayala, et al., 2010; Polymenidou, et al.,
2011).

TDP-43 was first identified in 1995 as a repressor of HIV-1 gene expression, working by
blocking assembly of transcription complexes (Ou, Wu, Harrich, Garcia-Martinez, &
Gaynor, 1995). It has also been implicated in the pathogenesis of cystic fibrosis caused by
skipping of cystic fibrosis transmembrane conductance regulator (CFTR) exon 9 from the
mature MRNA (Buratti & Baralle, 2001). TDP-43 is ubiquitously expressed in many tissues
and is conserved across species, underlining its importance in normal cellular function
(Ayala, et al., 2005; Cohen, Lee, & Trojanowski, 2011).

TDP-43 is encoded by the TARDBP gene, located on chromosome 1 (Ou, Wu, Harrich,
Garcia-Martinez, & Gaynor, 1995). Mutations in TARDBP are associated with familial
amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD). Most
ALS-associated 7ARDBP mutations are in the glycine-rich region of the C-terminal (Cohen,
Lee, & Trojanowski, 2011). This C-terminal region is the site of protein-protein binding
(Buratti, et al., 2005) and is likely responsible for the tendency of TDP-43 to aggregate
(Baralle, Buratti, & Baralle, 2013; Chen, et al., 2010; Saini & Chauhan, 2011). Mutated
forms of TDP-43 have been shown to have a greater tendency to aggregate than wild-type
(WT) forms (Dewey, et al., 2012; Liu-Yesucevitz, et al., 2010). A 2009 review by Pesiridis
et al. examines the type and location of known TARDBP mutations. Of the 70 known
mutations at that time, most occurred in exon 6, which encodes about 60% of the total
protein and contains the glycine-rich region (Pesiridis, Lee, & Trojanowski, 2009). There are
28 missense mutations, 21 intronic mutations, seven 5° UTR mutations, 6 synonymous
mutations, 5 3"UTR mutations, 2 benign missense mutations, and 1 nonsense mutation
(Pesiridis, Lee, & Trojanowski, 2009). TARDBP mutations have also been found in FTLD-
ALS and FTLD patients, but are much rarer (Benajiba, et al., 2009; Borroni, et al., 2009;
Borroni, et al., 2010; Janssens & Van Broeckhoven, 2013; Kovacs, et al., 2009).

TDP-43 pathology

While mutations in TARDBP are associated with a small percentage of ALS and FTLD,
almost all cases of these diseases have TDP-43 pathology in the affected brain and spinal
cord regions. Ubiquitin-positive, tau- and a-synuclein-negative inclusions were known to be
a hallmark of ALS and what was known as FTLD-U (now FTLD-TDP), but the identity of
the misfolded disease protein in these inclusions was unknown. Neumann et al. were the first
to identify TDP-43 as the constituent protein of these ubiquitin-positive protein inclusions in
the brains of ALS and FTLD patients (Neumann, et al., 2006). They showed that pathologic
TDP-43 was hyperphosphorylated, ubiquitinated, and cleaved into 25 and 35 kDa C-terminal
fragments (Neumann, et al., 2006). Though normally localized to the nucleus, under
pathological conditions, TDP-43 is lost from the nucleus of some neurons and glia and
forms cytoplasmic protein aggregates. There is still debate as to whether this mislocalization
leads to disease via a loss of TDP-43 nuclear function mechanism or by a toxic gain of
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cytoplasmic function, though these are not mutually exclusive (Zufiria, et al., 2016). While
TDP-43 is the primary protein effected in ALS and FTLD, there is also secondary TDP-43
pathology in several other neurodegenerative diseases, including Alzheimer’s disease (AD),
Parkinson’s disease (PD), and Huntington’s disease (HD) (Chen-Plotkin, Lee, &
Trojanowski, 2010). TDP-43 aggregates have also been found in a small (~3%) number of
aged control patients, indicating that TDP-43 aggregation may have a role in aging
(Nakashima-Yasuda, et al., 2007; Wilson, Dugger, Dickson, & Wang, 2011).

TDP-43 protein aggregation

The role of TDP-43 aggregates in disease pathogenesis is an important focus of research.
TDP-43 has been found to be present in a type of protein aggregation called stress granules
(SGs) (Cohen, Lee, & Trojanowski, 2011). SGs are hon-membrane bound cytoplasmic
structures which contain translation initiation proteins (Reineke & Lloyd, 2013) and are
thought to be the site of stalled translation initiation and function to repress protein
translation (Monahan, Shewmaker, & Pandey, 2016). SGs form in response to various
cellular stresses, including oxidative, mitochondrial, and proteasomal stress (Monahan,
Shewmaker, & Pandey, 2016). SGs are thought to prevent translation of unwanted proteins,
such as housekeeping proteins, so that other proteins can be made to protect the cell in
response to stress (Mazroui, Di Marco, Kaufman, & Gallouzi, 2007; Monahan, Shewmaker,
& Pandey, 2016). In addition to translation initiation factors, SGs contain polyadenylated
mRNAs, small ribosomal subunits, and RNA binding proteins, such as TDP-43 (Monahan,
Shewmaker, & Pandey, 2016). The protein T-cell intracellular antigen-1 (T1A-1) is involved
in early formation of SGs (Monahan, Shewmaker, & Pandey, 2016). Polyglutamine-rich
regions of TIA-1 promote prion-like TIA-1 aggregation, providing a scaffold for SG
formation (Gilks, et al., 2004). TDP-43 controls the expression of many different mMRNAs,
and its presence in SGs is likely part of its role in regulating translation (Ratti & Buratti,
2016). SG formation is a reversible process so that the cell can respond to stress when
needed but resume normal protein production once a stressor is removed (Gilks, et al.,
2004). When TDP-43 is mislocalized to the cytoplasm, as in TDP-43 proteinopathies, this
could lead to inappropriate interaction with and incorporation into SGs (Monahan,
Shewmaker, & Pandey, 2016). TDP-43 may be responsive to stress-responsive, colocalizing
with SGs after various insults (Cohen, Lee, & Trojanowski, 2011; Colombrita, et al., 2009).
Mutated TDP-43 has a stronger aggregation capacity than wild-type TDP-43, localizing to
SGs faster, and forming more and larger granules (Dewey, et al., 2012; Liu-Yesucevitz, et
al., 2010). RNA binding proteins undergo liquid-liquid phase separation into protein-rich
droplets, which can then become protein aggregates. Mutations can cause disruption in
phase separation, leading to functional defects and increased propensity to aggregate
(Conicella, Zerze, Mittal, & Fawzi, 2016; Sun & Chakrabartty, 2017)

