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TDP-43, or TAR DNA-binding protein 43, is a pathological marker of a
spectrum of neurodegenerative disorders including amyotrophic lateral sclerosis
(ALS) and frontotemporal lobar degeneration with ubiquitin-positive inclusions
(FTLD-U). TDP-43 is an RNA/DNA-binding protein implicated in transcriptional
and post-transcriptional regulation. Recent work also suggests that TDP-43
associates with cytoplasmic stress granules, which are transient structures that
form in response to stress. In this study, we establish sorbitol as a novel stressor
that directs TDP-43 to stress granules in Hek293T cells and primary cultured glia.
We quantify TDP-43 association with stress granules over time and show that
stress granule association and size are dependent on the glycine-rich region of

TDP-43, which harbors the majority of pathogenic mutations. Moreover, we



establish that cells harboring wild-type and mutant TDP-43 have distinct stress
responses: mutant TDP-43 forms significantly larger stress granules and
incorporates into stress granules more early; in striking contrast, wild-type TDP-
43 forms more stress granules over time, but granule size remains relatively
unchanged. We propose that mutant TDP-43 alters stress granule dynamics,

which may contribute to the progression of TDP-43 proteinopathies.
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CHAPTER ONE
Introduction

THE IMPORTANCE OF STUDYING NEURODEGNERATION

Combating neurodegeneration in an aging society

The United States is the third largest country in the world in 2011 behind
China and India. With respect to the US age structure, only 20.1% of its
population is in the 0-14 year age bracket, while 66.8% fall in the 15-64 bracket
and 13.1% are 65 and older bracket. A troubling issue is that our nation’s “baby
boomer” population (the birth boom from 1946 through 1964) is only now
approaching age 65(3). Beginning in 2011, and spanning the next 20 years, the
US expects an unprecedented number of its citizens to transition from middle-
aged to elderly(44, 136).

The United States is not alone: many countries experienced the post-world
war II baby boom(50, 61, 98). As a result, many countries have a relatively large
aging population. As this demographic bulge ages, susceptibility to dementias
and other age-related disorders like cancers, type-II diabetes and cardiovascular
diseases increase(136). Yet, neurodegenerative disorders are not restricted to the
65 years and older age bracket. Depending on genetic predisposition, exposure to
high levels of environmental toxins, or leading a “high risk” lifestyle, disease

onset can occur at a much younger age(134).



Two examples of neurodegenerative diseases affecting the middle-aged and
elderly include amyotrophic lateral sclerosis or ALS (age 40-60 yrs)(134) and
frontotemporal lobar degeneration with ubiquitinated aggregates or FTLD-U (age
46-78)(57). Middle-age onset of these diseases is particularly devastating for
younger families. Why and how the central nervous system is both temporally and
spatially susceptible to degeneration is unknown. What is understood however, is
that now in the industrialized world there exists an urgent need to understand the
etiology of neurodegenerative diseases. As more data becomes available, it is
imperative that clinicians and scientists work together to define common clinical
symptoms and pathologies leading to neurodegeneration, both in the middle-aged

and elderly.

Common pathological features across neurodegenerative diseases

There are some broad similarities among different neurodegenerative
disorders, including increased risk with age. But another common feature is the
presence of aggregated, ubiquitinated proteins. Just to name a few examples,
ubiquitinated aggregates are found in Alzheimer’s disease (AD), Parkinson’s
disease (PD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS) and
frontotemporal lobar degeneration with ubiquitinated aggregates (FTLD-U).
Commonly, these aggregated proteins have mutations in the gene encoding them.
For example, amyloid precursor protein composes the amyloid plaques found in
AD and mutations have been found in its gene. Likewise, alpha synuclein and

huntingtin aggregates are found in PD and HD patients respectively, and



mutations have been found in both genes. In contrast, for many years, the
proteins composing the ubiquitinated aggregates in ALS and FTLD-U were
unknown.

Clearly, in multiple neurodegenerative disorders, there is some problem in
clearing these aggregating proteins. In contrast, healthy cells are able to clear
unwanted proteins by labeling them with ubiquitin chains, the degradation signal
of the cell. These ubiquitin chains attract a proteasome that chops up and recycles
the amino acids present in the degraded protein. Alternatively, another
degradative process called autophagy exists in the cell to degrade unwanted
cellular matter. Hence, a common hypothesis in neurodegenerative disorders is
an impairment in the ubiquitin-proteasome system, autophagy or both. Yet some
questions remain: are these processes less efficient in people with
neurodegenerative disorders, or are the proteins aggregating too quickly for the
cell to clear them away?

Thus, many neurodegenerative diseases are broadly united by increased risk
with age and the presence of ubiquitinated protein aggregates. Previously, it was
argued that the mechanism behind each neurodegenerative disease was distinct, as
there was a “selective vulnerability” of these brain cells to degrade. Yet, as more
neurodegenerative research is conducted, it is becoming evident that the
underlying mechanism behind this neurodegeneration may be more “common”
than distinct. As new data emerges, perhaps many neurodegenerative diseases are
more similar in onset than previously believed. Additional common features

across different diseases must be investigated.



ALS and FTLD-U are clinically linked neurodegenerative diseases

In addition to increased risk with age and the presence of ubiquitinated
aggregates, some neurodegenerative diseases also have overlapping symptoms.
For example, for many years it was a widely accepted belief that ALS only
affected motor neurons, sparing higher cognitive functions. However, it is now
understood that ALS patients have dementia overlapping clinically with FTLD-
U(85). This finding may be surprising to some scientists, as ALS and FTLD-U
were previously believed to affect neurons in disparate regions of the central
nervous system: the brain in FTLD-U and the spinal cord in ALS.

To better understand the common underlying symptoms in these diseases,
an introduction into ALS and FTLD-U is essential. First, ALS is a progressive,
neurodegenerative disease affecting the upper and lower motor neurons; incidence
is rare with only one to two people per 100,000(86). The duration of the disease
can vary, but on average lasts 3-5 years(85). During this time, patients undergo
symptoms of muscle atrophy and paralysis before dying of respiratory failure or
pneumonia(60, 113).

In contrast, FTLD is a progressive neurodegenerative disease affecting
frontal and temporal cortical neurons(52, 85). FTLD is typically diagnosed
between 40-65 years of age, and is second only to Alzheimer’s disease in its
prevalence in those aged 65 and younger(53, 62). FTLD is a clinically,
genetically and pathologically heterogeneous disease, and the FTLD-U subtype

has ubiquitin immunoreactive aggregates(102).



The clinical symptoms arising from FTLD-U can be divided into three
subtypes: behavioral variant frontotemporal dementia, semantic dementia, and
progressive non-fluent aphasia(29). The behavioral variant is a consequence of
frontal cortex neuron degeneration where personality changes manifest including
lethargy, apathy and disinhibition(53). The semantic dementia (SD) variant
develops as temporal cortex neurons degenerate, producing symptoms including
aphasia (inability to articulate or understand spoken or written language). Finally,
progressive non-fluent aphasia is marked by impaired speech production,
including hesitant speech, stuttering and incorrect tense or word order(62, 115).

Thus, the type of overlapping symptoms between ALS and FTLD-U
patients include motor impairments in FTLD-U patients and both behavioral and
speech problems in ALS patients(47). In patients with FTD, this variant is called
“FTD-MND” or “FTD-ALS”, meaning FTD with motor neuron disease, or FTD
with amyotrophic lateral sclerosis, respectively. In one report, among 36 patients
with sporadic FTD, ~14% were diagnosed with ALS, while 36% had some
symptoms consistent with ALS(89). In patients with ALS, this variant is called
“ALS-FTD”, meaning ALS with frontotemporal lobar degeneration. In one
report, from 44 ALS patients in the study, ~52% were diagnosed with FTD(90).
As this area of research is relatively new, these statistics will undoubtedly change
as more clinical data is published.

Importantly, patients diagnosed with ALS-FTD not only have overlapping
clinical symptoms between ALS and FTD, but the ubiquitinated aggregates are

found in both the spinal cord and the brain(34, 106). Despite the presence of



these ubiquitinated aggregates in affected brain and spinal cord regions, and the
presence of overlapping symptoms in these patients, for many years there was no

known protein that overlapped in these two diseases.

ALS and FTLD-U are pathologically linked through a common ubiquitinated
protein called TAR DNA Binding Protein 43 or TDP-43

ALS and FTLD-U appeared to be clinically linked with overlapping CNS
regions presenting ubiquitinated aggregates, but could a single protein underlie
the pathology observed in both diseases? To determine whether ALS and FTLD-
U were pathologically linked, ubiquitinated aggregates were solubilized from
pathological tissues, and antibodies were generated against its proteinaceous
components(102). These antibodies were then used to stain ALS and FTLD-U
tissues, and overlapping pathology was assessed. Finally, in 2006 two
independent research groups identified a common aggregated, ubiquitinated

protein: TAR DNA binding protein 43 or TDP-43(9, 102).

TDP-43 is a highly conserved RNA-binding protein

Prior to 2006, limited information was known about TDP-43 cell biology,
but it was known that TDP-43 is a 414 amino acid, 43 kDa protein encoded by the
TARDBP gene located on chromosome 1(67). TDP-43 is highly conserved and
ubiquitously expressed, and it was first identified in a screen where it bound the
TAR region of HIV DNA, hence its name 74AR DNA binding protein 43(105).

Initial studies in the TDP-43 field also discovered that it also binds to single-



stranded RNA through UG-rich sequences in cystic fibrosis transmembrane
receptor (CFTR) pre-mRNA(23, 27). The TDP-43-mediated exclusion of exon 9
generates an inactive CFTR protein, implicating TDP-43 in the onset of the
disease cystic fibrosis(28). Yet, even basic data about TDP-43 localization and
function in different cell types was unknown, especially as it related to the central
nervous system. Thus, in the first attempts to further characterize TDP-43 cell
biology in 2006, it became essential to compare TDP-43 structure and function
with similar proteins: the heterogeneous ribonucleoprotein (hnRNP) class of

RNA-binding proteins.

TDP-43 is a member of the heterogeneous nuclear ribonucleoprotein (hnRNP)
family

Structurally, TDP-43 is classified as a heterogeneous nuclear
ribonucleoprotein (hnRNP) family member(23). TDP-43 is sub-categorized in
this family as a 2x-RBD-Gly protein(48, 83, 100), meaning it has two RNA
recognition motifs (RRM1 and RRM?2), and one glycine-rich region (GRR) at the
distal C-terminus. The structure of TDP-43 (as it was understood in 2006) is

shown below in Figure 1.1.

1-414 c—A e SN ] |

111-169  193-257 274-414
RRM1 RRM2 GRR
Important functional regions: Function(s):

RRM1 RNA Recognition Motif 1 Binds RNA/DNA
RRM2 RNA Recognition Motif 2 Binds RNA/DNA
GRR [—_—1 Gilycine Rich Region protein:protein interactions

Figure 1.1, Structural and functional schematic of TDP-43



TDP-43 is a heterogeneous nuclear ribonucleoprotein (hnRNP) family
member and is classified as a 2x RBD-Gly hnRNP as it has two RNA
recognition motifs (1 and 2) and a glycine rich region (GRR). This schematic
was current in 2006; updated schematics are shown throughout my thesis,
but the simplicity of this figure underscores the limited understanding of
TDP-43 at the beginning of this project.

Both RRM1 and RRM2 domains are highly conserved, and mediate TDP-
43 interactions with single-stranded RNA and DNA(23). In contrast, the GRR is
not well conserved, but is known to mediate protein:protein interactions. These
protein interactors include other hnRNP proteins, specifically hnRNPs Al,
A2/B1, C1/C2 and A3(26). Interactions with hnRNP family members make it
possible for TDP-43 to contribute to exon splicing without binding mRNA. This
limited understanding of TDP-43 structure and function would be greatly
expanded upon in the years to come (2006-2011), but forced the
neurodegenerative field to initially focus on characterizing the disease, or forming

cell culture models to better understand basic TDP-43 functions in cellular

biology.

TDP-43 pathology is heterogeneous in ALS and FTLD-U

Pathological TDP-43 is characterized by its ubiquitination,
hyperphosphorylation, cleavage, mislocalization and aggregation(9, 102). As
previously mentioned, FTLD is a heterogeneous disease with multiple genetic
origins, each culminating in distinct clinical symptoms. Interestingly, as more

sub-types of FTLD-U were stained for TDP-43, four distinct TDP-43



immunoreactivity profiles were discovered, which varied by genetic origin(9, 54,

102). These sub-types are shown in the Figure 1.2 below.

type 1 type 2 type 3 type 4
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Gene altered:  ? ~ Chrom 9p GRN VCP
Subtype: TDP-43 immunoreactivity profile:
type 1: Abundant long dystrophic neurites (layers 11/111)
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tvpe 2: Abundant NCls (superficial and deep cortical layers
ype < Few DNs; Few Nils
3 Abundant NCls and short dystrophic neurites
type 3: Variable Nlls in superficial cortical layers
Abundant NlIs and dystrophic neurites
type 4: Rare NCls in neocortex

Figure 1.2, TDP-43 pathology in FTLD-U is heterogeneous. We summarize
the heterogeneous TDP-43 pathology observed in four sub-types of FTLD-U.
TDP-43 pathology is found in both neurons and glial cells. Also, the TDP-43
immunoreactivity profile is dependent on underlying genetic mutations,
including an unknown gene on chromosome 9p (subtype 2), the granulin
gene (subtype 3) and the VCP gene (subtype 4). Abbreviations used are:
NClIs, neuronal cytoplasmic inclusions; NIIs, neuronal intranuclear
inclusions; DNs, dystrophic neurites. This figure was adapted from Kwong et.
al(84).

Subtype I pathology is observed in superficial cortical layers, and TDP-43
is found mislocalized to cytoplasmic inclusions with long neuritic profiles(31,
54). Type I TDP-43 pathology is found in both the superficial and deep cortical
layers, type III is in superficial cortical layers with cytoplasmic inclusions and
nuclear TDP inclusions are present in type IV(31, 54). Therefore, depending on

the genetic mutation underlying FTLD-U, TDP-43 pathology is distinct. These
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findings reinforce the importance of understanding determinants of TDP-43

localization in different cell types.

TDP-43 is a secondary histopathological feature in other neurodegenerative
disorders

TDP-43 is a primary histopathological feature in ALS and FTLD-U because
the majority of the ubiquitinated aggregate is composed of TDP-43. However,
TDP-43 has also been observed as a secondary histopathological feature in other
neurodegenerative diseases. As a secondary histopathological feature, TDP-43 is
not the primary component of the ubiquitinated aggregate, however it is still
associated with the ubiquitinated aggregates. These secondary histopathological
features have been observed in AD, PD, HD, and more rare disorders including
Guam ALS and Guam ALS-PD(31).

To describe this spectrum of neurodegenerative disorders with TDP-43
pathology, an umbrella term “TDP-43 proteinopathies” was generated(48, 83,
100). A consequence of these findings that TDP-43 is present as both a primary
and secondary feature of multiple neurodegenerative diseases made some
researchers doubt that TDP-43 caused neurodegeneration. Instead, it was argued
that TDP-43 was an “innocent bystander”, as no genetic mutations were
discovered to date. As such, many researchers began looking for pathological
mutations in the TARDBP gene to definitively prove that TDP-43 was initiates

disease onset.
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Pathological mutations implicate the glycine-rich region of TDP-43 in
neurodegeneration
TDP-43 is genetically linked to ALS and FTLD-U

To definitively prove that TDP-43 is a mediator of disease, scientists
needed to identify pathological TARDBP mutations in both ALS and FTLD-U
patients. Approximately 20-25% of patients with ALS have overlapping
symptoms with FTLD-U, and are defined as ALS-FTD. From this pool of ALS-
FTD patients, the first TARDBP mutations linked to ALS were reported in 2008
(41, 67, 81, 114, 130). In contrast, fewer patients (10-15%) have been diagnosed
with FTLD-U overlapping motor neuron disease or FTD-MND. Why more ALS
patients have ALS-MND relative to the number of FTLD-U patients with FTD-
MND is not yet clear. Regardless, genetic mutations in FTD-MND patients were
finally discovered in 2009(18, 56, 79). It can be argued that this smaller pool of
patient samples explains the delay in identifying TARDBP mutations in FTD-
MND relative to ALS-FTD. In conclusion, TARDBP mutations are found in both
ALS and FTLD-U patients; and these findings strengthen the argument that
genetic TARDBP mutations alter TDP-43 protein function or localization,

mediating onset of these neurodegenerative diseases.