Dewey et al. suggested two different pathways for TDP-43 protein aggregation: the
“independent model” where TDP-43 aggregation occurs independently of SGs and the
“precursor model” where SG formation acts as a seed for TDP-43 aggregation (Dewey, et
al., 2012). When SGs persist, due to prolonged stress for example, they can become aberrant
aggregates, unable to be reversed or removed (Monahan, Shewmaker, & Pandey, 2016; Ratti
& Buratti, 2016). This alteration in SG homeostasis could play a role in the process of
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TDP-43 protein aggregation, leading to aberrant protein inclusions. SGs may represent a link
between normal TDP-43 function and the pathological accumulation of TDP-43 inclusions.
Studies of ALS/FTLD patients, as well as cell culture experiments, have shown that TDP-43
colocalizes with TIA-1, suggesting that TDP-43 aggregates are actually SGs (Liu-
Yesucevitz, et al., 2010). However, we found that re-localization of TDP-43 in the cytoplasm
is protective (Chen, et al., 2014; Hebron, et al., 2013), suggesting that TDP-43 aggregation
in the cytosol may prevent aberrant TDP-43 binding and reduce its pathologic effects. In
addition, reduction of soluble and nuclear TDP-43 leads to neuronal protection, independent
of protein solubility (Chen, et al., 2014).

Another type of cytoplasmic ribonucleoprotein structures is the processing (P)-body. P-
bodies have a similar structure to SGs and are where mRNA decapping and degradation
takes place (Dewey, et al., 2012; Sheth & Parker, 2003). Neuronal P-body-like structures
called transport ribonucleoproteins (tRNPs) are moved along neurons to the dendrites and
are involved in local translation at the dendrite (Barbee, et al., 2006; Dewey, et al., 2012).
TDP-43 has been found to localize to both P-bodies and tRNPs (Wang, Wu, Chang, & Shen,
2008), suggesting a role for TDP-43 in local translation in dendrites.

TDP-43 pathology in ALS and FTLD

ALS and FTLD have many pathological hallmarks in common and are thought to be on a
spectrum of the same disorder (Neumann, et al., 2006). While ALS, a type of motor neuron
disease (MND) and FTLD can be viewed as distinct diseases, there are many cases of
overlap in which ALS presents with dementia, or where FTLD is accompanied by MND.
The comorbidity of ALS and FTLD is about 50% of patients (Janssens & Van Broeckhoven,
2013).

ALS is the most common form of MND. It is a progressive neurodegenerative disease
affecting upper and lower motor neurons. The motor neurons undergo cell death, leading to
muscle denervation, atrophy, and loss of voluntary movement (Zufiria, et al., 2016). Patients
become paralyzed and usually die of respiratory failure. According to the ALS Association,
the age of onset ranges from 40-70, with the average being 55 years. The incidence of ALS
is about 2 per 100,000 people per year, and the prevalence is about 5-7 per 100,000 people.
ALS occurs about 1.56 times more often in men than women. Death due to respiratory
failure usually occurs within 5 years of diagnosis (Da Cruz & Cleveland, 2011).

About 5-10% of ALS cases are inherited, or familial (FALS) forms (Renton, Chio, &
Traynor, 2014). The first link between genes and ALS came with the discovery of
superoxide dismutase 1 (SOD1) mutations in fALS (Rosen, et al., 1993). SOD1 mutations
account for about 12% of all fALS cases (Renton, Chio, & Traynor, 2014). The next gene to
be associated with fALS was TARDBP, the gene encoding TDP-43 (Chio, et al., 2010;
Sreedharan, et al., 2008). Other genes associated with fALS include: Fused in sarcoma
(FUS), Optineurin (OPTN), Valosin-containing protein (VCP), ubiquilin 2 (UBQLNZ2),
sequestosome 1 (SQSTM1I), and profilin 1 (PFNI) (Renton, Chio, & Traynor, 2014). In
2011, a GGGGCC hexanucleotide repeat expansion (HRE) in chromosome 9 open reading
frame 72 (C9ORF72) was found to be associated with fALS (Renton, et al., 2011; DeJesus-
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Hernandez, et al., 2011). This pathogenic HRE is the most common cause of fALS,
accounting for about 40% of cases (Renton, Chio, & Traynor, 2014). Interestingly, all
familial ALS patients, with the exception of SODI mutations, have TDP-43 pathology in the
brain and spinal cord (Mackenzie, et al., 2007). About 90% of ALS cases are sporadic,
meaning they have no familial history of disease. All sporadic ALS cases have TDP-43
protein aggregates in affected brain and spinal cord areas. Because most cases of MND and
FTLD are not directly due to a genetic mutation, but do exhibit TDP-43 pathology, it is
important to understand how wild-type TDP-43 may contribute to disease pathogenesis.