Pathological mutations are concentrated in the glycine-rich region (GRR)
Over the last few years, an increasing number of TARDBP mutations have
been found in ALS and FTLD-U patients. To date (2011), ~40 TARDBP

mutations have been identified in ALS patients, while ~3 have been identified in
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FTLD-U patients(85). Most ALS mutations are located in the distal-C-terminus,
the region known as the glycine-rich region (GRR)(85, 86). In Figure 1.3 below,
the region where the majority of mutations are clustered is underlined, and ALS

mutations are highlighted in blue text.

82-98 239250  274-414
NLS NES GRR
1-414 |
RRM14 RRM2 44 444* 4
ALS o ¢¢ §2LEF 2
FTLD.U

ALS and FTLD-U

Figure 1.3, TDP-43 pathological mutations are concentrated in the GRR.
The majority of pathological mutations in ALS patients localize to the
glycine-rich region (GRR), emphasized by the black line beneath some of the
mutations. An exception to this general rule is the D169G mutation, which is
located in the RRM1. Three mutations have been identified in FTLD-U
patients, including the K267S (purple), K263E (red) mutations and a 3’ UTR
mutation (not indicated). One mutation (K267S) has been identified in both
ALS and FTLD-U patients.

However, some mutations lie outside the GRR. These mutations include
the K263E mutation, which was discovered in an FTLD-U patient (red text)(79),
and the N267S mutation, which was discovered in both ALS and FTLD-U (purple
text)(18). Pathological mutations that have been tested in cell culture models

have been highlighted in Figure 1.2, including the G294A, A315T, M337V,

G348C and N390S mutations.



Proposed cellular processes affected by genetically-linked mutations

To determine viable hypotheses about how TDP-43 mediates

neurodegeneration, I approached this question by outlining each mutation found

in both ALS and FTLD-U. Next, I listed each gene, protein, and known functions

of each protein, leading to both ALS and FTLD-U. From these functions, I

formed subcategories that might explain how neurons in ALS and FTLD-U

become susceptible to neurodegeneration. Table 1 has been generated to

summarize ALS mutations, alongside disease hypotheses.

Table 1. Genes linked to familial amyotrophic lateral sclerosis (ALS)

Gene Protein Function(s) Disease hypothesis
Increased susceptibility to stress

SOD1 Superoxide catalyzes the dismutation of O.- Reactive oxygen species (ROS) generate

dismutase 1 into O. and H.O > oxidative stress, DNA damage and
2 22 cell death?

VAPB Vesicle-associated membrane protein - Mutations cluster in the ER and resultin
membrane protein- involved in lipid transport unique restructuring of the ER that
associated protein B increase susceptibility to stress?

Impaired neurite growth
ALS2 Alsin GEF Truncated alsin causes impaired
promotes neurite neurite outgrowth?
outgrowth
ANG Angiogenin stimulates formation of new Angiogenin LOF results in decreased
blood vessels neurite outgrowth/increased motor
neuron susceptibility to stress?
Impaired protein degradation

CHMP2B  Chromatin ESCRT-Ill pathway Inhibition of autophagy leads to more
modifying ubiquitinated proteins and cell death?
protein 2B

Aberrant RNA processing
TARDEBP T/,'\R PNA . Altered RNA splicing increases
binding protein 43 RNA splicing susceptibility to stress?
—| Transcript stability Nuclear loss of function?
FUS Fused in sarcoma Stress response Cytoplasmic toxic gain of function?
Impaired stress response?

Table 1, The genes linked to ALS have been grouped into four categories,
according to how their dysfunction may lead to neurodegeneration.
Susceptibility to ALS may stem from an increased susceptibility to stress
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through SOD1 or VAPB, impaired neurite growth through ALS2 or ANG,
impaired protein degradation through CHMP2B or aberrant RNA
metabolism through TARDBP or FUS.
Currently, genetic linkage studies have identified multiple sporadic and familial
mutations in: SOD1, ANG, VAPB, ALS2, CHMP2B, TARDBP and FUS. These
genes encode the proteins: superoxide dismutase 1 (SOD1), angiogenin, vesicle
associated membrane protein associated protein B (VAMP), alsin, chromatin
modifying protein 2B, TAR DNA binding protein 43 (TDP-43) and fused in
sarcoma (FUS), respectively. By examining the function of these proteins a
number of disease hypotheses can be proposed, including: oxidative stress
(SOD1, VAPB), neurite outgrowth and maintenance (ANG, ALS?2), cellular
degradation pathways (CHMP2B) and RNA processing (TARDBP, FUS).
Next, the same approach was taken for genes linked to FTLD-U. These
genes are listed in table 2, alongside the protein encoded by that gene and its
functions. A list of disease hypotheses follows each gene, and common

mechanisms are grouped by green boxes.
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Table 2. Genes linked to familial frontotemporal lobar degeneration with ubiquitinated aggregates (FTLD-U)

Gene Protein Function(s) Disease Hypothesis

Inhibition of degradative pathways

CHMP2B Chromatin ESCRT-III pathway Inhibition of autophagy leads to more
modifying ubiquitinated proteins and cell death?
protein 2B

VCP Valosin Required for ubiquitin- Inhibition of the ubiquitin-proteasome
containing proteasome degradation system results in cytoplasmic aggregates
protein leading to cell death?

Increased inflammation

PGRN Progranulin Growth factor PGRN is cleaved by elastases
Inflammation to form granulins that induce
inflammatory response?

Altered RNA metabolism

TARDBP TAR DNA Altered RNA splicing increases
- - N
bmdlr\g RNA splicing susceptibility to stre§s.
protein 43 . - Nuclear loss of function?
— Transcript stability . S .
S di Stress response Cytoplasmic toxic gain of function?

FU Fusedin p Impaired stress response?

sarcoma

Table 2, The genes linked to FTLD-U have been grouped into three
categories according to how their dysfunction may lead to
neurodegeneration. Increased susceptibility to FTLD-U may be through
inhibition of degradative pathways through CHMP2B or VCP, increased
inflammation through PGRN, or altered RNA metabolism through TARDBP
or FUS.

Currently, FTLD-U is genetically linked with: CHMP2B, VCP, GRN,
TARDBP, FUS, and an undetermined gene on chromosome 9p(126). These
genes encode the proteins: chromatin-modifying protein 2B, valosin-containing
protein, progranulin, TDP-43 and FUS, respectively. By examining the function
of these proteins, multiple disease hypotheses have emerged, including: aberrant
protein degradation (via autophagy and/or the 26S proteasome; VCP, CHMP2B),
inflammation (GRN), and aberrant RNA metabolism/stress response (TDP-43,

FUS).
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As ALS and FTLD-U have overlapping pathologies, we compared these
genetic lists for similar categories in both diseases. Three genes overlap between
ALS and FTLD-U including: TARDBP, FUS and CHMP2B. This strongly
implicates RNA-processing defects, or impairments of cellular degradative

pathways, in the pathogenesis of these neurodegenerative disorders.

Disease hypotheses of TDP-43-mediated neurodegeneration

To understand how pathological mutations in TDP-43 increase susceptibility to
neurodegeneration, three hypotheses have been proposed: a nuclear loss of TDP-
43 function (LOF), a cytoplasmic toxic gain of function (GOF), or both a nuclear
LOF and toxic cytoplasmic GOF hypothesis. In the nuclear LOF hypothesis, a
deficiency in nuclear TDP-43 results in mis-splicing events. Because TDP-43
represses exon inclusion, the argument is that “mis-splicing” would result in novel
isoforms that may be toxic to the cell. In the cytoplasmic toxic gain of function
hypothesis, the cytoplasmic accumulation of TDP-43 may alone be toxic, or its
aggregation may impede cellular trafficking networks resulting in cell death.
Finally, the third hypothesis argues that both a nuclear LOF and a cytoplasmic

toxic GOF need to work together to impair cellular viability or induce cell death.

MOTIVATION FOR STUDIES

Testing the cytoplasmic toxic gain of function hypothesis
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Some of the most prominent TDP-43 disease hallmarks include its
cytoplasmic mislocalization and aggregation, truncation, and reduced solubility.
Understanding how TDP-43 is mislocalized and aggregated in the cytoplasm is
confounded by TDP-43’s pathological heterogeneity, as distinct immunoreactivity
profiles are generated by different genetic origins underlying FTLD-U.
Moreover, TDP-43 pathology is observed in both neurons and glia, and its
aggregation can occur in both the nucleus and cytoplasm of cells. These
observations have led to the hypothesis that the cytoplasmic mislocalization of
TDP-43 is a mediator of neurodegeneration, hence a “cytoplasmic toxic gain of
function” hypothesis has been proposed.

When TDP-43 was established as the pathological link between ALS and
FTLD-U in 2006, the primary issue in understanding its role in neurodegeneration
was the lack of information about its localization and function. As previously
stated, very few research articles had been published on TDP-43 in 2006. Of the
articles published, the focus was on TDP-43 nuclear functions, including pre-
mRNA splicing and nuclear body organization, and TDP-43 was in fact believed
to be a nuclear-restricted protein(132). As such, one of the first arguments
proposed under the “cytoplasmic toxic gain of function” hypothesis was that
TDP-43 is nuclear-restricted, and increased TDP-43 levels in the cytoplasm are
toxic and lead to cell death. Because of the limited information available on
TDP-43, our approach was to conduct an extensive characterization of its basic
cellular biology (with an emphasis on localization and function) in both central

nervous system and somatic cells.
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Our study objectives

Our first objective was to characterize the cellular localization of TDP-43 in
multiple cell types, including primary and immortalized cell lines both in and
outside of the CNS. Our second objective was to identify cellular processes
resulting in increased cytoplasmic TDP-43 protein levels, and use this process to
develop a cell culture localization model. Third, using this cell culture model, we
wanted to test for differences in the localization or aggregation of overexpressed

wild-type and pathological TDP-43 protein.



CHAPTER TWO
Results
CHARACTERIZATION OF TAR DNA BINDING PROTEIN 43 (TDP-43)
LOCALIZATION IN MULTIPLE CELL TYPES FOR THE
DEVELOPMENT OF CELL CULTURE AND ANIMAL DISEASE

MODELS

ABSTRACT
TDP-43, or TAR DNA-binding protein 43, is a pathological marker of a spectrum
of neurodegenerative disorders including amyotrophic lateral sclerosis and
frontotemporal lobar degeneration with ubiquitin-positive inclusions. TDP-43 is a
highly conserved, ubiquitously expressed, RNA/DNA-binding protein implicated
in transcriptional regulation. TDP-43 is structurally and functionally classified as
a member of the heterogeneous nuclear ribonucleoprotein (hnRNP) family. Many
hnRNP proteins are sub-classified as either nuclear-restricted or nucleo-
cytoplasmic shuttling proteins. At the beginning of this project, TDP-43 was
classified as a nuclear-restricted hnRNP protein, and reports focused on TDP-43
nuclear localization and function, and ignored any possible role for TDP-43 in the
cytoplasm. This limited understanding of TDP-43 localization and function in the
cytoplasm of both central nervous system tissues and somatic cells impeded
progress in testing the cytoplasmic toxic gain of function hypothesis. In this
study, I determine TDP-43 subcellular localization in multiple cell types,

including primary cultured neurons and glia, as well as immortalized cell lines
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derived from human glia and kidney. I hypothesized that TDP-43 is not a
nuclear-restricted protein, and its localization varies by physiological processes
including cell cycle progression and hyperosmotic stress. I find that TDP-43 is
not a nuclear-restricted protein in either central nervous system cells or
immortalized cell lines. While TDP-43 is a predominantly nuclear protein, a
subpopulation of TDP-43 is diffusely-localized to the cytoplasm. I furthermore
find that TDP-43 localization can shift during cell cycle progression and stress.
As my goal is to test the cytoplasmic toxic gain of function hypothesis of TDP-43
mediated neurodegeneration, I conclude that stress can be used to establish a cell
culture localization model for future studies. Moreover, for future studies, my lab
and I have established conditional transgenic mice overexpressing wild-type and

mutant (G348C) TDP-43 to establish an in vivo model of disease.

INTRODUCTION

“TDP-43 proteinopathies” encompass a spectrum of neurodegenerative diseases
with ubiquitinated aggregates primarily composed of TDP-43 (31, 52).
Ubiquitinated TDP-43 is especially prevalent in patients with amyotrophic lateral
sclerosis (ALS) and frontotemporal lobar degeneration with ubiquitinated
inclusions (FTLD-U). In these diseases, many mutations have been identified
within the glycine-rich region (GRR) of TDP-43 (~forty mutations in ALS (81,
85,107, 114, 121, 130) and three in FTLD-U (18, 31, 56, 79)). How TDP-43

contributes to neurodegeneration is unknown, but other pathological alterations to
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TDP-43 implicate aberrant proteolysis, hyperphosphorylation and mis-
accumulation in the cytoplasm (9, 24, 31, 52, 102).

It is unclear how cytoplasmic accumulation of TDP-43 contributes to
neurodegeneration at the molecular and cellular level. Existing evidence is
compatible with the hypothesis that TDP-43 proteinopathies arise from a gain of
TDP-43 function in the cytoplasm, due to its mis-accumulation in the cytoplasm.
This may indirectly or directly impact its nuclear function, as cytoplasmic mis-
accumulation would reduce the amount of functional TDP-43 in the nuclear
compartment. In this study, as a first step toward testing this hypothesis, I
characterize the localization of TDP-43 in central nervous system and somatic
cells. Furthermore, I examine processes that drive TDP-43 cytoplasmic
accumulation, including cell cycle progression and hyperosmotic stress. I
conclude that hyperosmotic stress can be used in future studies to test TDP-43
cytoplasmic accumulation. Finally, I establish a conditional transgenic model for

the future study of TDP-43 proteinopathies.

Aims and hypothesis

For my thesis, I wanted to test the cytoplasmic toxic gain of TDP-43 function
hypothesis. However, at the start of my study in 2006, the localization and
function of TDP-43 in central nervous system tissues was poorly characterized.
Therefore, my first aim became the determination of TDP-43 localization in
multiple cell types, including nervous system cells. I hypothesized that TDP-43 is

not nuclear-restricted in either central nervous system tissues or somatic cells, and
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TDP-43 localization can shift between the nucleus and cytoplasm during

physiological processes including cell cycle progression and exposure to stress.

MATERIALS AND METHODS

Cell and Primary Cultures

Commercial cell lines used in this study (Hek293T and U343, ATCC) were
maintained in standard growth medium: 10% fetal bovine serum in DMEM
(Invitrogen). For primary mixed glial cultures, rat cortices were dissected from
postnatal (D1-4) pups in ice-cold dissection medium (Gibco-Invitrogen) as
described previously (118). Glia (~21-28 DIV) were split onto poly-D-lysine and
matrigel-coated coverslips. For primary cortical neurons, rat cortices were
dissected from E18 rat brains. Cortical neurons were

dissociated with papain (20 units/ml) for 7 min at 37 °C, triturated

with a Pasteur pipette, and plated at 100,000/200 mm®

onto nitric acid-etched coverslips coated with poly-D-lysine (Sigma)

and Matrigel (BD Biosciences). Cultures were maintained for

21 days in vitro (DIV) in Neurobasal medium (Invitrogen) supplemented with 2%

B27 (Invitrogen) and 1% L-glutamine (Sigma).

Western Blot
Cells were solubilized in a high salt buffer (50mM Tris-HCI, pH 7.5, 0.5 M NaCl,

1% NP-40, 1% DOC, 0.1% SDS, 2 mM EDTA and 1 Roche Complete protease-



23

inhibitor tablet). Protein concentrations were determined using the Bio-Rad Dc

protein assay Kkit.

Immunofluorescence and Confocal Microscopy

Cells were fixed for 15 minutes in 4% PFA, 2% sucrose in PBS, followed by a 5
minute permeabilization with 0.2% TX-100 in PBS. Coverslips were blocked for
one hour with 10% NGS/PBS, followed by an overnight incubation with primary
antibody as specified in the text: anti-TDP-43 (1:200, ProteinTech Group); anti-
p70 S6K or Hedls (1:500, Santa Cruz), anti-hnRNP A1 (1:3200, Sigma), anti-
hnRNP C1/C2 (1:1600, Sigma), anti-tubulin (1:300, BD Biosciences). The next
day, cells were rinsed with PBS, and incubated with secondary antibody and dye
for 30 minutes at room temperature in a humidified chamber: Alexa 488-
conjugated anti-rabbit IgG (1:500), Alexa 546-conjugated anti-mouse IgG
(1:500), Alexa 568 phalloidin-conjugated anti-rabbit IgG, and the DNA-staining
dye ToPro-3 (1:1000, Invitrogen). Images were captured using a Zeiss 510

confocal microscope and images were processed using LSM software and ImageJ.

Design and Transfection of siRNA

Three siRNAs (designated in the text as HI, H2 and H3) directed against human
TDP-43 (NM_007375) were designed using the MIT software database
(http://jura.wi.mit.edu/bioc/siRNAext/tmp/2007-11-5/2007-11-5-62331-

19128 0.tab.txt), and purchased from Dharmacon. Positive and negative controls

(Lamin A/C and Dharmafect control #00031-04-1-01-U, respectively) were
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purchased from Dharmacon. Oligos were resuspended according to the
Dharmacon’s online protocol using 5x resuspension buffer (Dharmacon) diluted
to 1x with RNase-free water. Oligos were transfected into Hek293T cells using

the Dharmafect 1,2,3,4 kit in serum-free medium (Opti-Mem, Invitrogen).

Cell Cycle Synchronization and Release

Hek293T cells were plated onto nitrogen-etched coverslips coated with PDL and
matrigel (as described above) and synchronized in the G1 phase of the cell cycle
by depriving the cells of serum for 24 hours. To release cells from this arrest,
serum free medium was replaced by standard growth medium. Cells were
allowed to proceed through the cell cycle for 3, 6, 9, 12 and 24 hrs, at which
coverslips were removed from culture, fixed and processed for

immunofluorescence (as previously discussed).

RESULTS

Characterization of TDP-43 expression and localization in multiple cell types
TDP-43 is not a nuclear-restricted RNA-binding protein

I determined the localization of TDP-43 in different cell types. At the time
of this analysis, it was believed that TDP-43 is a nuclear-restricted protein. |
examined the localization of TDP-43 in central nervous system tissues, starting
with primary neurons, followed by primary mixed glial cultures. As shown in
Figure 2.1 below, I confirmed that TDP-43 localizes to the nucleus in primary
neurons, however TDP-43 is not confined to the nucleus and is also present in the

cytoplasm.
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4

Figure 2.1, TDP-43 is not a nuclear restricted protein in primary cultured
neurons. TDP-43 is a predominantly nuclear protein that is also present in
the cytoplasm. Merged confocal images shows TDP-43 (red) signal in
neurons stained by the neuronal marker MAP2, and by the nuclear-resident
protein hnRNP C1, the nucleocytoplasmic shuttling protein hnRNP Al and a
p70 S6 kinase/Hedls antibody (shown in green). Scale bars: 10 pm.

First, I stained neurons with the dendritic marker protein microtubule-
associated protein 2 or MAP2 (shown in green on the first image). TDP-43 (red
staining) was found in MAP2" cells, and appeared to localize to the nucleus. As
MAP?2 is a neuronal marker but not a nuclear marker, I confirmed TDP-43 nuclear
localization by colabeling TDP-43 (red) with hnRNP C1 (green), a nuclear-
resident protein. In the third image, I used a longer exposure time, and detected a
diffuse TDP-43 (red) cytoplasmic sub-population in addition to nuclear staining.
This is confirmed by co-staining TDP-43 (red) with hnRNP Al (green), a nucleo-
cytoplasmic shuttling protein that is also predominantly nuclear. As a technical
note, hnRNP A1 was not overexposed to the same extent as TDP-43 to emphasize
TDP-43 cytoplasmic localization in the soma, although the colocalization of
hnRNP A1 and TDP-43 is faintly detectable in the dendrites (yellow), in addition
to robust nuclear colocalization (yellow). In the fourth image, we show TDP-43
(red) colocalization with p70 S6 kinase (green) antibody, an antibody that

specifically detects p70 S6 kinase in the nucleus and processing bodies (a type of

RNA granule) in the cytoplasm. I conclude that TDP-43 is predominantly
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nuclear-localized, although a subpopulation is localized to the cytoplasm of
healthy primary neurons.

I then sought to determine the localization of TDP-43 in another central
nervous cell type found altered by disease: glial cells. I cultured mixed, primary
glial cells, and used immunofluorescence to determine the localization of TDP-43
with phalloidin (red), hnRNP C1 (green), hnRNP Al (green) and p70 S6

kinase/Hedls (green), respectively.

Figure 2.2, TDP-43 is not a nuclear-restricted protein in primary cultured
glia. Glia were co-stained for TDP-43 and the actin stain phalloidin, the
nuclear-resident protein hnRNP C1, the nucleocytoplasmic shuttling protein
hnRNP A1, and p70 S6 kinase/Hedls, respectively. TDP-43 is a
predominantly nuclear-localized protein, although a diffuse cytoplasmic
population is detectable in glia (as seen in the TDP-43 phalloidin image).
Scale bars =10 pm.

Similar to what was observed in neurons, I found robust TDP-43 nuclear
localization. However, TDP-43 is diffusely localized to the cytoplasm, as seen in
the first data panel (TDP-43 and phalloidin, red and green respectively). Also,
similar to primary neurons, TDP-43 (red) colocalizes with nuclear-resident
protein hnRNP C1(green), the nucleocytoplasmic shuttling protein hnRNP A1
(green), as well as p70 S6 kinase/Hedls (green) nuclear staining.

I conclude that TDP-43 is a predominantly nuclear protein, with a sub-

population in the cytoplasm of central nervous system cells. I next asked if the

localization of TDP-43 is different in immortalized central nervous system
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tissues, such as U343 cells, and in non-central nervous system cells such as
Hek293T cells (Figure 2.3). Specifically, U343 cells are a human glioblastoma

cell line and Hek293T cells are derived from human embryonic kidney.

Hek293T U343

Figure 2.3, TDP-43 is not nuclear-restricte in immortalized cell lines.

In Hek293T cells, I highlight TDP-43 nuclear localization, as TDP-43 (red)
colocalizes with RNA-binding proteins TIAR and HuR strongly in the
nucleus. TDP-43 cytoplasmic staining in Hek293T cells is more clearly
shown in Chapter 3. In U343 cells, TDP-43 is strongly nuclear, as TDP-43
(red) colocalizes with hnRNP A1 (green) in the nucleus. Yet, TDP-43
cytoplasmic localization is obvious in the TDP-43 (green) and phalloidin
(red) stained image. Scale bars: 10 pm.

I found that in these immortalized cell lines (U343 and Hek293T cells),
TDP-43 is not nuclear-restricted, consistent with my observations in primary
cultured neurons and glia. As shown in Figure 2.3, this conclusion can be drawn
by examination of the U343 cells stained with TDP-43 (green) and the actin stain
phalloidin (red). As previously observed in central nervous system cells, TDP-43
is a predominantly nuclear protein (Hek293T and U343 cell images with
colocalization between TDP-43 (red) and RNA-binding proteins TIAR, HuR and
hnRNP Al, green).

From this qualitative analysis, I conclude that TDP-43 is not a nuclear-
restricted protein, and this observation is valid in multiple cell types spanning

central nervous system cells and somatic cells. However, an alternative

explanation for my findings is that the commercial TDP-43 antibody used in these
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immunofluorescence experiments isn’t specific to TDP-43, and this cytoplasmic

staining is an artifact.

Cytoplasmic TDP-43 staining is not an antibody artifact

During my initial investigation, it was believed that TDP-43 is a nuclear-
restricted protein. However, I observed cytoplasmic TDP-43 staining in multiple
cell types including central nervous system cells (primary cortical neurons and
glia), and immortalized cell lines (U343 and Hek293T cells). I questioned
whether TDP-43 cytoplasmic localization was due to a specificity issue, or if

TDP-43 is not a nuclear-restricted protein.

ToPro-3

Lamin A/C
- TDP-43
EEEERRERR  B-actin

H2 H1 H3 - Pos Neg

siRNA neg
control

siRNAs designed against
human TDP-43:

Target sequence H1:
NNCAAGAUGAGCCUUUGAGAA

H1 siRNA

Target sequence H2:
NNAGAAAGAAGUGGAAGAUUU
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Target sequence H3:
NNGGAGAGGACUUGAUCA

H3 siRNA

Figure 2.4, Determination of TDP-43 antibody specificity. c. To determine
whether the commercial antibody from ProteinTech Group specifically
detects TDP-43, three siRNAs were designed against human TDP-43 (labeled
as H1, H2 and H3). b. These siRNAs were transfected into Hek293T cells
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and knockdown was determined by western blot. All three siRNAs
effectively knock down TDP-43, while robust TDP-43 protein levels are
observed in controls: (neg) negative control designed by Dharmacon; (pos)
positive control against Lamin A/C; and (-) is an untreated control. a.
Antibody specificity is striking using immunofluorescence: detection of TDP-
43 in control cells (green), versus knockdown cells in which the antibody fails
to detect TDP-43 resulting in little to no staining. A DNA dye (ToPro-3, blue)
was used to label nuclei.

I first tested the specificity of a commercial TDP-43 antibody (ProteinTech
Group, Chicago IL) using siRNA. I designed three siRNAs targeting human
TDP-43 (Figure 2.4c, H1, H2 and H3), and show they effectively knocked-down
TDP-43 in Hek293T cells as assayed by western blot (Figure 2.4b). TDP-43
knockdown was also confirmed in Hek293T cells using immunofluorescence,
where TDP-43 protein was labeled in control cells incubated with the ProteinTech
Group TDP-43 antibody (labeled in green), while the antibody failed to detect
TDP-43 protein in siRNA-treated cells. Taken together, these immunofluorescent
and western blot results led us to the conclusion that the ProteinTech Group
antibody is specific. Therefore, TDP-43 is not a nuclear-restricted protein, and its
localization to the cytoplasm indicates a novel function for TDP-43 outside of just
nuclear pre-mRNA splicing.

Other hnRNP proteins localizing to the cytoplasm have intrinsic structural
motifs that mediate their nucleocytoplasmic shuttling. In less common cases,
nucleocytoplasmic shuttling in hnRNP A1 and hnRNP K is mediated by the M9
or KNS motif, respectively(63, 64, 95, 109). However, most nucleocytoplasmic
shuttling hnRNPs have more traditional motifs: the nuclear localization signal

(NLS) and nuclear export signal (NES). My next objective was to determine the

intrinsic signals in TDP-43 dictating its nucleocytoplasmic localization. Shortly
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into this study, another laboratory published that TDP-43 is in fact a
nucleocytoplasmic shuttling protein, and this shuttling is mediated by NLS and
NES signals(14). These findings further validated that my cytoplasmic TDP-43
staining is real and not an artifact. I next sought to test the second half of my
hypothesis: TDP-43 localization can shift between the nucleus and cytoplasm
during physiological processes including cell cycle progression and exposure to

stress.

Determination of Cellular Processes that Alter TDP-43 Localization
Hypothesis: TDP-43 localization is dependent on cell cycle stage

While characterizing the localization of TDP-43 in different cell types, I
observed that in some cells, TDP-43 is predominantly localized to the cytoplasm
instead of the nucleus (Figure 2.5b, 0 hr). I therefore hypothesized that TDP-43
localization is dependent on cell-cycle stage.

I characterized TDP-43 localization during the cell cycle using
immunofluorescence. Hek293T cells were serum-deprived for 24 hours to sync
the population in G1, and released from cell cycle arrest by addition of growth
medium (indicated as “+ serum”, this process is summarized in Figure 2.5a).
TDP-43 localization during cell cycle progression is shown in Figure 2.5b, where
cytoplasmic TDP-43 (red stain, 0 hr) shifts back into, and out of, the nucleus over

time (3-24 hours).
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a TDP-43 localization during cell cycle progression experimental outline:

sync cells —> +serum —» fix cells — stain cells:
(24 hr serum deprivation) (@to0,3,6,9,12 Tubulin
and 24 hrs TDP-43
after serum added) ToPro-3

0hr 3hr 6 hr 9hr 12 hr 24 hr
Figure 2.5, Characterization of TDP-43 subcellular localization during cell
cycle progression. a. Hek293T cells are synchronized after a 24 hour serum-
deprivation treatment (0 hr). Cells released from cell cycle arrest by
addition of serum are captured at different timepoints (3, 6, 9, 12 and 24
hours) by immunofluorescence. b. TDP-43 localization at these timepoints is
shown, where TDP-43 is stained red, tubulin is green and the DNA dye
ToPro-3 is blue. Scale bars: 10 pm.
Hypothesis: TDP-43 relocalizes from the nucleus to the cytoplasm during stress

TDP-43 is structurally similar to hnRNP A1, another ubiquitously
expressed hnRNP family member. This structural similarity is shown in Figure
2.6a, where both proteins have two RNA binding domains (RRM1 and RRM?2)
and one glycine rich region (GRR). Importantly, both proteins are
nucleocytoplasmic shuttling proteins, mediated by the M9 domain in hnRNP A1,
and localization signals (NLS and NES) in TDP-43(14, 63, 64).

An interesting property of many nucleocytoplasmic shuttling hnRNPs
(including hnRNP A1), is their response to stress: they accumulate in the
cytoplasm(4, 58). I sought to test whether TDP-43 responds to the same stressor

that mediates hnRNP A1 cytoplasmic accumulation: hyperosmotic levels of the

sugar sorbitol(4).
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I wanted to determine if stress shifts nuclear TDP-43 populations into the
cytoplasm. This was tested by treating Hek293T cells with sorbitol (0.4 M, 0-4
hrs), followed by subcellular fractionation (nuclear and cytoplasmic fractions) and

visualized by western blot.

a b Nuclear Fraction  Cytoplasmic Fraction
0051 2 4 0 05 1 2 4 Stress(hrs)
1-320 RRM1 RRM2 GRR M9 hnRNP Al O b & © e RS LORNP AT
NLS, RRM1  RRM2 NES GRR e S —— »
1-414 TDP-43 TDP-43

Figure 2.6, TDP-43 and hnRNP A1 cytoplasmic protein levels rise during
sorbitol stress, at the expense of their nuclear protein levels. a. TDP-43 and
hnRNP A1 are structurally similar hnRNP family proteins with two RNA
Recognition Motifs (RRM1 and RRM2) and one Glycine Rich Region (GRR).
Both proteins are also nucleocytoplasmic shuttling proteins, which is
mediated by the M9 domain in hnRNP A1, and the Nuclear Localization
Signal (NLS) and Nuclear Export Signal (NES) in TDP-43. b. Subcellular
fractionation of Hek293T cells stressed with 0.4 M sorbitol for 0-4 hours.
Both TDP-43 and hnRNP A1 show increased cytoplasmic protein levels with
longer stress, and decreased nuclear levels with longer stress.