FTLD is the pathological process, marked by degeneration of frontal and temporal lobes,
that underlies the disorder frontotemporal dementia (FTD). FTD is the second most common
form of dementia for patients under 65, second only to Alzheimer’s disease (Neary, et al.,
1998). The average age of onset is 58, with a survival of 6-11 years (Gotzl, Lang, Haass, &
Capell, 2016). The estimated prevalence is 15-22 per 100,000 people and the incidence is
2.7-4.1 per 100,000 people per year (Onyike & Diehl-Schmid, 2013). FTD is a
heterogenous disorder that can be categorized based on symptoms (Cardarelli, Kertesz, &
Knebl, 2010; Gotzl, Lang, Haass, & Capell, 2016), while FTLD can be categorized based on
the histopathology found post mortem. The most common form of FTD is the behavioral
variant (bvFTD), which is characterized by changes such as disinhibition, impulsiveness,
loss of social awareness, and loss of personality (Neary, et al., 1998; Josephs, et al., 2011).
The other two variants of FTD are language variants: semantic dementia (SD) and primary
non-fluent aphasia (PNFA). SD is characterized by language comprehension deficits, while
PNFA is characterized by difficulty in producing speech (Neary, et al., 1998).

FTLD subtypes are identified by identification of abnormal protein aggregation in the brain.
About 35-45% of cases have aggregation of the microtubule associated protein tau (FTLD-
tau), about 5-10% have aggregation of FUS protein, and 45-60% of cases have aggregation
of TDP-43 (FTLD-TDP) (Gotzl, Lang, Haass, & Capell, 2016). FTLD-TDP can be further
subcategorized based on detailed histopathology (Mackenzie & Neumann, 2017). Type A
has compact neuronal cytoplasmic inclusions (NCI), short and think dystrophic neurites
(DN), and lentiform neuronal intranuclear inclusions (NI1) in the upper cortical layers
(Mackenzie & Neumann, 2017). These cases are either sporadic or due to a GRN mutation
and have bvFTD or SD, but not ALS (Mackenzie & Neumann, 2017). Type B has diffuse
granular NCI and few DN in all layers, with wispy thread and dot pathology (Mackenzie &
Neumann, 2017). These cases are either sporadic or familial with a C9ORF72 mutation and
have a combination of FTD and ALS. And Type C has long think DN and few NCI in all
layers of the cortex (Mackenzie & Neumann, 2017). These cases are sporadic and have SD
and not ALS (Mackenzie & Neumann, 2017).

About 60% of FTLD cases are sporadic, or have no known family history of the disease, and
about 40% are familial and caused by a genetic mutation. There have only been a few cases
of familial FTLD being caused by a mutation in the TARDBP gene (Chio, et al., 2010).
About 25% of familial FTD is due to the C9ORF72HRE (Renton, Chio, & Traynor, 2014).
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TDP-43 and RNA-related functions

Genes that are mainly involved in RNA/DNA metabolism are closely associated with the
ALS phenotype (Hardy & Rogaeva, 2014). The binding domains of TDP-43 allow for
control of many aspects of RNA metabolism, including pre-mRNA splicing, microRNA
(miRNA) regulation, and mRNA regulation (Ratti & Buratti, 2016). TDP-43 involvement in
pre-mRNA splicing was first described in 2001 as a regulator of CFTR splicing (Buratti &
Baralle, 2001). TDP-43 was then found to regulate pre-mRNA splicing in human ALS/
FTLD and TDP-43 mouse models, including many synaptic proteins (Polymenidou, et al.,
2011; Lagier-Tourenne, et al., 2012). TPD-43 is also involved in processing of microRNA,
small, non-coding RNAs that function as regulators of RNA silencing and translational
repression (Bartel, 2004). TDP-43 controls RNA integrity and loss of TDP-43 has been
shown to cause dysregulation of many miRNAs (Ratti & Buratti, 2016). TDP-43 also has
roles in the cytoplasm, including stability, transport, and translation of mMRNA. The function
of TDP-43 in mRNA stability is likely via many binding regions in the 3"UTR (Sephton, et
al., 2011; Colombrita, et al., 2012). mRNAs stabilized by TDP-43 include Vascular
Endothelial Growth Factor A (VEGFA), Granulin (GRN), and Interleukin-6 (/L-6)
(Colombrita, et al., 2012; Lee, et al., 2015). TDP-43 has been shown to be actively
transported along axons of primary motor neurons in RNA granules, which can transport
MRNAs to and from the synapse (Fallini, Bassell, & Rossoll, 2012; Alami, et al., 2014; Ratti
& Buratti, 2016). TDP-43 has also been shown to be involved in translation of mMRNA via
association with RNA granules which can regulate translation (Ratti & Buratti, 2016).
TDP-43 may also be involved in local translation in the synapse, translocating into dendrites
in an activity-dependent manner (Wang, Wu, Chang, & Shen, 2008). Recently, we showed
that TDP-43 controls mMRNA expression of synaptic proteins such as synapsin I, leading to
alterations in protein levels of synaptic proteins (Heyburn, et al., 2016). Together, the role of
TDP-43 in regulation of gene expression is wide-reaching and disruption of TDP-43 in
disease can affect all of these cellular processes, leading to cellular pathology. Because
TDP-43 and other MND-FTLD-related proteins such as FUS and C9ORF72 have important
roles in RNA metabolism, this process is thought to be important in disease pathogenesis of
TDP-43 proteinopathies.