I found that the cytoplasmic protein levels of both hnRNP A1 and TDP-43
increased with longer stress duration, at the expense of their nuclear populations
(Figure 2.6b). My findings are consistent with previously published subcellular
fractionation data documenting the stress response of hnRNP A1 to 0.4 M sorbitol
stress(4). I conclude that stress (specifically 0.4 M sorbitol) increases
cytoplasmic TDP-43 protein levels at the expense of its nuclear levels, similar to

the stress response of hnRNP A1, a structurally similar protein.
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Development of transgenic mouse models to understand TDP-43 biology in
vivo

My short-term approach to understanding mediators of TDP-43 cytoplasmic
localization and accumulation is by thoroughly characterizing the localization of
TDP-43 in different cell types and during different cellular processes including
cell cycle progression and stress. However, in the long-term, it is essential to start
establishing TDP-43 transgenic models, to elucidate the localization and function
of TDP-43 in vivo, and to establish a murine model of the disease.

Using a previously established system, I generated conditional transgenic
mice overexpressing wild-type and mutant (G348C) TDP-43 under the control of
the CAG promoter in collaboration with the Olson lab. When not crossed with
Cre, these mice do not overexpress TDP-43, rather LacZ is generated by cells
expressing the construct. When crossed with a Cre line, these mice express TDP-
43 alongside GFP, which is under the control of an IRES. This transgenic system
is summarized in Figure 2.7a. Overexpressed TDP-43 is specifically detected
using the human specific Abnova antibody, while both mouse and human TDP-43
are detected by an in-house antibody (generated by Chantelle Sephton and Basar
Cenik) that recognizes the C-terminus of TDP-43 (748C) (Figure 2.7b).
Expression of human TDP-43 is detected by western blot in transgenic mice
crossed with a germline CRE (Meox) (screening and maintenance of these mouse

lines was performed by Shannon Good, Mieu Brooks and Chantelle Sephton).
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Figure 2.7, Generation of conditional TDP-43 transgenic mice. a. Summary
of the transgenic system used to overexpress wild-type and mutant (G348C)
human TDP-43. Without Cre, LacZ is expressed in cells expressing the
construct. When crossed with a Cre mouse, the Cre removes the LacZ by the
LoxP sites flanking this gene, and TDP-43 is expressed under the control of
the CAG promoter. GFP is also expressed under the control of an IRES
sequence, indicating successful expression of the transgene. b. Human TDP-
43 is specifically detected by the Abnova TDP-43 antibody, while human and
mouse TDP-43 is detected by an in-house antibody (748C, h+m TDP-43).
GAPDH is shown as a loading control and HSP90 levels are consistent
between the transgenic and NTg animals.

Hence, I have cloned both wild-type and mutant (G348C) human TDP-43
into the CAG vector system, and have established two lines of transgenic mice in
collaboration with members of the Olson lab (Brett A. Johnson and John
McNally) and Yu lab members (Chantelle Sephton, Mieu Brooks and Shannon
Good). Although the system appears to be functional, in the future, additional
lines will need to be established and screened before these animals are used for
behavioral studies.

Thus, I have characterized TDP-43 localization in multiple cell types,
including central nervous system cells and somatic cells. I have shown that TDP-

43 is a robustly nuclear-localized protein with a diffuse cytoplasmic sub-

population. Importantly, I have also identified two cellular processes that result in



35

TDP-43 accumulation in the cytoplasm: cell cycle progression and stress. In
future experiments, the stress model can be applied to test how TDP-43
accumulation in the cytoplasm varies according to the wild-type or pathological
protein. Also, the transgenic system I have introduced to the lab can be used in

future studies for understanding disease pathogenesis.

DISCUSSION

TDP-43 function is dependent on its localization
TDP-43 is a nucleo-cytoplasmic shuttling protein

Using qualitative methods, I have determined that TDP-43 is not a nuclear-
restricted protein. By immunofluorescence, TDP-43 localization is predominantly
nuclear with a diffuse, weakly-staining cytoplasmic population. I have confirmed
this observation in multiple cell types, including primary cultured central nervous
cells (neurons and glia) and immortalized cell lines (U343 and Hek293T cells). I
have furthermore confirmed that these observations are not due to antibody
specificity issues, as our commercially purchased antibody detects TDP-43 in
control, but not in knockdown cells.

Before I could identify intrinsic determinants of TDP-43 localization,
another group published that TDP-43 has a nuclear localization signal (NLS) and
nuclear export signal (NES)(14). This NLS is located between residues 82-98,
while the NES is located between residues 239-250, which is located at the distal

end of the RRM2. These signals are highlighted below in Figure 2.8. Importantly,
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these findings confirmed and expanded upon my own localization studies that
TDP-43 is not nuclear-restricted, and therefore TDP-43 must be functionally

significant in both the nucleus and cytoplasm.

82-98 239-250
NLS NES
1-414 = R — R B |
111-169  193-257 274-414
RRM1 RRM2 GRR
Important functional regions: Function(s):

RRM1 RNA Recognition Motif 1 Binds RNA/DNA
RRM2 RNA Recognition Motif 2 Binds RNA/DNA
GRR [——1 Glycine Rich Region protein:protein interactions
NLS [ Nuclear Localization Signal

. nucleocytoplasmic shuttling
NES [ Nuclear Export Signal

Figure 2.8, Revised structural and functional schematic of TDP-43.
Important TDP-43 structural regions are defined, including two RNA
recognition motifs (1 and 2) and the glycine rich region (GRR). The nuclear
localization signal (NLS) and nuclear export signal (NES) are also shown,
which dictate TDP-43 cellular localization.

The functional significance of nuclear and cytoplasmic TDP-43 populations

In testing the cytoplasmic toxic gain of function hypothesis, one of the
initial arguments was that TDP-43 localization to the cytoplasm was sufficient to
induce cell death. The determination that TDP-43 has both an NLS and NES was
extremely important, because this showed that TDP-43 is functionally relevant in
the cytoplasm, and therefore the presence of cytoplasmic TDP-43 alone is not
sufficient to induce cell death.

In order to test the cytoplasmic toxic GOF hypothesis, the normal function

of TDP-43 in the cytoplasm must first be determined. To get an idea of what this
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function is, it became important to first compare TDP-43 structure and function
with other closely related proteins. As previously mentioned, TDP-43 is closely
related to other hnRNP proteins, some of which are nuclear-restricted, while
others are nucleocytoplasmic shuttling proteins(45). Functionally, nuclear-
restricted hnRNP proteins (like hnRNP C1) participate in pre-mRNA splicing,
while nucleo-cytoplasmic shuttling hnRNPs (like hnRNP A1) can participate in
pre-mRNA splicing, mRNA export, as well as mature transcript stabilization in
the cytoplasm(108). The discovery that TDP-43 is localized to the cytoplasm
raised many functional questions, including: what transcripts are bound by TDP-
43 in the nucleus and cytoplasm? To what functional categories do these TDP-43
bound transcripts belong? And if these transcripts are prevented from being
translated in the cytoplasm (because they are aggregated), do they induce cell

death pathways?

TDP-43 is a predominantly nuclear-localized protein

As is the case with many hnRNP class proteins, TDP-43 can participate in
both pre-mRNA splicing and mRNA stability(23). While TDP-43 can localize to
the cytoplasm, its immunoreactivity profile indicates that it is a predominantly
nuclear-localized protein. TDP-43’s predominantly nuclear localization makes
sense in the context of its mMRNA binding profile: the majority of TDP-43 mRNA
targets are intronic sequences. Recently, RNA-deep sequencing has revealed the
pre-mRNA targets of TDP-43. This is summarized in the schematic below:

intronic targets compose nearly 73% of all TDP-43 binding targets. This
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underscores the importance of TDP-43 in pre-mRNA splicing in cortical neurons,
and its localization to the nucleus.

Exonic targets: Intronic targets:

7.97% 3'UTR exon 72.87% CDS intron
7.86% CDS exon 9.71% 5'UTR intron

0.84% 5 UTR 0.73% 3'UTR intron
RNA metabolism Synapse

Synapse Development
Development Cell morphology
Cell morphology Cell signaling

Cell signaling

Figure 2.9, TDP-43 targets indicate important functions for pre-mRNA
processing. The majority of TDP-43 transcripts are intronic targets
(72.87%), thus TDP-43 is very important in pre-mRNA splicing. Processes
affected by TDP-43-mediated pre-mRNA splicing include synapse
stabilization, development, cellular morphology and cellular signaling. This
is adapted from the work of Sephton et. al.

Functions of TDP-43 in nuclear pre-mRNA splicing

These pre-mRNA transcripts bound by TDP-43 can be subdivided into three
categories: intronic, exonic and both intronic and exonic pre-mRNA
transcripts(116). The functional classes of TDP-43 bound RNAs (as determined

in rat cortical neurons) are summarized in Figure 2.9 and 2.10.
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Function of TDP-43 during pre-mRNA splicing:

Exonic targets: Splicing, RNA processing and maturation
TDP-43

AI_

exon intron

Examples: TDP-43, FUS, hnRNP A1, hnRNP A2/B1, hnRNP C

Intronic targets: Synaptic formation, function and regulation of neurotransmitter processes
TDP-43

_:_i_

exon intron

Examples: Neurexin, Neuroligin

exonic and intronic targets: Development and differentiation

TDP-43 TDP-43

A:_i_

exon intron

Examples: Notch, myelin transcription factor 1-like

Figure 2.10, TDP-43 binds exonic, intronic and both exonic and intronic
regions. The function of TDP-43 in pre-mRNA splicing varies according to
the region bound: exonic, intronic and both exonic and intronic targets.
TDP-43 exonic targets are involved in RNA metabolism, intronic targets are
important for synaptic function while both exonic and intronic bound targets
are important for development.

In addition to defining these functional categories, Sephton et. al. also
determined profiles of TDP-43 binding frequency and discovered that TDP-43’s
RNA recognition site is perhaps more complicated than previously thought(116).
I previously mentioned that TDP-43 was believed to bind (TG)s-sequences, yet
(TG),TA(TG), sequences were found at a higher frequency(116). Whether TDP-
43 has a higher affinity for the latter binding sequence relative to the former is

unknown. However, an even more fascinating discovery from Sephton et. al. is

the determination that many TDP-43 mRNA targets are already linked to other
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neurodegenerative disorders. These targets include: presenilin 1 and 2, tau, TDP-
43, VCP, GRN, Huntingtin, FUS, alpha-synuclein and APP(116). Thus, the
nuclear functions of TDP-43 have been further defined by this study, however
very little discussion concerning TDP-43 3° UTR targets was discussed in this

paper. Additional deep sequencing results however, have shed light on this topic.

Cytoplasmic functions of TDP-43

As previously mentioned, some hnRNP class proteins stabilize cytoplasmic
mRNA transcripts. TDP-43 is now understood to be a nucleocytoplasmic
shuttling protein, yet what transcripts does TDP-43 bind? The list of cytoplasmic
transcripts bound and stabilized by TDP-43 is much shorter than those identified
in pre-mRNA splicing. Yet, the few targets that have been identified by RNA
deep sequencing include: solute carrier family 1, syntaxin 1B and calmodulin
1(125). A mature mRNA transcript schematic is shown in Figure 2.11 below, as
well as the 3° UTR bound by TDP-43.

Function of TDP-43 - transcript stability:

3’UTR targets:

TDP-43
Cap 5'UTR CDS (coding sequence) 3'UTR  poly-A tail

Examples: Solute carrier family 1, syntaxin 1B, calmodulin 1

Figure 2.11, Schematic of a mature cytoplasmic mRNA transcript bound at
its 3’ UTR by TDP-43. Examples of 3> UTR bound TDP-43 targets include
solute carrier family 1, syntaxin 1B, calmodulin 1, hNFL, and TDP-43.
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These RNA deep sequencing targets indicate that TDP-43 stabilizes
multiple transcripts in the cytoplasm. Additional 3’ UTR TDP-43 targets have
been identified in other studies and include: the light neurofilament protein
(hNFL), B-actin, CamKII and TDP-43(87, 122, 133). Future studies will need to
test how a depletion of these transcripts and the proteins they encode lead to the

activation of cell death pathways.

Development of TDP-43 cell culture localization models and transgenic

animal models

Determinants of TDP-43 localization: cell cycle progression and TDP-43
localization

The significance of my findings that TDP-43 localization is determined by
cell cycle stage, as they relate to the toxic cytoplasmic gain of function
hypothesis, is unknown. A complication in using these cell cycle findings to
develop a cell culture degenerative or localization model is that neurons are
quiescent cells. On the other hand, some controversial papers have documented
that neurons in neurodegenerative patient brains can re-activate cell cycle or
embryonic genes(78). Because TDP-43 exonic and intronic targets are
developmental transcripts, there may be some credence to this argument.
Additionally, TDP-43 is necessary for embryonic murine development, and its

knockdown results in embryonic lethality by E3.5(117, 137).
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However, another argument to study the function of TDP-43 during cell
cycle is because some central nervous system cells are capable of cell division,
including glial cells and immature neurons that haven’t differentiated yet. One
could propose that because glia offer trophic support for neurons, arrest at one
stage of the cell cycle might prevent glia from providing that support, leading to
the dystrophy observed in neurons in the disease. Glia also clear excitotoxic
factors from the synaptic cleft (like the neurotransmitter glutamate), therefore any
impairment of glial transport processes might lead to neuronal excitotoxicity.
This too can be rationalized, as riluozole, the only drug currently used to treat the
symptoms of ALS, works by reducing excitotoxicity, and excitotoxicity leads to
neuronal death(96). Regardless, this initial insight into TDP-43 biology may

prove significant as data accumulates on the function of TDP-43 in different cell

types.

Determinants of TDP-43 localization: stress and TDP-43 localization

I found that 0.4 M sorbitol stress is able to increase TDP-43 cytoplasmic
levels at the expense of its nuclear levels. These results were similar to
previously published data on the stress response of hnRNP A1, a closely related
protein to TDP-43. However, the significance of these findings is unknown as it
relates to the cytoplasmic toxic gain of function hypothesis.

First, it is unknown at what timepoints sorbitol stress duration becomes
toxic to the cell, and what role, if any, TDP-43 might play in mediating this

toxicity. Second, additional pathological hallmarks of the disease must be
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screened, including whether TDP-43 responds to stress by aggregating, and
whether this process can occur in neurons and glial cells.

Regardless, my findings are significant toward establishing a cell culture
model where sorbitol administration increases cytoplasmic TDP-43 levels.
In this manner, this stress model can be used to test how TDP-43 localization is
altered following overexpression of wild-type and pathologically mutated protein.
Moreover, cellular stress is a good model for investigating localization, as both
neuronal and glial stress responses have been characterized for multiple stressors
including: sorbitol, ischemia-reperfusion, lipopolysaccharides (LPS), and tumor
necrosis factor alpha (TNF-a). In future studies, the key is finding the right type
of stress that recapitulates TDP-43 pathological hallmarks, including TDP-43

accumulation in the cytoplasm and aggregation.



CHAPTER THREE
Results

TDP-43 IS DIRECTED TO STRESS GRANULES BY SORBITOL, A

NOVEL PHYSIOLOGICAL OSMOTIC AND OXIDATIVE STRESSOR

ABSTRACT

TDP-43, or TAR DNA-binding protein 43, is a pathological marker of a
spectrum of neurodegenerative disorders including amyotrophic lateral sclerosis
and frontotemporal lobar degeneration with ubiquitin-positive inclusions. TDP-43
is an RNA/DNA-binding protein implicated in transcriptional and post-
transcriptional regulation. Recent work also suggests that TDP-43 associates with
cytoplasmic stress granules, which are transient structures that form in response to
stress. In this study, we establish sorbitol as a novel stressor that directs TDP-43
to stress granules in Hek293T cells and primary cultured glia. We quantify TDP-
43 association with stress granules over time and show that stress granule
association and size are dependent on the glycine-rich region of TDP-43, which
harbors the majority of pathogenic mutations. Moreover, we establish that cells
harboring wild-type and mutant TDP-43 have distinct stress responses: mutant
TDP-43 forms significantly larger stress granules and incorporates into stress
granules more early; in striking contrast, wild-type TDP-43 forms more stress
granules over time, but granule size remains relatively unchanged. We propose
that mutant TDP-43 alters stress granule dynamics, which may contribute to the

progression of TDP-43 proteinopathies.

44
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INTRODUCTION

TDP-43 is an RNA-binding protein with multiple cytoplasmic functions

TDP-43 is a highly conserved, ubiquitously expressed RNA-binding protein of the
heterogeneous nuclear ribonucleoprotein (hnRNP) family (13, 80, 131). TDP-43 and
other hnRNPs are multifunctional proteins that regulate gene expression in both the
nucleus and cytoplasm (80, 135). In the nucleus, TDP-43 binds single-stranded DNA and
RNA (12, 13, 27, 28, 82, 105) and can function as both a transcriptional repressor (1, 2,
105) and a splicing modulator (20, 25, 28, 94). Specifically, TDP-43 regulates pre-
mRNA splicing by binding mRNA with (UG)s.12 sequences (27) and by recruiting other
hnRNP proteins into repressive splicing complexes (12, 26, 94). However, as a
nucleocytoplasmic shuttling protein (14), TDP-43 also has distinct cytoplasmic functions,
the first being mRNA stabilization (133). Additionally, TDP-43 is directed to
cytoplasmic stress granules following heat shock, oxidative stress and chemical inducers
of stress granules(35, 49). The next logical questions are: what are stress granules? How

are they assembled? And what is their composition and function?

The assembly of stress granules (SGs)

Cytoplasmic stress granules form when translation is stalled at the initiation step,
which occurs when a cell is exposed to chemicals (puromycin), environmental stressors
(oxidative stress, heat shock, hyperosmolarity, viral infection and UV irradiation), or
physiological stressors (increased cellular sorbitol concentration, as seen in diabetic

retinopathy; ischemia-reperfusion, as seen in stroke)(5). Depending on the stressor
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present, kinases are activated which target the active serine on eukaryotic initiation factor
2 alpha or elF2a.. This phosphorylation causes elF2a to dissociate from the ternary

initiation complex (composed of eIF2a-GTP-tRNA;"

), resulting in stalled translation
initiation(73).

Stalled transcripts remain bound by small ribosomes and eukaryotic initiation factor
complexes, but large ribosomes run off the transcripts. RNA-binding proteins also
remain bound to the stalled transcripts, which nucleate into stress granules (SGs)(5). SG
formation is dependent on microtubule tracts, at least at the early stages of SG formation,
and treatment with the microtubule-disrupting agent nocodazole prevents SG
formation(32).

However, elF2a-phosphorylation is not always required to stall transcripts and
initiate stress granule formation. An alternative route to forming SGs is through elF4A
helicase, which is targeted by the drugs hippuristanol and pateamine A(5). Another
alternative route to SG formation is by the overexpression of a “core component”.
Examples of core SG components include the closely related proteins TIA-1 and TIAR(7,
74). When overexpressed, these proteins “nucleate” or “seed” stress granule assembly.

TIA-1/TIAR have prion-like domains, and their aggregation is concentration-dependent;

hence, overexpression of these components results in the formation of SGs(5, 7).

Disassembly of stress granules
Translation can be subdivided into three steps: initiation, elongation, and
termination. As previously mentioned, stress granule assembly occurs when translation

initiation is inhibited. In contrast, inhibition of translation at the elongation step results in
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the prevention of stress granule assembly(5). Inhibition of elongation can be achieved
using the drug cycloheximide, which not only prevents SG formation, but also promotes
the disassembly of pre-formed SGs, even during stress exposure(70).

Importantly, SGs are transient structures that naturally disassemble following stress
removal. According to the literature, the timecourse of this disassembly can occur as
quickly as 15 minutes(5). In addition, just as overexpression of TIA-1/TIAR seeds SG
assembly, the overexpression of staufen prevents SG assembly(124). Thus, the dynamics
of SG assembly and disassembly, and the contribution of different proteins to the
formation or dissolution of SGs, is being investigated, but it seems that many distinct

steps within SG assembly and disassembly can be targeted to modulate their formation.

Composition of stress granules

SG composition and morphology vary according to stress and cell type (6, 22, 58),
but some core components are conserved. As previously mentioned, SG core components
include the RNA-binding protein TIAR and TIA-1, but also includes stalled translation
initiation complex components elF3 and elF4G (71, 75). In contrast, the incorporation of
RNA-binding proteins HuR, hnRNP A1, and FUS into SGs varies according to cell type
and stress (6, 19, 58). Other types of proteins accumulating in SGs include transcription
factors, RNA helicases, nucleases, kinases and signaling molecules(5). The recruitment
of signaling proteins into SGs can alter cellular viability, although SGs are generally

regarded as pro-survival structures(10).
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Biological function of stress granules (SGs)

SGs are dynamic cytoplasmic structures that are believed to act as sorting stations
for mRNAs(6). The fate of the mRNA localizing to the stress granule includes: mRNA is
translation, degradation or sequestration within the granule(71, 72, 76). Figure 3.1 below
summarizes this discussion of the formation of SGs, their composition as well as the fate

of the mRNAs localizing to these structures.
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Formation of stalled transcripts:
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Initiation factors
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Figure 3.1, Stress granule (SG) assembly follows inhibition of translation
initiation. SGs assemble when chemicals and stress prevent translation
initiation, or following TIAR overexpression. Many hnRNP proteins bound
to these stalled transcripts (including hnRNP A1, TIAR, TDP-43 and HuR)
localize to SGs. The fate of mRNA transcripts bound by hnRNPs, small
ribosomes and initiation factors is determined to be either: degradation,
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sequestration or translation. When mRNA fate is determined, or when the
stress is removed, RNA-binding proteins dissociate and return to the nucleus.
Stress granules can also be prevented from forming by overexpressing
Staufen or by treatment with the drug cycloheximide (CHX).

Testing the cytoplasmic toxic gain of function: TDP-43" cytoplasmic aggregates
are stress granules

One of the first questions asked when approaching the cytoplasmic toxic
gain of function hypothesis are: what are the cytoplasmic aggregates found in the
disease and how do they form? In a recent study, ubiquitinated aggregates in
pathological tissues colocalize with stress granule (SG) markers TIA-1 and
elF3(88). Other labs have failed to detect TDP-43 colocalization with SG
markers in pathological tissues, indicating that either not all pathological
aggregates are stress granules(99), or that other proteins can somehow
disassemble from the stress granule whereas TDP-43 cannot.

In this study, I build a robust, quantitative, and physiologically-relevant
cellular model that allows us to establish the conditions under which TDP-43
accumulates in the cytoplasm, such as those seen in TDP-43 proteinopathies. |
continue my previous study of sorbitol, but describe in greater detail how elevated
levels of the sugar sorbitol, an intermediate in the polyol pathway (an ATP-
independent metabolic route that generates fructose from glucose) (33), directs
TDP-43 localization to SGs in Hek293T cells and, similarly, primary cultured
glia. Furthermore, I use this new cellular model to examine the dynamic assembly
of TDP-43" SGs, including the control of SG size and the molecular determinants

within TDP-43 necessary for its assembly into SGs. Finally, I use this model to
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distinguish between the responses of wild-type and pathological mutant TDP-43
to stress. Mutant TDP-43 variants are incorporated into stress granules earlier than
wild type, and these mutants form significantly larger stress granules. In striking
contrast, wild-type TDP-43 forms more cytoplasmic granules over time, but
granule size remains relatively unchanged. Thus, I establish in this study a simple,
yet rigorous, quantitative, physiologically-relevant measurement of TDP-43
aggregate formation in vivo, and I use this novel assay to identify the regions of

TDP-43 that contribute to this pathological phenomenon.

MATERIALS AND METHODS

Constructs and primers
We used TDP-43 mouse cDNA (Image clone #5346061) as template with the

following primers: 5°-(HindlIIl):tttaagcttatgtctgaatatattcgggtaacagaagatgagaacg

and a 3’-(BamH]I): tttggatcccattccccagccagaagacttagaatccatge. The insert was
sequentially digested with BamHI and HindIII and subcloned into vector pcDNA4
myc-His B (Invitrogen) to generate TDP-43 with C-terminal myc and 6x-His tags.
Site-directed mutagenesis on template pcDNA4B-TDP-43 was used to generate
the following mutations with the following primers using Quikchange (Qiagen):
(G348C): 5’-cagcagaaccagtcgtgcccatctgggaata and 3°-
tattcccagatgggcacgactggttctgctg; (A315T): 5’-ggatgaactttggtacttttag cattaacc and
3’-ggttaatgctaaaagtaccaaagttcatcc; (G294A): 5°-ggtaacagtagagcg

ggtggagctggcettgg and 3’-ccaagccagetccaccegetcetactgttace; (N390S): 5°-
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gttgggggtcagcatcaagtgcaggatcgg and 3’-ccgatcctgeacttgatgetgacccccaac.
Truncated TDP-43 constructs were subcloned into the pcDNA4b vector using
HindIII and BamHI using the following primer sets, (1-114): 5’-
tttaagcttatgtctgaatatattcgggtaacagaagatgagaacg and 3’-
tttggatcctttccaggggagacccaacactatgaggtcagatgttttctggac; (1-179): 5°-
tttaagcttatgtctgaatatattcgggtaacagaagatgagaacg and 3’-
tttggatcegttgggaagtttacagtcacaccatcgeccatctatcatatgteg; (1-267): 5°-
tttaagcttatgtctgaatatattcgggtaacagaagatgagaacg and 3’-
tttggatccattgctattatgcttaggttcageattggatatatgcacgetgat; (1-324): 5°-
tttaagcttatgtctgaatatattcgggtaacagaagatgagaacg and 3’-
tttggatccagccatcatcgetgggttaatgctaaaagcaccaaagttcatcce. Primers used to generate
the ANLS and F147L/F149L mutants were previously described(14). Sequences
were confirmed by the UT Southwestern sequencing facility using T7 and BGH

primers.

Cell and primary cultures

Hek293T cell lines used in this study were maintained in standard growth
medium: 10% fetal bovine serum in DMEM (Invitrogen). Low-passage number
cells were used for analyzing stress granule formation due to their robust response
to stress. For primary mixed glial cultures, rat cortices were dissected from
postnatal (D1-4) pups in ice-cold dissection medium (Gibco-Invitrogen) as

described previously (118). Glia (~21-28 DIV) were split onto poly-D-lysine and



matrigel-coated coverslips and were subjected to stress the next day with 0.4 M

sorbitol (Sigma).

Transfection and stable cell selection

pcDNA4B-TDP-43-myc/6x-His and pcDNA4B-TDP-43-G348C-myc/6x-His
were transfected into Hek293T cells with Fugene HD (Roche), according to the
manufacturer’s instructions. After two days, 800 pg mL" zeocin was added to
growth medium to select for transformants. Following selection, cells were

maintained in 400 pg mL" zeocin growth medium.

Induction of osmotic stress and TDP-43 clustering optimization

D-sorbitol (Sigma) was diluted in standard growth medium to yield a 0.4 M
concentration. For Hek293T cells, optimal endogenous TDP-43 clustering was
observed between passages 3-8. In stable cell lines, we observed robust TDP-43
clustering 6-8 passages after zeocin-selection. For all experiments,
immunofluorescent validation of cellular TDP-43 clustering was performed

alongside western blot analysis.

shRNA-mediated knockdown of TDP-43

Sigma Mission shRNAs were purchased against human TDP-43 (NM_007375)
cloned into backbone vector plko.1 puro. shRNA constructs (#1261, 666, 1333,
931 and 177) were co-transfected with helper plasmids pspax2 and VSVG using

Fugene HD (Roche) according to the manufacturer’s specifications. Optimal

53
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knockdown of TDP-43 was obtained using shRNA plasmid #1333, and stable
selection of viral-infected cells was achieved using 1 pg mL" puromycin (Sigma).
Control stable cell lines were generated expressing shRNA directed against EGFP

(Sigma).

PARP cleavage and western blots

Hek293T cells were seeded the night before into 10 cm plates and treated with 0.4
M sorbitol stress the following day alongside untreated control. Cells were
resuspended in a high salt buffer (50mM Tris-HCI, pH 7.5, 0.5 M NaCl, 1% NP-
40, 1% DOC, 0.1% SDS, 2 mM EDTA and 1 Roche Complete protease-inhibitor
tablet), freeze-thawed in liquid nitrogen, sonicated using a Diagenode Bioruptor 3
x 30s on high setting, and lysates were pre-cleared with centrifugation at 4°C
(14,000 x g). Protein was quantified using the Pierce BCA reagent; 75 ug of

protein was loaded per lane.

MTS assay

Hek293T cells were plated at 20k/well in a 96-well plate. The next day, MTS
assay was performed using the CellTiter 96 Aqueous Non-Radioactive Cell
Proliferation Assay kit (Promega). Experiments were conducted in triple
quadruplicates, according to the manufacturer’s protocol. To analyze the recovery
of cells after stress, stress was applied for the time indicated in the text and then
washed off. Medium was immediately supplemented with PMS/MTS reagent and

a baseline reading was determined after 4 hrs of color development. This assay
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was repeated 24 and 48 into the recovery and percent cellular viability was

determined as 100(490 nMgressed/490 NMynsiressed)-

Immunocytochemistry

Briefly, Hek293T cells were plated at 0.50-1.0 x 10° cells well” onto nitric acid-
etched coverslips coated with poly-D-lysine and matrigel. Cells were stressed
with 0.4 M sorbitol (Sigma) medium for 0.5, 1, 2, or 4 hrs. Cells were fixed for 15
min. with 4% PFA/2% sucrose/PBS at room temperature and permeabilized for 5
min. with 0.25% Triton X-100 or 3 min. with 100% methanol. Coverslips were
blocked for 1 hr in 10% normal goat serum in PBS (Jackson ImmunoResearch
and Vector Labs). Primary antibodies were used at the following dilutions
overnight at 4°C: TDP-43 1:200 (polyclonal, ProteinTech Group); TDP-43 C-
terminal antibody (polyclonal, 748C clone, in-house) 1:500; myc 1:500
(monoclonal, Santa Cruz); myc 1:5000 (polyclonal, Abcam); hnRNP A1 1:3200
(monoclonal, Sigma); HuR 1:100 (monoclonal, Santa Cruz); TIAR 1:500 (BD
Transduction Laboratories). The next day, secondary antibodies were incubated
30 minutes at room temperature at the following dilutions: goat-anti-rabbit-488,
goat-anti-rabbit-546, goat-anti-mouse-488, goat-anti-mouse-546 1:250;
rhodamine-conjugated phalloidin 1:500; ToPro-3 1:1000 (Invitrogen). All
antibodies were diluted in 3% normal goat serum in PBS. Coverslips were

mounted in ProLong Gold Antifade Reagent (Invitrogen).

Microscopy and image processing
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Images were collected on a Zeiss LSM 510 confocal microscope using LSM
software. Images were analyzed using ImageJ, MetaMorph and Zen 2007 Light
Edition software. Quantification of cytoplasmic granule size was determined with
two programs: Metamorph and ImageJ. Nuclei were quantified using the ImageJ
“cell counter” plug-in. Nuclear subtraction was performed in MetaMorph and
further processed in ImageJ. ImagelJ plug-in “analyze particles” was used to filter
the granule size (size: 0-25). ImageJ plug-in “distribution” then determined the
total area of cytoplasmic puncta and the total number of puncta. Average granule
size was then determined by: puncta,../punctas. The number of granules/cell was
determined by: punctas/nucleix. The percent of cells with stress granules was

determined by: 100(cells with TDP-43" granules/nucleiy).

Statistical analysis

All data is the result of (at least) three independent experiments. All results are
recorded/graphed as the mean £ SEM. p-values are defined as the following: ns (p
>0.05); * (p <0.05); ** (p <0.01); *** (p <0.001). For the endogenous TDP-43
study and transient transfections, Excel and GraphPad Prism were used to log
data, determine statistical significance, and graph data. Statistical significance was
determined by: student’s #-test (Excel), one-way ANOVA, two-way ANOVA, and
Bonferroni multiple-comparison post-tests (Prism) where appropriate. For wild-
type and mutant TDP-43 stable cell line analysis, statistical significance was
determined using R software package v2.6.0. Significance of average granule size

was determined using the Wilcoxon rank sum test with continuity correction,
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using a one-sided p-value. The statistical significance of the number of puncta per

cell was determined using Excel and student’s #-test.