Because neurons are so polarized, with long distances between synapses and cell bodies,
especially in long motor neurons, local translation at the synapse is important for normal
neuronal function. Neurons are able to respond to changes at the synapse without having to
produce and transport mMRNAS and proteins from the soma to the synapse. There is currently
some evidence that TDP-43 plays an important role at the synapse. TDP-43 regulates RNA
processing of many genes that encode synaptic proteins, including presynaptic markers like
synaptotagmin, and glutamate transporters and receptors (Polymenidou, et al., 2011; Honda,
et al., 2014). Under normal conditions, TDP-43 is found in the dendrites to colocalize with
RNA granules and the dendritic marker PSD-95 (Wang, Wu, Chang, & Shen, 2008). TDP-43
also plays a role in mRNA transport and local translation in dendritic spines (Wang, Wu,
Chang, & Shen, 2008; Sephton & Yu, 2015). In response to neuronal stimulation, there is
increased localization of TDP-43 to dendritic spines (Wang, Wu, Chang, & Shen, 2008),
indicating that TDP-43 is activity-responsive in postsynaptic neurons. Studies using
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Drosophila neuromuscular junctions revealed that TDP-43 is necessary for synaptic growth,
formation and pruning (Godena, et al., 2011; Lin, Cheng, & Shen, 2011). Another study
using a Drosophila model shows that the Drosophilahomolog of TDP-43, TBPH binds to
and regulates the expression of the mRNA of syntaxin 1A, which is a vesicular protein
involved in vesicular fusion and exocytosis (Romano, et al., 2014). Our group has found that
TDP-43 controls the expression of the synaptic proteins synapsin | and synaptotagmin
(Heyburn, et al., 2016). Overexpression of TDP-43 in neurons leads to decreased expression
of these proteins, providing further evidence of the importance of TDP-43 for synaptic
function (Heyburn, et al., 2016).

We recently reported that TDP-43 overexpression did not change the number of dendritic
spines in the mouse brain, but that it does lead to impaired tricarboxylic acid (TCA) cycle
function, as evidenced by a reduction in the TCA cycle intermediates succinate and citrate,
and to increased oxidative stress, as evidenced by increased lactate production (Hebron,
Chen, Miessau, Lonskaya, & Moussa, 2014; Heyburn, et al., 2016). The TCA cycle occurs
in mitochondria, which are present in high concentrations at the pre-synaptic terminal (Lee
& Peng, 2008). We did find, however, that reduction of soluble and nuclear TDP-43
significantly increased dendritic spine numbers and restored TCA cycle function (Chen, et
al., 2014; Heyburn, et al., 2016), suggesting that pre-synaptic mitochondrial integrity may
contribute to maintenance of glutamate metabolism and could affect brain plasticity by
increasing excitatory post-synaptic spine density.

The protein granules with which TDP-43 associates regulate the distribution, translation, and
degradation of mRNAs and interact with each other regulate mMRNA and translation
(Sephton & Yu, 2015). Loss of synapses is one of the first events in neurodegeneration.
Taken together, this shows the importance of TDP-43 in the maintenance of healthy
synapses and how disruption of TDP-43 could lead to neurodegeneration.

Glutamate and neuroinflammation

Homeostasis of the excitatory neurotransmitter glutamate is important for maintenance of
functional synapses (Zeng, et al., 2007). When glutamate is released by excitatory neurons,
it binds to glutamate receptors on the postsynaptic cell. It is then converted in astrocytes to
glutamine, which is then fed back to the presynaptic neuron for recycling into glutamate.
Failure to maintain appropriate levels of glutamate can cause excitotoxicity. It is thought that
excitotoxicity may contribute to motor neuron cell death in ALS by repeatedly activating
postsynaptic glutamate receptors (llieva, Polymenidou, & Cleveland, 2009; Lee, et al.,
2016). Under normal conditions, glutamate released into the synapse can be taken up by
astrocytes via excitatory amino acid transporters (EAATS). It has been found that levels of
EAAT2 are decreased in ALS (Rothstein, Martin, & Kuncl, 1992; Rothstein, Van Kammen,
Levey, Martin, & Kuncl, 1995), suggesting that there is impaired glutamate uptake in ALS,
leading to high levels of extracellular glutamate, which leads to excitotoxicity. One of the
only two FDA-approved drugs for the treatment of ALS is Riluzole which acts on the
glutamatergic system. Taken together, this indicates that glutamate homeostasis is likely
disrupted in ALS and other neurodegenerative diseases, and restoration of neurotransmitter
balance is important for treating disease.
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ALS is a non-cell autonomous disease, affecting non-neuronal cells such as astrocytes and
microglia (Lee, et al., 2016). Astrocyte dysfunction can disrupt their ability to support
neurons, leading to motor and non-motor neuron cell death (Philips & Rothstein, 2014).
Microglia are also involved in central nervous system (CNS) immunity and release pro-
inflammatory and anti-inflammatory cytokines and chemokines in response to an insult and
other cellular signals (Philips & Rothstein, 2014). Previous work with TDP-43 mouse
models expressing mutant TDP-434315T or TDP-43M337V shows increased reactive
astrogliosis and microglial activation (Stallings, Puttaparthi, Luther, Burns, & Elliott, 2010;
Wegorzewska, Bell, Cairns, Miller, & Baloh, 2010). This gliosis has also been observed in
mouse models overexpressing human wild-type TDP-43 (Xu, et al., 2010). Further, TDP-43
pathology is observed not only in neurons of ALS/FTLD patients, but also in astrocytes and
microglia (Kwong, Neumann, Sampathu, Lee, & Trojanowski, 2007). These findings
suggest that cellular inflammation is another important aspect of TDP-43 pathology, and that
multiple cell types in the CNS are affected in TDP-43 proteinopathies.