RESULTS

Development of stress-based models to understand TDP-43 localization and
function
Sorbitol is a novel stressor that directs TDP-43 to stress granules in Hek293T
cells

TDP-43 is structurally similar to hnRNP A1: both have two RNA
recognition motifs (RRM1 and 2), a glycine rich region (GRR), and NLS and
NES signals allowing both proteins to undergo nucleocytoplasmic shuttling
(Figure 2.6a). Also, both hnRNP A1l and TDP-43 can localize to stress granules
(SGs) during heat shock and oxidative stress (14, 35, 58, 120). Another stressor,
sorbitol (Figure 3.3) has been shown to drive hnRNP A1l to SGs (4). Sorbitol is a
sugar intermediate in the polyol pathway, and is both a hyperosmotic and
oxidative stressor. Importantly, sorbitol is regarded as a physiological stressor,
because increased sorbitol levels have been found in patients with diabetic
retinopathy. Below, I summarize how increased sorbitol concentrations can lead

to both osmotic and oxidative stress (Figure 3.2).
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The polyol pathway: an alternative glucose pathway

Aldose Sorbitol
a. Glucose R;lfta{i Dehg?%‘ise Fructose
NADPH NADP: NAD: NADH
b. NAD*/NADH fNADH oxidase —— ROS

ratio

Sorbitol — Osmotic stress —p I_Electrolyte e Hydration,
C. imbalance membrane

damage

Figure 3.2, Sorbitol is an intermediate in the polyol pathway. a. The polyol
pathway is an alternative pathway for the conversion of glucose into fructose.
b. In the oxidation of sorbitol to fructose in, the NAD*/NADH cofactor ratio
is disturbed, leading to an increase of NADH oxidase resulting in oxidative
stress by increased reactive oxygen species (ROS). c. Sorbitol is an osmotic
stressor that causes electrolyte imbalances leading to membrane damage.
Sorbitol is therefore both a hyperosmotic and oxidative stressor.

I previously described how 0.4 M sorbitol increases the cytoplasmic levels
of both hnRNP A1 and TDP-43 in Hek293T cells. I next hypothesized that
sorbitol stress directs TDP-43 to stress granules. In the literature, both 0.4 and 0.6
M sorbitol concentrations can generate stress granules in multiple cell types. 1
administered 0.4 M sorbitol in U343 and HeLa cells to determine if TDP-43

localized to cytoplasmic granules at this concentration and again used hnRNP Al

as control (Figure 3.3).
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Hela

U343

Figure 3.3, TDP-43 colocalizes with hnRNP A1" cytoplasmic granules during
sorbitol stress. HelLa and U343 cells were treated with 0.4 M sorbitol for 0, 1
and 2 hrs (stress duration is labeled at the top of the images). In response to
sorbitol, TDP-43 (red) localizes to cytoplasmic granules at both timepoints
examined. Also, TDP-43 (red) colocalizes with hnRNP A1 (green) in the
nucleus of unstressed cells (0 hr), and with cytoplasmic hnRNP A1l granules
in stressed cells (colocalized proteins stain yellow). All images taken with the
63x objective.

I found that TDP-43 localized to hnRNP A1" cytoplasmic granules at the
0.4 M sorbitol concentration. Both TDP-43 (red) and hnRNP Al (green)
localized to these cytoplasmic granules in response to one and two hours of
sorbitol stress (Figure 3.3).

To determine whether these TDP-43" granules are stress granules, |
repeated the experiment in Hek293T cells and co-stained TDP-43 with TIAR, a
stress granule marker. I found that TDP-43" granules colocalized with TIAR,
therefore TDP-43 localizes to stress granules in response to one hour of 0.4 M
sorbitol stress. Interestingly, I also tested an artificial oxidative stressor called

sodium arsenite (ARS), however TDP-43" granules failed to form in response to

arsenite stress (Figure 3.4 a and b).
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Figure 3.4, Hyperosmotic stress is a novel stressor that directs TDP-43 to
stress granules. a. TDP-43 forms cytoplasmic granules (arrows) in Hek293T
cells in response to sorbitol stress but not sodium arsenite stress. b.
Quantification of TDP-43" and TIAR" granules in Hek293T cells stressed for
1 hr with sorbitol (osmotic stressor, OSM) or sodium arsenite (oxidative
stressor, ARS) as demonstrated in panel (a). Data is the result of three
experimental sets and presented as the mean £ SEM. ¢ and d. Osmotic stress
of Hek293T cells directs TDP-43 to HuR- and hnRNP Al-containing stress
granules (¢ and d, respectively). Scale bars = 10 pm.

Although TDP-43 localizes to SGs in NSC34 cells following a 1 hr
treatment with 0.5 mM sodium arsenite (35, 58), in Hek293T cells under the same
conditions, I failed to detect TDP-43 at TIAR " stress granules (Figure 3.4a and b).
However, previous studies have shown that the composition of SGs can be
distinct in different cell types (5, 6). Cells generate distinct SGs in response to
different stressors, and these SGs can appear morphologically distinct (5, 6). This

phenomenon is readily observed in Figure 3.4a, where arsenite and sorbitol stress

generate TIAR " granules that appear distinct in morphology, as well as in both
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number and size (unquantified observations). Thus, TDP-43 is recruited to SGs
during osmotic stress induced by 0.4 M sorbitol but not during oxidative stress
induced by 0.5 mM sodium arsenite in Hek293T cells. This indicates that, unlike
TIAR, TDP-43 is not a core component of stress granules and that its localization

to SGs is stressor-dependent.

Sorbitol is a novel stressor that directs TDP-43 to stress granules in mixed
primary cultured glia

Specifically, I examined glia, as TDP-43" pathological inclusions have been
observed in glial cells (51). Cortex-derived glia were isolated and subjected to 0.4
M sorbitol stress. I found that TDP-43" granules are generated after 1 hr of stress
in multiple types of morphologically-distinct glia (Figure 3.5). Additionally, these
TDP-43" granules colocalized with stress granule markers hnRNP A1, TIAR and
HuR (a-c, respectively). Thus, TDP-43 is directed to stress granules by osmotic
stress in both Hek293T cells and primary cultured glia. This indicates that in

these cells a common signaling pathway exists that directs TDP-43 to SGs.
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Figure 3.5, Hyperosmotic stress directs TDP-43 to stress granules in primary
cultured glia. a-c. Mixed primary cultured glia stressed for 1 hr with 0.4 M
sorbitol. TDP-43 was detected with the PTG antibody, and nuclei were
stained using ToPro-3. Right panels show TDP-43 cytoplasmic clustering and
colocalization (arrows) with hnRNP A1 (a), TIAR (b), and HuR (¢). Scale
bars =10 pm (left); = 1 pm (right).
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0.4 M sorbitol and 0.5 uM sodium arsenite fail to direct TDP-43 to SGs in
primary cultured cortical neurons

As the formation of SGs can also be cell type-dependent, I next asked
whether the sorbitol-induced localization of TDP-43 to SGs occurs in neurons. I
cultured primary rat cortical neurons, as frontal and temporal cortical neurons
display pathological TDP-43 hallmarks in FTLD-U and subjected these cells to

both sorbitol (OSM) and arsenite (ARS) stress (Figure 3.6).

Figure 3.6, Neither 0.4 M sorbitol nor 0.5
uwM arsenite induce TDP-43" granule
formation in primary cultured cortical
neurons. 18 DIV cortical neurons were
treated with 0.5 mM sodium arsenite
(oxidative stressor) or 0.4 M sorbitol for 1
hour before immunofluorescent analysis.
TDP-43 (red) fails to form cytoplasmic
granules after treatment with these
stressors. Neurons are labeled by MAP2, a
dendritic marker protein, and the DNA-
labeling dye ToPro-3 (nuclear). Scale bar: 5
pm.
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The finding that TDP-43 is not directed to SGs by either sorbitol or sodium
arsenite stress in neurons reinforces how distinct SG composition is, depending on
cell type. Also, these results reinforce how neuronal stress responses are distinct

from the glial and Hek293T cell response.

Timecourse of TDP-43 stress granule assembly in Hek293T cells
The previous data show that TDP-43 localizes to stress granules in response

to specific stress conditions in different cell types. The next question I wanted to
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ask was, what is the timecourse of TDP-43 localization to SGs? And, does TDP-
43 persist in SGs during sorbitol stress, or does it leave SGs after one hour?

To answer these questions, I exposed Hek293T cells to 0.4 M sorbitol for four
hours, and determined TDP-43 localization at different timepoints using

immunofluorescence.
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Figure 3.7, Characterization of the formation of endogenous TDP-43" stress
granules. a. Immunofluorescence of TDP-43 throughout 4 hrs of 0.4 M
sorbitol administration in Hek293T cells. Arrows highlight TDP-43
cytoplasmic granules. b and c. Quantification of cells as in panel (a); shown
are the percentage of cells with granules (b) and the mean granule size (c).
Data are presented as mean = SEM. d. Prolonged sorbitol stress results in
PARP cleavage. Cross-reactive bands (¥) in the upper panel show TDP-43
cleavage products (35 kDa) following 2-4 hrs of stress and a higher molecular
weight TDP-43 species (50 kDa) that declines with longer stress treatment.
PARP cleavage (*) is shown in the lower panel. e. Recovery of Hek293T cells
from 0.5 to 4 hrs of sorbitol stress. Percent cell viability was determined 24
and 48 hours after 0.5, 1, 2, or 4 hrs of sorbitol stress. Viability was
determined using the MTS assay in triplicate and presented as mean = SEM.
f. shRNA-mediated knockdown (KD) of TDP-43 in Hek293T cells. Con.,
EGFP shRNA control. g. Recovery of Hek293T cells in which TDP-43
expression was knocked down as in panel f. Experiments were performed in
triplicate as in panel (e) and presented as mean =+ SEM.
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As previously shown in Chapter 2, TDP-43 is strongly nuclear-localized in
unstressed Hek293T cells. Treatment of Hek293T cells with sorbitol however,
indicated that by 0.5 hrs into the stress response, TDP-43 localized to discrete
cytoplasmic granules (arrows, Figure 3.7a). Also, TDP-43 continued to localize to
these cytoplasmic granules throughout the stress timecourse (2 and 4 hrs).
Quantification showed that within 0.5 hrs of sorbitol stress, TDP-43 maximally
localizes to cytoplasmic granules of a relatively uniform size throughout 4 hrs of
sorbitol stress.

As the length of sorbitol stress continued, cells had a greater number of
condensed nuclei (unquantified observations), leading us to speculate that these
cells were undergoing apoptosis. Indeed, apoptosis is induced following
prolonged sorbitol exposure in other cell types (8, 65, 123). A biological readout
of this increased apoptosis is PARP cleavage, which follows caspase-3 activation
(104). To examine when Hek293T cells induce apoptosis, we examined PARP
cleavage in our stressed lysates (western blot by Basar Cenik). We found PARP
cleavage throughout 4 hrs of stress, with the highest amount of cleavage at 2 and
4 hrs (Figure 3.7d). By 2 and 4 hrs into the stress response, we also detected a 35
kDa truncated TDP-43 species using an N-terminal (PTG) TDP-43 antibody. This
is significant since TDP-43 is a known caspase-3 target, with an N-terminal
cleavage product of 35 kDa (43, 139, 140).

To investigate whether Hek293T cells are irreversibly committed to
apoptosis following sorbitol exposure, I performed a cellular recovery assay. I

stressed the cells for 0.5 to 4 hrs and determined cellular viability using MTS
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assay. Cells were able to recover from 0.5 and 1 hr of sorbitol stress but not after
2 or 4 hrs of stress (Figure 3.7e). Moreover, this recovery from sorbitol-induced
stress required TDP-43, as cells did not improve their recovery following stress
upon knockdown of TDP-43 (Figures 3.6g). Taken together, our data suggest that
sorbitol-induced osmotic and oxidative stress directs TDP-43 to uniformly sized
cytoplasmic granules within 30 minutes of stress and that TDP-43 allows for

cellular recovery in response to acute sorbitol stress.

How does decreased cellular viability impact the composition of TDP-43"
granules?

A previous report indicates that TDP-43" pathological granules fail to
costain with hnRNP A1 and SMN in FTLD-U brain(99). In the last experiment, |
showed that TDP-43" granules persisted in Hek293T cells exposed to both
“recoverable” and “irrecoverable” stress timepoints (0.5-1 hr and 2 or more hours
of 0.4 M sorbitol, respectively). I began to wonder how the granule composition
changes over time: can some hnRNP proteins sense the viability of the cell? And
if so, do they cease to localize to stress granules when the cell enters an
“irrecoverable” stress exposure? I hypothesized that SG composition varies by
duration of stress, and that TDP-43 persists in SGs throughout the stress, while
hnRNP A1 and SMN localize to SGs only during viable stages of stress.

To test this hypothesis, I used the timepoints previously established in
Hek293T cells: 0.5 hours of 0.4 M stress is recoverable, whereas 4 hrs is not. 1

then stressed Hek293T cells at these timepoints, and examined the localization of
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TDP-43 with hnRNP A1 (Figure 3.8). Because hnRNP A1 is not found in
pathological TDP-43" cytoplasmic granules, I expected to observe hnRNP A1"
granules at 0.5 hrs stress, but not at 4 hours of stress. I found that TDP-43 (red)
and hnRNP A1 (green) colocalized in the nuclei (yellow, merged) of unstressed
cells. Yet, at both 0.5 and 4 hours of stress, TDP-43 and hnRNP A1l remain
colocalized to cytoplasmic granules. I conclude that in Hek293T cells, hnRNP

A1 is not sensitive to the viability of the cell.

TDP-43 Nucleus Merged

@

Figure 3.8, TDP-43 and hnRNP A1 colocalize to cytoplasmic granules in
response to 0.5 and 4 hours of 0.4 M sorbitol stress. TDP-43 is stained in red,
hnRNP Al in green and the DNA dye ToPro-3 stains the nucleus in blue.
Scale bars =10 pm.

I then repeated this experiment in Hek293T cells, examining the response

of SMN to a recoverable stress (0.5 hrs) versus an irrecoverable stress (4 hrs, 0.4
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M sorbitol) in Figure 3.9. In unstressed cells, SMN is strongly localized to the
cytoplasm, and excluded from the nucleus. In stressed cells, SMN localizes to
cytoplasmic granules within 30 minutes, but does not appear to colocalize with
TDP-43. Also, SMN persists in these granules up until the 4 hour timepoint. This
indicates that SMN is not sensitive to the viability of the cell, and persists in

cytoplasmic granules at all timepoints, similar to hnRNP Al.

TDP-43 Nucleus Merged

3
CT

Fiure 3.9, TDP-43 and SMN fail to colocalize to the same cytoplasmic
granules in response to 0.5 and 4 hours of 0.4 M sorbitol stress. TDP-43 is
stained in red, SMN in green and the DNA dye ToPro-3 stains the nucleus in
blue. Scale bars =10 pm.

Next, [ wanted to gain a better understanding of how SG composition

changes after a toxic exposure to stress. I wanted to test how a nuclear restricted

protein like hnRNP C1, responds to a recoverable stress (0.5 hrs) versus an
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irrecoverable stress (4 hrs, 0.4 M sorbitol) in Hek293T cells. I expect that hnRNP
C1 will remain nuclear-localized during stress, although a previous report
indicates that hnRNP C1 is sensitive to cellular viability, and will localize to the
cytoplasm if the nuclear envelope is compromised. I find that hnRNP C1 remains
nuclear-restricted after 0.5 hours of stress, but is diffusely localized to the
cytoplasm after 4 hours of stress. Thus, even if hnRNP C1 encounters a stress
that increases its cytoplasmic levels due to lowered cellular viability, it fails to

localize to cytoplasmic granules.

TDP-43 Nucleus Merged

- s
Figure 3.10, TDP-43 and hnRNP C1 do not colocalize to cytoplasmic
granules in response to 0.5 and 4 hours of 0.4 M sorbitol stress. TDP-43 is
stained in red, hnRNP C1 in green and the DNA dye ToPro-3 stains the
nucleus in blue. The nuclear-resident protein hnRNP C1 remains nuclear
after 0.5 hours of stress, but is diffusely localized to the cytoplasm after 4
hours of stress. Scale bars =10 pm.
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Finally, I wanted to test whether TDP-43" granules localized to processing
bodies (Hedls) when exposed to a recoverable stress (0.5 hrs) versus an

irrecoverable stress (4 hrs, 0.4 M sorbitol) in Hek293T cells (Figure 3.11).

TDP-43 Nucleus Merged

Figure 3.11, TDP-43 and Hedls do not colocalize to cytoplasmic granules in
response to 0.5 hours of sorbitol stress. However, at 4 hours of stress, some
TDP-43" granules colocalize with processing bodies. The Hedls antibody also
labels nuclear p70 S6 kinase, and TDP-43 and p70 S6 kinase colocalize in the
nucleus. TDP-43 is stained in red, Hedls in green and the DNA dye ToPro-3
stains the nucleus in blue. Scale bars =10 pm.

Previous studies have indicated that TDP-43 fails to colocalize with
processing bodies during stress(35, 88). However, these studies examined a
single timepoint instead of examining a timecourse. This approach is

problematic, as SGs are dynamic and not static structures. We observed no

colocalization of TDP-43 with Hedls (processing body marker) in response to 0.5
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hours of stress. However, a few TDP-43" granules appear to colocalize with
Hedls after 4 hours of stress. Our results makes sense in the context of previous
reports where mRNAs that are targeted for degradation are delivered to
processing bodies, which seem to localize next to the stress granule to mediate
this exchange(21). We conclude that TDP-43 colocalization with Hedls is
dependent on the stress timepoint.

In conclusion, SMN and hnRNP A1 are not sensors of cellular viability, as
these proteins persist in cytoplasmic granules spanning both recoverable and
irrecoverable sorbitol stress timepoints. This doesn’t match with the data
observed in FTLD-U pathological tissues, however this discrepancy may be due
to the cell type (Hek293T cells versus neurons or glia). Also, TDP-43 fails to
colocalize to processing bodies, although this observation is consistent with the
literature. Thus, it appears that both hnRNP A1 and SMN are not sensors of
cellular viability in Hek293T cells; the explanation behind the absence of these
proteins in pathological tissues are not understood at this time. Future studies will
need to investigate how SG composition, perhaps only TDP-43, can lower cellular

viability leading to neurodegeneration.

TDP-43 localization to stress granules is RNA-dependent
There are multiple ways a protein can be directed to a stress granule. First,
the protein can bind to an mRNA and be directed to the stress granule during the

stress response. Second, the protein can bind to another hnRNP protein bound to
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an mRNA. Third, the protein can “piggyback” onto a SG if it is localized in the
cytoplasm(15, 17, 21, 71).

In the case of TDP-43, TDP-43 must bind RNA to localize to stress
granules(35). We show this below in Figure 3.12 b and d. We observe that
mutations in TDP-43 that disrupt RNA binding (RRM1 mutations in
FI47L/F149L) are sufficient to prevent cytoplasmic stress granule assembly

(F147L/F149L construct was generated by Chantelle Sephton).
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Figure 3.12, RNA-binding specificity is required for TDP-43 localization to
stress granules. a. Expression of constructs in Hek293T cells by western
blot. b. Immunofluorescence data of constructs before and after 1 hour of
sorbitol stress. ¢c. Two phenylalanine mutations (F147/149L) mutations
ablate RNA specificity; mutation of these residues results in the inability of
TDP-43 to form cytoplasmic granules. Interestingly, both the F147/149L
mutant and wild-type TDP-43 localize to nuclear granules in response to
stress. d and e. In contrast, the pathological mutant D169G localizes to large
stress granules relative to wild-type TDP-43, although this mutation is not
located in the GRR.
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Interestingly, while the RNA-binding mutant is unable to generate
cytoplasmic granules, nuclear granules were generated in response to 1 hour of
sorbitol stress. We also observed nuclear granules in cells overexpressing wild-
type TDP-43 (Figure 3.12 b and c), although some cells overexpressing this
construct were able to generate cytoplasmic granules. In contrast, cells
expressing the D169G variant of TDP-43 consistently formed cytoplasmic
granules that were larger than the average granule size generated by wild-type
TDP-43 in response to 1 hour of sorbitol stress (Figure 3.12 d and e). The
presence of both nuclear and cytoplasmic granules in TDP-43 overexpressing
cells is a fascinating observation, because as previously discussed, TDP-43
pathology is heterogeneous, and is found localized to both nuclear and
cytoplasmic aggregates. How these findings relate to the cytoplasmic toxic GOF
hypothesis are unknown, as further study is necessary, however it is tempting to
speculate that aging (or senescence in a cellular model) may contribute to the rise
of these nuclear granules, as their presence rose with higher passage numbers (my

own personal, unquantified observations).

TDP-43’s glycine rich region is critical for regulating both stress granule
association and size

We next used our novel assay to investigate the structural regions that
mediate TDP-43 association with cytoplasmic granules. To this end, I generated
the following truncated constructs: 1-324 (removal of the distal glycine-rich

region (GRR)), 1-267 (removal of the entire GRR), 1-179 (removal of the GRR
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and RRM2) and 1-114 (removal of the GRR, RRM2 and RRM1) (Figure 3.13a).
Transient transfection of these constructs did not show cytoplasmic granules in
unstressed cells, and all constructs localized normally to the nucleus (Figure
3.13D).

Interestingly, wild-type TDP-43 (1-414) modestly clustered following 1 hr
of stress, while the 1-324 construct robustly clustered at this time point; in
contrast, shorter constructs failed to cluster (Figure 3.13b). Although wild-type
TDP-43 failed to produce robust cytoplasmic clusters in response to 1 hr of stress,
nuclear clusters were detected; interestingly, 1-324 also showed these nuclear
clusters (Figure 3.13b). Importantly, even after 2 hours of stress, the truncated
constructs were unable to form cytoplasmic granules, while cells expressing the 1-
324 and 1-414 constructs did form cytoplasmic granules. Taken together, the
above data indicates that the region mediating the association of TDP-43 with

stress granules lies within residues 268-324.
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Figure 3.13, TDP-43 cytoplasmic clustering is mediated by residues 268-324.
a. Schematic of truncated TDP-43 constructs with successive deletions in
organized structural regions, including the distal C-terminus (1-324), the
glycine-rich region (GRR) (1-267), the RRM2 (1-179) and the RRM1 (1-114).
b. Nuclear localization of the transiently-transfected constructs from panel
(a), and increased cytoplasmic localization following 1 and 2 hrs of sorbitol
stress. c. Expression of constructs from panel (a) in Hek293T cells. Asterisks
(*) indicate alternative C-terminal TDP-43 species detected by myc antibody.
Lane 1, pcDNA4b-Venus; 2, empty vector; 3, 1-114; 4, 1-179; 5, 1-267; 6, 1-
324; 7, 1-414. d. Quantification of cytoplasmic clustering of the truncation
constructs following 1 hr of stress. Scale bars =10 pm.
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We should also note that although beyond the scope of this investigation,
we noticed additional myc” bands generated from constructs 1-267, 1-324 and 1-
414 (asterisks; Figure 3.12¢). Coincidentally, the size of these fragments are in
agreement with proposed cleavage site/alternative TDP-43 isoforms starting at
M(85)TED (103, 140) but could also indicate a novel protease that targets TDP-
43. The role of these TDP-43 truncations in the sorbitol-induced stress response

has been reserved for future study.

Hypothesis

Approximately ten pathological mutations lie within residues 268-324, yet
nearly twenty pathological mutations lie outside of this region. In previous studies
the overexpression of several pathological mutations in vitro resulted in no gross
localization defects (A315T, G348C, A382T) (66), no effect on splicing (Q331K,
M337V and G348C) (37) and no effect on protein:protein interactions (A315T,
M337V) (49). Because the GRR was necessary for TDP-43 localization to
cytoplasmic granules in our truncated study, and the majority of pathological
mutations lie in the GRR, we hypothesized that wild-type and pathologically
mutated TDP-43 have distinct stress responses, culminating in the generation of

distinct stress granules in response to sorbitol stress.
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Testing our hypothesis: do pathological mutations generate distinct cytoplasmic
granules in response to stress relative to wild-type?

To examine the effect of sorbitol stress on pathological TDP-43, we
selected the familial ALS (fALS) mutation A315T (55, 67), the sporadic (SALS)
mutation G294A, and the fALS and sALS mutation G348C (39, 41, 67, 81)
because they have no overt phenotype in unstressed cells (37, 49, 66). We also
overexpressed the sporadic ALS mutation N390S, in addition to wild-type TDP-
43, truncated (1-324) TDP-43 and vector control (Figure 3.14b). All these
constructs predominantly localize to the nucleus in unstressed Hek293T cells
(Figure 3.14a), consistent with previous results (66). However, following one hr
of stress, robust cytoplasmic granules were formed by each pathological mutation,
while wild type failed to generate this robust phenotype.

Quantification of these myc " granules revealed that pathological TDP-43
mutations also formed significantly larger cytoplasmic granules relative to wild-
type TDP-43 (Figure 3.14c), an observation consistent with the 1-324 truncated

TDP-43 construct shown in Figure 3.14a and c.
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Figure 3.14, Alteration of the distal C-terminus generates larger cytoplasmic
granules than does wild-type TDP-43 in response to stress. a. Localization of
transiently expressed pathological TDP-43 mutants and TDP-43 lacking the
distal C-terminus in Hek293T cells. Exogenous TDP-43 was stained with myc
antibody; nuclei, with ToPro-3. Scale bar = 10 um. b. Expression of
constructs from panel (a). c. Quantification of cytoplasmic myc" granule size
(pixelszlgranule) following 1 hr sorbitol stress. Shown is the mean granule
size £ SEM for wild-type (white) and mutant (black) TDP-43 (*, p < 0.05).

Importantly, a non-pathological mutation outside the C-terminus (S242A)
did not produce larger granules (Figure 3.15), confirming the specificity of this
observation with pathological mutations in the C-terminus.

Control OSM, 1 hr

Figure 3.15, A non-pathological TDP-43 mutation (S242A) does not generate
larger stress granules in response to sorbitol stress. The non-pathological
TDP-43 mutation S242A localizes to the nucleus after transfection. After one



79

hour of sorbitol stress, S242A failed to localize to larger stress granules,
although the construct localizes to cytoplasmic granules at this timepoint.
Scale bar: 10 pm.

Taken together, our data show that pathological TDP-43 mutants localize
more readily to larger cytoplasmic clusters than does wild type. We have
determined that within one hour of stress administration, pathological and wild-
type TDP-43 exhibit distinct stress responses. The most distinct change is the

number and size of the TDP-43+ granules generated by the pathological mutants

relative to the wild-type.

Mutant TDP-43 localizes to stress granules during stress

To further characterize the difference between wild-type- and mutant TDP-
43-containing SGs, I established stable cell lines overexpressing either wild-type
or mutant G348C TDP-43, using myc and C-terminal specific (748C) antibodies
to assess the level of overexpression relative to endogenous protein, respectively
(Figure 3.16a).

We selected the G348C mutation for further study because it is linked with
both sALS and fALS, familial mutations are found in multiple families with
distinct ancestry (39, 41, 67, 81) and because this mutation lies within a specific
sub-region (residues 321-366) of the GRR that mediates interactions with hnRNP
A2 (37). Interestingly, we observed a 1.5 fold difference in doubling frequency
favoring the growth of wild-type stable overexpressing cell lines to mutant (mean

+ SEM: 1.54 +0.05 (WT) vs. 1.27 £ 0.09 (G348C); p<0.05, *).
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We next determined whether mutant TDP-43 localizes to SGs by treating
cells with cycloheximide, a protein synthesis inhibitor that prevents SG assembly.
We treated stable cell lines with cycloheximide (CHX, 40 ng mL™) or vehicle
control (DMSO) followed by 1 hr of osmotic stress to examine whether granule
size was affected by the treatments (Figures 3.16b and c). After 1 hr of stress,
exogenous mutant TDP-43 was robustly directed to stress granules, whereas
overexpressed wild-type TDP-43 was not. In stable wild-type TDP-43
overexpressing cell lines, stress granule size was consistent with that observed
with transient overexpression, roughly 4 pixels?/ granule (Figure 3.16c). Cells
expressing mutant TDP-43, however, had larger granules that shrunk upon
treatment with CHX (**, p<0.01; Figure 6¢). Additionally, we verified the
colocalization of exogenous TDP-43 granules with stress granule markers hnRNP
Al (Figure 3.16d), HuR (Figure 3.16¢) and TIAR (Figure 3.16f). Thus, mutant

TDP-43 localizes to larger stress granules relative to wild-type TDP-43.
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Figure 3.16, Pathological TDP-43 mutant G348C localizes to larger stress
granules during osmotic stress. a. Expression level of myc-tagged wild-type
and mutant (G348C) TDP-43 in stable cell lines. b. Localization of wild-type
and mutant TDP-43 granule size in stressed cells (1 hr sorbitol) treated with
(CHX) or without (DMSO) cycloheximide. c. Scatter plot of the mean
granule size in cells as in panel (b). Horizontal bars depict the mean £+ SEM
(**, p <0.01). Each data point represents the individual mean of a single
experiment; shown are three experiments per group. d-f. Co-localization of
mutant (G348C) TDP-43 with hnRNP A1 (d), HuR (e) and TIAR (f)
following 1 hr of stress. Exogenous mutant TDP-43 was detected using the
myc antibody. Scale bars =10 pm.
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Mutant TDP-43 localizes to progressively larger stress granules during stress
Next, stable cell lines overexpressing wild-type and mutant (G348C) TDP-
43 were subjected to a time course of stress (0.4 M sorbitol for 0.5, 1, 2 and 4
hrs). In unstressed cells, both wild-type and mutant TDP-43 were primarily
localized to the nucleus (Figure 3.17a). In both unstressed stable cell lines and in
mixed primary glia cultures, we also detected similar background levels of other
cytoplasmic granules that resemble the closely related P-bodies (Figure 3.17a).
Quantification of the number of cells that generated myc" granules in response to
the stress showed that mutant and wild-type TDP-43 localization was not
statistically different before stress (Figure 3.17b). However, following 0.5 and 1
hr of sorbitol stress, clustering of TDP-43 was found in more cells overexpressing
mutant TDP-43 than wild type; moreover, this marked difference disappeared at 2
hrs of treatment (Figure 3.17b). Furthermore, while cells expressing wild-type
TDP-43 gradually formed more clusters throughout all 4 hrs of stress, those
expressing mutant TDP-43 showed a rapid accumulation of TDP-43 clusters at
0.5 hrs followed by a slow decline (Figure 3.17¢). Importantly, overexpression of
mutant TDP-43 resulted in larger sorbitol-induced clusters than wild type, this
being the most striking difference between sorbitol-induced wild-type and mutant

TDP-43 cytoplasmic clusters at all time points (Figure 3.17d).
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Figure 3.17, Wild-type TDP-43 and pathological TDP-43 (G348C) form
unique stress granules. a. Localization of exogenous (anti-myc) wild-type and
mutant (G348C) TDP-43 in stably-transfected Hek293T cells at the indicated
times following sorbitol stress. b-d. Quantification of the percent, number,
and size of clusters in stable cell lines as in panel (a). Each experiment was
performed in triplicate; data is presented as mean = SEM (*, p < 0.05; ***, p
< 0.001). Scale bars = 2.5 mM. e. (Upper panel) PARP cleavage throughout 4
hrs of sorbitol stress. (Lower panel) Recovery of stably-transfected Hek293T
cells expressing wild-type or mutant (G348C) TDP-43. Recovery was
measured as in Figure 3e.
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Enlarged stress granules produced by pathological TDP-43 is not toxic to the cell
at the timepoints examined

Finally, mutant TDP-43 did not prematurely induce apoptosis, as judged by
PARP cleavage (Figure 3.17e, fop); moreover, overexpression of both wild-type
and mutant TDP-43 equally allowed for the recovery of cells following up to 4 hrs
of sorbitol stress (Figure 3.16e, bottom). This finding alone is very interesting, as
it shows that the enlarged stress granule size is not sufficient to induce apoptotic
pathways, rather these stress granules appear to function normally, ie preventing
the activation of cell death pathways.