We found that overexpression of neuronal TDP-43 can affect astrocytes, as evidenced by a
reduction in glial fibrillary acidic protein (GFAP) expression and alteration of glutamate,
glutamine, and aspartate levels. (Heyburn, et al., 2016), suggesting either reduced efficiency
or lack of involvement of astrocytes to detoxify glutamate. This change in astrocyte activity
was independent of EAAT1/2 levels (Hebron, Chen, Miessau, Lonskaya, & Moussa, 2014;
Heyburn, et al., 2016). This change in amino acid homeostasis was also associated with
elevation of -y-amino butyric acid (GABA) neurotransmitter levels suggesting conversion of
glutamate into GABA instead of glutamine, perhaps as an alternate cellular quality control
mechanism to detoxify glutamate under conditions of astrocyte dysfunction (Heyburn, et al.,
2016).

These alterations in synaptic glutamate and astrocyte function were not found to be
associated with significant changes of brain inflammatory markers including microglial
morphology or number (Heyburn, et al., 2016), suggesting that the suppression by TDP-43
of key synaptic proteins which mediate vesicular neurotransmitter release may sequester
glutamate in vesicles and prevent its effects on neuroinflammation. Alternatively, neuronal
overexpression of TDP-43 may lead to astrocytic dysfunction, attenuating production of
inflammatory molecules that provoke microglial response to exacerbate neuroinflammation
and lead to cell death.

Autophagy

RNA granules are assembled and disassembled as part of their homeostatic dynamics.
However, when they persist or are unable to be disassembled, they must be degraded by
some mechanism, or else they could become cytotoxic. These protein aggregates can be
degraded by autophagy, a process of disposal of cellular components (Deter, Baudhuin, &
De Duve, 1967). In autophagy, granules or aggregated proteins, for example, are tagged by
ubiquitin, which signals to the autophagic machinery for degradation. A double membrane
called an autophagosome forms around the ubiquitinated proteins. The autophagosome then
fuses with the lysosome, forming an autophagolysosome, where the contents are degraded
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by acidic enzymes (Monahan, Shewmaker, & Pandey, 2016). Aggregated forms of TDP-43
are degraded via autophagy (Xia, et al., 2016).

Impaired protein degradation may be involved in neurodegenerative diseases, including in
ALS and FTLD (Gotzl, Lang, Haass, & Capell, 2016). Autophagy has been shown to be
dysfunctional in forms of ALS and caused by 7ARDBP mutations and it has been suggested
that TDP-43 is involved in regulation of autophagy by affecting the biogenesis of
autophagosomes and lysosomes (Filimonenko, et al., 2007; Bose, Huang, & Shen, 2011,
Xia, et al., 2016; Ying, et al., 2016). Because of the importance of protein homeostasis in
maintaining healthy neurons, a functional protein degradation system is highly important.
This creates a possible target for treatment: activation of autophagic mechanisms to clear
aberrant proteins. Indeed, studies have been done to investigate the effects of autophagic
activation and inhibition on protein clearance. Activation of autophagy by rapamycin has
been found to promote clearance of SGs and inhibition of autophagy led to the opposite
(Buchan, Kolaitis, Taylor, & Parker, 2013). Scotter et al. found that treatment of cells with
an autophagy inhibitor reduced degradation of TDP-43 (Scotter, et al., 2014). Treatment of
TDP-43 transgenic mice with rapamycin decreases motor impairments (Wang, et al., 2012).
Another pharmacological method of inducing autophagy is the use of tyrosine kinase
inhibitors (TKIs). We have shown that TKIs induce autophagy and lead to protein
degradation in mice and /n vitro (Lonskaya, Hebron, Desforges, Franjie, & Moussa, 2013;
Lonskaya, Hebron, Desforges, Schachter, & Moussa, 2014; Chen, et al., 2014). Tyrosine
kinase inhibition has been shown to increase autophagy in other cell types and animal
models (Bellodi, et al., 2009; Shaker, Ghani, Shiha, Ibrahim, & Mehal, 2013; Yu, et al.,
2013; Mahul-Mellier, et al., 2014). TKIs, including the FDA-approved chronic myelogenous
leukemia drugs Nilotinib and Bosutinib, reverse cell death in transgenic TDP-43 mice
(Chen, et al., 2014) by differentially modifying TDP-43. Nilotinib reduces nuclear, soluble,
cleaved, and insoluble TDP-43, while Bosutinib only reduces nuclear and soluble TDP-43
(Chen, et al., 2014). We also showed that Parkin ubiquitinates TDP-43 and trans-locates it
from the nucleus to the cytosol, resulting in a prevention of cell death (Hebron, et al., 2013;
Hebron, Chen, Miessau, Lonskaya, & Moussa, 2014). This translocation was also shown to
be concurrent with autophagic and proteasomal clearance of TDP-43 (Hebron, et al., 2013;
Chen, et al., 2014). Because both of these TKIs were brain protective, suggesting that
insoluble TDP-43 may be a sequestration strategy (Chen, et al., 2014). TDP-43
overexpression models are associated with neuronal TDP-43 accumulation and suppression
of pre-synaptic proteins as shown by a reduction of synapsin and synaptotagmin mRNAs
and proteins (Heyburn, et al., 2016). This alteration in pre-synaptic proteins is associated
with neuronal cell death and lack of glutamate detoxification by astrocytes (Heyburn, et al.,
2016). Levels of pre-synaptic proteins and glutamate/glutamine were restored when TDP-43
levels were reduced and TDP-43 nucleocytoplasmic distribution was altered by treatment
with TKIs (Chen, et al., 2014; Heyburn, et al., 2016). Together, these data show that
reducing TDP-43 levels could be protective against neurodegeneration.

Animal Models

In order to understand the role of TDP-43 in disease pathogenesis, it is necessary to use
animal models. Since the discovery of the involvement of 7ARDBP and TDP-43 protein in
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ALS-FTLD, researchers have aimed to create a model of TDP-43 pathology that
recapitulates disease. Many animal models of TDP-43 pathology have been generated, with
varying levels of reproduction of disease phenotype. Below are various animal models that
have been created to study ALS-FTLD, with particular focus on TDP-43 models.

The first gene found to be associated with ALS was superoxide dismutase 1 (SOD1) (Rosen,
et al., 1993), and early animal models of ALS focused on SOD1 genetics (Philips &
Rothstein, 2015). SOD1 knock-out mice appear to be normal, so SOD1 mutations are
thought to lead to a toxic gain of function (Philips & Rothstein, 2015). Over 10 different
rodent models overexpressing human mutant SOD1 have been created and characterized.
Most of the mutant SOD1 lines develop adult onset progressive motor neuron deficits which
resemble human ALS. They exhibit loss of spinal cord motor neurons, muscle wasting and
atrophy leading to paralysis and death (Philips & Rothstein, 2015). These SOD1 models
have been helpful for identifying disease-related mechanisms and for researching potential
therapies. However, because SOD1 mutation is only responsible for a small percentage of all
ALS cases and patients with SOD1 mutation do not exhibit TDP-43 pathology, these rodent
models are not as useful for studying TDP-43 pathologies.

TARDBP/TDP-43

Animal models that exhibit TDP-43 pathology and recapitulate ALS-FTD symptoms are
important for understanding how TDP-43 pathology contributes to disease. Total knock-out
of TDP-43 is embryonically lethal (Wu, et al., 2009; Kraemer, et al., 2010; Sephton, et al.,
2010). However, mice with one copy of TDP-43 knocked down (TARDBP*/~) have normal
levels of TDP-43 and no neuropathology (Wu, et al., 2009; Kraemer, et al., 2010; Sephton, et
al., 2010), suggesting that a single allele expression of TDP-43 may compensate for the
cellular role of TDP-43. This is likely due to the fact that TDP-43 levels are very tightly
regulated via TDP-43 auto-regulation. Because these knock-out and knock-down models
proved to be insufficient to make a disease model, researchers have instead used human
TDP-43 expression models which express the human form of the TDP-43 gene, leading to
expression of human, rather than mouse, TDP-43 protein. These models vary in both the
transgene as well as the promotor used to drive transgene expression.

Some groups have used the mouse prion promoter (PrP) in order to have ubiquitous
transgene expression (Stallings, Puttaparthi, Luther, Burns, & Elliott, 2010; Wegorzewska,
Bell, Cairns, Miller, & Baloh, 2010; Xu, et al., 2010; Xu, et al., 2011). Wegorzewska et al.
created a mouse that expressed human TDP-43 with a A315T mutation. This line expresses
about 3 time more endogenous mouse TDP-43 in the spinal cord (Wegorzewska, Bell,
Cairns, Miller, & Baloh, 2010). The mice developed an abnormal gait and exhibited loss of
cortical layer V neurons and a 20% loss of ventral horn motor neurons (Wegorzewska, Bell,
Cairns, Miller, & Baloh, 2010). TDP-43 was found in the nucleus of most neurons and glia,
but was expressed in the cytoplasm of layer V and ventral horn motor neurons, which also
contained ubiquitinated aggregates (Wegorzewska, Bell, Cairns, Miller, & Baloh, 2010).
Stallings et al. used the PrP to express human wild-type TDP-43 in one line and human
A315T mutated TDP-43 in another (4x endogenous TDP-43 level). The TDP-43WT line did
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not exhibit any motor phenotype, but the mutant TDP-43 line exhibited loss of grip strength
and death within 5 months (Stallings, Puttaparthi, Luther, Burns, & Elliott, 2010). Xu et al.
also produced two PrP lines: one expressing human TDP-43WT (2.5x endogenous TDP-43)
(Xu, et al., 2010) and one expressing human TDP-43M337V (2 7x endogenous TDP-43) (Xu,
etal., 2011). Both lines had early death and increased phosphorylated TDP-43 in spinal cord
motor neurons (Xu, et al., 2010; Xu, et al., 2011). In these PrP lines, increased expression of
human TDP-43 led to motor deficits and early death, and the higher the expression, the more
severe the phenotypes.

Other groups have created lines where transgene expression is driven by the murine Thyl
promoter, which causes neuronal-specific expression. Shan et al. created a mouse expressing
human TDP-43WT under the Thy1.2 promoter, a modified murine Thy1 promoter (Shan,
Chiang, Price, & Wong, 2010). Males in this line have 4.6x endogenous TDP-43 and
develop gait abnormalities, hindlimb clasp, and tremor (Shan, Chiang, Price, & Wong,
2010). They also have diffused nuclear TDP-43 staining in spinal cord neurons and
intranuclear aggregates that colocalized with FUS (Shan, Chiang, Price, & Wong, 2010).
Females of this line have 2.3x endogenous TDP-43 levels and have much less severe
symptoms (Shan, Chiang, Price, & Wong, 2010). Wils et al. also made a line that expressed
human TDP-43WT under the Thy1.2 promoter (Wils, et al., 2010). One homozygous line
(TAR4/4) has 2x endogenous TDP-43, another (TARG6/6) has 1.2x endogenous levels, and
the hemizygous (TAR4) line has 1x (Wils, et al., 2010). TAR4/4 have impaired motor
function and spastic paralysis and die before 1 month (Wils, et al., 2010). TAR6/6 mice have
motor deficits but live 6.7 months on average (Wils, et al., 2010). The TAR4 mice have
impaired rotarod at 15 months (Wils, et al., 2010). TAR4/4 mice have nuclear and
cytoplasmic protein aggregates in the spinal cord and layer V of the cortex which contain
phosphorylated TDP-43. They have 30% loss of layer V neurons and 25% loss of spinal
cord neurons (Wils, et al., 2010). These models all show both mutant and wild-type TDP-43
overexpression leads to motor deficits and pathology. Our lab has shown that the
hemizygous overexpressing mice bred from the Wils et al. strain (Wils, et al., 2010) have
increased TDP-43 expression in the brain, particularly in the hippocampus and forebrain
(Chen, et al., 2014). These mice exhibit neuronal cell death in the cortex and decreased
axonal myelination in the spinal cord, along with impairment on rotarod, Morris Water
Maze, and novel object recognition tests (Chen, et al., 2014). Our laboratory demonstrated
that overexpression of human wild type neuronal TDP-43 can mimic TDP-43 pathologies in
a transgenic animal model that displays cognitive, behavioral, and motor symptoms (Chen,
et al., 2014; Heyburn, et al., 2016). Homozygous TDP-43 overexpressing mice mimic MND
pathology, displaying weakness, paralysis and hunch back; but hemizygous littermates
exhibit symptoms that are closer to the FTLD-TDP phenotype, including anxiety and
learning and memory deficits (Chen, et al., 2014; Heyburn, et al., 2016).

The Ca?*/calmodulin-dependent kinase 11 (CaMKII) promoter has also been used, to drive
expression of mouse TDP-43 in the hippocampus and cortex, which led to behavioral and
motor deficits and neuronal death in the cortex (Tsai, et al., 2010). This model has 2x
endogenous murine TDP-43 and has impaired water maze performance and fear
conditioning as well as impaired rotarod and abnormal clasping (Tsai, et al., 2010).
Furthermore, Igaz et al. created a mouse line with an inducible CaMKII promoter that drives
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expression of human TDP-43WT which is turned on at 28 days (Igaz, et al., 2009). This led
to neuron loss in the hippocampus as well as limb clasping behavior (lIgaz, et al., 2009).
Swarup et al. used a full-length fragment from human bacterial artificial chromosome (BAC)
to express human TDP-43WT human TDP-43/315T and human TDP-43CG348C (Swarup, et
al., 2011). All lines express 3x the endogenous level of TDP-43 and exhibit behavioral and
motor deficits (Swarup, et al., 2011). A similar BAC method was used by Zhou et al. to
express human TDP-43WT and human TDP-43M337V (Zhou, et al., 2010). The WT line did
not exhibit paralysis, but the mutant line became paralyzed before 30 days (Zhou, et al.,
2010). The same group also made an inducible rat that expresses human TDP-43M337V
which exhibits paralysis and death within 2 months (Zhou, et al., 2010).

Because constitutive knock-out of TDP-43 proved to be lethal, (Wu, et al., 2009; Kraemer, et
al., 2010; Sephton, et al., 2010) conditional knock-outs are necessary to study 7ARDBP
depletion. Chiang et al. have developed a conditional knockout by flanking the 3™ exon of
TARDBPby loxpwith a neomycin resistance gene inserted into the 2" intron (Chiang, et
al., 2010). Floxed TARDBP mice crossed with CAG-Cre mice creates a heterozygous
TARDBP knockout (+/-). These mice express a similar level of TDP-43 to wild-type mice
and had a metabolic phenotype and premature death (Chiang, et al., 2010).

These TDP-43 animal models have mostly been evaluated as ALS models. Many of the lines
have severe motor deficits, making them hard to evaluate as FTD models. However, in the
studies that examined brain pathology, layer V of the cortex had TDP-43 pathology and loss
of neurons (Wegorzewska, Bell, Cairns, Miller, & Baloh, 2010; Wils, et al., 2010). This
reflects the vulnerability of layer V pyramidal neurons observed in FTLD (Roberson, 2012).
Protein pathology similar to that in ALS and FTLD was observed in most of the discussed
TDP-43 mouse models. There was phenotypic variation in the lines, which exhibited ALS-
like symptoms of motor deficits and weakness as well as FTD-like symptoms such as
memory and social deficits.

In addition to these many rodent models of TDP-43 pathology, there are also many models
created in other species, including zebrafish, C. elegans, Drosophila, and yeast. The yeast
Saccharomyces cerevisiae has been used to study TDP-43 aggregation and toxicity and the
effects of mutated TDP-43 (Johnson, McCaffery, Lindquist, & Gitler, 2008; Johnson, et al.,
2009). The fruit fly Drosophila melanogasterhas been used to express wild-type and mutant
human and Drosophila TDP-43, and various fly models exhibit cell death, reduced lifespan,
and ALS-associated phenotypes (Li, et al., 2010; Feiguin, et al., 2009; Zhan, Hanson, Kim,
Tare, & Tibbetts, 2013). The roundworm Caenorhabditis elegans has a TDP-43 ortholog
called tdp-1. Various C. elegans models have been made which have motor phenotypes,
protein aggregation, and impaired synaptic function (Ash, et al., 2010; Liachko, Guthrie, &
Kraemer, 2010; Zhang, Hwang, Hao, Talbot, & Wang, 2012; Vaccaro, Tauffenberger, Ash,
Carlomagno, & Parker, 2012). The zebrafish Danio rerio has been used to model TDP-43
pathology either by introducing exogenous TDP-43 or by alteration of endogenous zebrafish
TDP-43. These models exhibit motor deficits, motor axonopathy, and muscle degeneration
(Schmid, et al., 2013; Kabashi, et al., 2010; Laird, et al., 2010). In addition to these models,
there have also been recent studies using induced pluripotent stem cells (iPSCs) from
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patients which can be induced to become motor neurons, which exhibit decreased survival,
TDP-43 mislocalization, and increased TDP-43 insolubility (Bilican, et al., 2012).

The link between CIORF2and TDP-43 has been studied (Zufiria, et al., 2016). The
presence of anti-sense foci for the HRE is correlated with mislocalization and accumulation
of TDP-43 in the cerebellum neurons in ALS patients (Zufiria, et al., 2016). Knock-out of
C9ORF72 does not cause motor neuron death or decreased survival (Koppers, et al., 2015).
An Adeno-associated virus (AAV) model with 66 repeats showed phosphorylated TDP-43
inclusions, motor deficits, and anxiety and social dysfunction (Chew, et al., 2015). Jiang et
al. created a BAC mouse model that has 450 repeats that have RNA foci and age-dependent
cognitive deficits (Jiang, et al., 2016). Liu et al. created a BAC model with 500 repeats
which have TDP-43 inclusions as well as muscle denervation, motor neuron death, anxiety,
and paralysis (Liu, et al., 2016). This area of model creation is still relatively new and
further development of C9ORF72 models will likely provide insight into disease
pathogenesis as well as the relationship between COORF72 and TDP-43.

Conclusion

Figure 1 shows the role of TDP-43 in synaptic function and maintenance as well as how
alterations in TDP-43 expression affects the synapse. TDP-43 pathology is associated with
neurodegenerative diseases, particularly ALS and FTLD. Its extensive role as an RNA-
binding protein underlines the importance of impaired RNA metabolism in disease
pathogenesis. Alteration of TDP-43 protein homeostasis can lead to many downstream
deficits, each of which can contribute to development of neurodegenerative processes.
Understanding the process of protein imbalance as well as the countless molecular and
cellular effects is necessary for developing targets for intervention. treating TDP-43
pathologies via modulation of its role in RNA metabolism or via autophagic clearance
represent an important area of progress, as there is currently no cure for ALS or FTLD.
Elucidation of disease mechanisms will provide the missing link necessary for creating
effective disease treatments.
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C90ORF72 chromosome 9 open reading frame 72

CaMKII  Calcium/calmodulin-dependent kinase 1

CFTR cystic fibrosis transmembrane conductance regulator
EAAT excitatory amino acid transporter

FTD frontotemporal dementia

FTLD frontotemporal lobar degeneration

FUS fused in sarcoma

GABA y-amino butyric acid

GFAP glial fibrillary acidic protein

GRN granulin

GU guanine, uracil

hnRNP heterogenous nuclear ribonucleoprotein
HRE hexanucleotide repeat expansion

IBMPFD  Paget’s disease of bone and frontotemporal dementia
IL-6 interleukin 6

miRNA micro RNA

MND motor neuron disease

NCI neuronal cytoplasmic inclusions
NES nuclear export signal

NLS nuclear localization sequence
OPTN optineurin

P-body processing body

PFN1 profilin 1
PNFA progressive nonfluent aphasia
PrP prion protein promoter

PSD-95 post-synaptic density 95

RRM RNA recognition motif
SD semantic dementia
SG stress granule
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SOD1 superoxide dismutase 1
SQSTM1  sequestosome

TDP-43 transactive response DNA binding protein 43

TIA-1 T-cell intracellular antigen 1
TKI tyrosine kinase inhibitor
tRNP transport ribonucleoprotein

UBQLN2  ubiquilin 2
VCP Valosin-containing protein

VEGFA vascular endothelial growth factor A
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Highlights
. TDP-43 is an RNA-binding protein implicated in neurodegeneration
. This review summarizes existing knowledge and new contributions to the
TDP-43 field
. TDP-43 disruption leads to synaptic dysfunction and neurotransmitter balance
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Figure 1. TDP-43 at the synapse

A) Under normal conditions, TDP-43 controls the expression of synaptic proteins such as
synaptotagmin and synapsin I. It is present in postsynaptic dendrites, where it is involved in
local protein translation. Normal TDP-43 expression is necessary for synaptic maintenance,
neurotransmitter balance, and mitochondrial function. B) When TDP-43 is overexpressed,
there is aberrant binding to its mMRNA targets, leading to alterations in synaptic function.
TDP-43 accumulates in the cytoplasm, forming protein aggregates. This aggregation can
lead to loss of function or a toxic gain of function, which contribute to disease. TDP-43
overexpression is also associated with neurotransmitter imbalance, astrocyte dysfunction,
and mitochondrial impairment. Maintenance of TDP-43 levels is crucial for normal synaptic

maintenance and function.
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