In future studies, it will be necessary to determine if/when these enlarged
stress granules are ubiquitinated, and if this post-translational modification
prevents the disassembly of the stress granules, or alters cellular signaling
pathways leading to an induction of cell death pathways, instead of prevention of
these pathways. Also, it will be necessary to address whether the toxicity of stress
granules is dependent on their composition, not just size, and whether the
convergence of multiple stressors (which would direct more cytoplasmic TDP-43
into a SG) may be a determinant in generating these larger granules leading to

increased toxicity and cell death.

DISCUSSION

Although quickly expanding, our understanding of transient stress granule

structures and their role in disease progression is at a primitive stage. Currently,
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stress granules are known to contribute to the pathogenesis of several disorders,
including fragile-X syndrome, spinal muscular atrophy and ischemia-reperfusion
injury (6, 38, 40); like TDP-43 and FUS/TLS proteinopathies, these disorders are
caused by altered RNA-binding proteins (5, 6, 36, 38, 40, 92, 135). In this study,
we show that sorbitol is a novel stressor mediating TDP-43 and hnRNP Al
localization to TIAR" and HuR " stress granules; this was observed in both
somatic (Hek293T cells) and nervous system cell types (primary cultured glia).
Since colocalization of hnRNP A1 with TDP-43" granules was conserved
between somatic cell lines and primary cultured glia (Figures 3.3-3.5), this
indicates that the readily accessible and common Hek293T cell line can be used to
model the stress response initiated in cortex-derived glia. We used this
information to develop a cell culture model to quantitatively test the stress
response mounted by wild-type and pathological TDP-43 mutants G294A,
A315T, G348C and N390S, in conjunction with several truncated TDP-43
mutants.

Our analysis indicates that a 57-residue region (residues 268-324) spanning
the first one-third of the glycine-rich region (GRR) is necessary for TDP-43’s
association with stress granules (Figure 3.13). Moreover, removal of the distal 90-
residues of GRR (residues 325-414) renders TDP-43 to behave like a pathological
mutant in terms of its ability to increase stress granule size and facilitate
assembly. These observations are consistent with the model that the GRR harbors
intrinsic determinants of stress granule formation: residues 268-324 are necessary

for the association of TDP-43 with stress granules, while residues 325-414 are
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necessary, but not sufficient, for regulating the association in a proper state. In
this model, the pathological missense mutations -- both inside and outside the
distal GRR -- negate this regulatory capability, perhaps by changing TDP-43’s
structure in a manner similar to distal truncation of TDP-43. Alternatively,
mutations in TDP-43 may alter the interaction of the GRR domain with structural
components of the stress granules to regulate their size.

Our work reinforces the notion that the GRR plays a crucial regulatory role
for proper TDP-43 function. The GRR has been implicated in the regulation of
splicing through hnRNP protein:protein interactions (80) and association with
stress granules (35). This domain also harbors the vast majority of known
pathological mutations in TDP-43 (and similarly in the pathologically related
protein FUS/TLS) (85). The osmotic-stress-responsive sequence (residues 268-
324, Figure 4) identified in our study overlaps with the oxidative-stress-
responsive sequence (residues 216-315) previously identified by Colombrita et.
al. (35). We note however that the osmotic stress responsive sequence identified
here is only half the size of the oxidative stress responsive sequence. It is
conceivable that the overlapping GRR region (residues 268-315) of these two
stress responsive sequences in TDP-43 represents a conserved stress response
sequence that mediates its association with stress granules in different cell types
(both somatic and nervous system-specific) and with different stressors (oxidative
and osmotic stressors). This region (residues 268-315) is particularly glycine-rich
(Figure 3.18a) with multiple, putative GXXXG motifs; these motifs are believed

to mediate hydrophobic helical protein:protein interactions and have also been
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found in other proteins involved in neurodegenerative disorders (16, 59). Future
studies will define the stress-responsive sequence motif in the GRR domain of
TDP-43, which may include these GXXXG motifs, and test whether such a motif
is conserved in other GRR containing proteins, in different cells, and for different
stressors.

Since all missense mutations tested in our study mount similar stress
responses, we analyzed one of these mutations (G348C) in more detail under
progressively longer stress treatments. We found that a higher percentage of
(G348C-expressing cells directed the mutant protein into stress granules, that the
number of granules formed peaked after short stress exposure, and that stress
granule size progressively increased at the expense of granule number. Yet wild-
type TDP-43-expressing cells coped with stress in the converse manner: instead
of progressively forming larger granules over time, the wild-type protein
progressively formed a greater number of smaller granules of relatively
unchanged size (Figure 3.18b). Our results indicate that the pathological mutant
handles stress in a markedly different way than the wild-type; these differences
will be explored in future studies to understand how pathological TDP-43 mutants

contribute to neurodegeneration and cell death.
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Figure 3.18, Model summarizing distinct stress granule species formed by
wild-type and mutant (G348C) TDP-43. a. The GRR region harbors putative
structural determinants for the association of TDP-43 with stress granules
(box) and for control of stress granule (SG) size. b. Summary of the distinct
stress-induced clusters of wild-type and mutant (G348C) TDP-43.

It has been suggested that formation of stress granules delays apoptosis by
sequestering pro-apoptotic factors (such as RACK1 and ROCK1) (10, 46, 129).
Our observation that cells recover after an initial stress response is compatible
with this model. However, it is also expected that prolonged stress (beyond the
cell’s capability to handle such stress) would trigger cell death. Indeed, TDP-43,
like PARP, is a target of caspase-3; multiple sites in TDP-43 are reportedly
targeted by caspase-3 (DENDj .13, DETDgs.gs and DVMD;j6.219), producing 25

and 35 kDa species (43, 111, 112, 139).
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In our study, we observed that prolonged sorbitol treatment reduces cell
viability, which coincides with the formation of TDP-43" stress granules in native
Hek293T cells (Figure 3). In spite of drastically enlarged stress granule size in
cells overexpressing pathological mutants (as compared to wild-type protein), we
did not observe a premature induction of apoptosis in these cells (as indicated by
PARP cleavage, data not shown). We interpret this observation as stress granule
size not being a primary determinant of initiation of apoptosis and that mutants
may actually delay the onset of cell death before the host cells commit suicide.

In interpreting our data, we consider that the effect and time course on
stress granule formation in cells overexpressing a pathological mutant should best
be compared to cells overexpressing a wild-type protein. This is particularly
relevant when considering that overexpressing wild-type TDP-43 protein (or
several other proteins implicated in neurodegenerative disorders) in vivo also
promotes TDP-43 pathology and neuronal death over time. In this context, while
the general effects are similar, there are subtle differences between the stress
responses of overexpressed wild-type protein and that of endogenous TDP-43.
Another related consideration is that TDP-43 protein levels are likely to be
stringently regulated, such that overexpression of TDP-43 alone could cause cell
death in some cell types (11). However, at our level of overexpression, we did not
observe cell death in unstressed wild-type and mutant TDP-43 stable cell lines
(Figure 7e).

Both neurons and glia display TDP-43" cytoplasmic aggregates in ALS and

FTLD-U spectrum neurodegenerative disorders, as well as in a subset of
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Alzheimer’s and Parkinson’s disease (31, 48, 54, 84-86, 101). Degeneration and
the eventual death of neurons in these diseases likely reflect a combined outcome
of impaired neurons and their supporting glial cells. It is plausible that the
neuronal and glial cytoplasmic aggregates in ALS or FTLD-U are end products of
stress granules or derivatives of these structures generated after an unsuccessful
response to stress. TDP-43 has previously been shown to localize to TIA-1" stress
granules in axotomized C57BL/6 mouse motor neurons (97). While previous
studies failed to detect colocalization of TDP-43 with known stress granule
markers in patient brain (99) and spinal cord (35), a more recent study indicates
that TDP-43 pathology in ALS and FTLD-U human tissue colocalizes with SG
markers elF3 and TIA-1(88). Further investigation is needed to analyze the
relationship of stress granule formation and TDP-43 proteinopathies in cellular
and animal models and in human patients in order to understand the molecular
and cellular mechanism by which TDP-43 and RNA-binding proteins respond to

stress in health and disease.



CHAPTER FOUR
Discussion and Future Directions

Limitations of our model
400 mM sorbitol fails to direct TDP-43 to SGs in primary cultured neurons

As previously discussed, three hypotheses have been proposed to test TDP-
43 mediated neurodegeneration: a nuclear LOF, a cytoplasmic toxic GOF and
both a nuclear LOF and cytoplasmic GOF. In our study, we sought to test the
cytoplasmic toxic gain of function hypothesis. To test this hypothesis, I
developed a cell culture model where a physiological stressor (sorbitol) directs
TDP-43 to SGs in Hek293T cells. I furthermore established that hyperosmotic
stress directs TDP-43 to stress granules in multiple cell types, including additional
immortalized cell lines (U343, HeLa) and primary cultured glia. Yet, my stressor
failed to induce stress granules in primary cultured cortical neurons. Thus, a
limitation of my cell culture model is that my stressor fails to induce TDP-43"
cytoplasmic aggregates in neurons.

The first argument as to why TDP-43 is not directed to SGs by 0.4 M
sorbitol is that this sorbitol concentration is sub-optimal in neurons. I screened
live neurons exposed to 0.4 M sorbitol and compared the morphology of
unstressed to stressed neurons by phase contrast microscopy at different
timepoints. After observing cellular morphology for 4.5 hours, I fixed the cells
and used immunofluorescence to detect TDP-43 localization (in green, a).
Neurons appeared pyknotic by this timepoint, as evidenced by TDP-43 nuclear
staining in a. Also, neuronal somas clustered together in phase contrast

microscopy images, a phenomenon often observed in unhealthy and/or dying

91
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neuronal cultures. I failed to observe TDP-43" cytoplasmic aggregates in dying

neurons.
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Figure 4.1, Neurons are viable after a one hour treatment with 0.2—0.6 M
sorbitol. a. Neurons treated for up to 4.5 hours with 0.4 M sorbitol were
imaged using phase contrast microscopy with a 40x objective. Untreated
cells appear morphologically normal, while sorbitol-stressed neurons appear
sickly at this timepoint. Immunofluorescent staining of TDP-43 (green) is
shown under the phase contrast images. Nuclei appear pyknotic following
stress treatment. b. MTS assay is used to analyze cell viability following
treatment of neurons with 0.2, 0.4, 0.6 and 0.8 M sorbitol for 1-4 hours.

Neurons are sensitive cells, therefore induction of stress granules may occur
at lower sorbitol concentrations, or at higher concentrations at shorter stress
timepoints. I tested cellular viability by MTS assay (where %viability=(stressed
neuronal viability/unstressed control) x 100) across a range of sorbitol

concentrations (0.2-0.8 M, shown in blue, pink, yellow and blue, respectively)

plotted against the timecourse of sorbitol stress (1-4 hours), as shown in Figure
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4.1b. From this preliminary data, it seems that sorbitol concentrations spanning
0.2-0.6 M are viable after exposure to one hour of stress. Thus, my original
timepoint (1 hr, 0.4 M sorbitol) should be viable. However, neuronal viability
drops off dramatically after this timepoint. Although the percentage viability does
not appear very low for some concentrations by 4 hours, the immunofluorescent
data indicates that these timepoints are actually quite toxic. As such, in future
experiments, I will test the effect of lower sorbitol concentrations (400, 200, 100
and 50 mM sorbitol) on cortical neuron viability. Additionally, future
experiments will need to test whether any viable, lower concentrations are
sufficient to induce stress granules in neurons.

Another argument is that 0.4 M sorbitol is the appropriate concentration to
direct TDP-43 granules in cortical neurons, but this response requires glia. As
such, a co-culture of neurons and glial cells would allow testing of this
hypothesis. Finally, sorbitol may not induce stress granules at all in neurons
because it fails to activate the appropriate kinases to induce the formation of stress

granules in this cell type.

Stress granules are regarded as pro-survival structures — if true, how do they
mediate a cytoplasmic toxic gain of function?

Another limitation of my cell culture model is that stress granules are
regarded as pro-survival structures, yet my model is designed to test the
cytoplasmic toxic GOF disease hypothesis. While it is true that stress granules

are pro-survival structures, this finding may depend on the duration of stress. For
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example, when cells are viable after a stress, stress granules disintegrate within a
short time period (typically 15 minutes). Yet, in pathological tissues,
ubiquitinated TDP-43" granules are co-labeled by stress granule marker proteins.
I have been unable to identify whether stress granules generated by sorbitol
exposure are ubiquitinated at any point during the stress response. Another paper
indicates that stress granules formed in the hippocampus in response to a 10 min

global ischemic insult are ubiquitinated after a few days of reperfusion(40).

Treatment of cells overexpressing wild-type or mutant TDP-43 with sorbitol fail
to decrease cellular viability

We detected no evidence that overexpression of either wild-type or mutant
TDP-43 increased the susceptibility of transfected cells to sorbitol stress. In fact,
an examination of PARP cleavage seemed to show that both wild-type and mutant
TDP-43 overexpression increased viability in response to sorbitol stress, rather
than reducing viability. However, recovery experiments indicate that despite this
observation, no significant difference in viability exists between the wild-type and
mutant stables following stress. These results can be interpreted in multiple ways,
the first interpretation is that the stress granules in our assay are functioning as
“normal” stress granules, hence pro-survival structures. This finding may be
interpreted as a major flaw, as our hypothesis argues that stress granules are at the
root of TDP-43-mediated neurodegeneration. Yet, an important difference
between “physiological” and “pathological” TDP-43" stress granules must be

noted: stress granules are not typically modified by ubiquitin, yet disease
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aggregates are clearly ubiquitin-modified. This raises the question of how
ubiquitin-modified stress granules alter normal cellular functions, specifically
through modulation of cellular signaling pathways?

Secondly, TDP-43 pathological granules are predominantly composed of
TDP-43, whereas the stress granules in our assay stain for multiple RNA-binding
proteins including TIAR, HuR and hnRNP A1l. Previous results have indicated
that pathological TDP-43 fails to costain with either hnRNP A1 or SMIN(99).
Hence, the composition of granules in my model, versus in the brain, are
different, because TDP-43 is robustly colocalized with hnRNP A1 in stressed glial
cells. One of the questions that remain then, is if TDP-43 is the primary
component of these ubiquitinated aggregates, is TDP-43 really localizing to stress
granules in most pathological tissues? -Or are other components of stress
granules able to dissociate from the stress granule, while TDP-43 is unable to
dissociate?

Finally, stress granules are reversible structures, but it appears that
pathological aggregates are irreversibly “stuck” in the cytoplasm. Could this
inability to dissociate from stress granules be the cytoplasmic toxic gain of
function mediating the disease? In future experiments, I need to examine the
ability of overexpressed wild-type and mutant TDP-43 to dissociate from stress

granules following removal of the stressor.
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Limitations of the cytoplasmic toxic gain of function disease hypothesis: the
strengths of the nuclear loss of function hypothesis

How TDP-43 mediates neurodegeneration in ALS or FTLD-U is unknown.
We cannot disregard the importance of other hypotheses being tested to
understand TDP-43-mediated neurodegeneration. An alternate, very promising
hypothesis is that a loss of nuclear TDP-43 function causes neuronal death.
Polymenidou et. al. tested this hypothesis in adult mouse striatum following
stereotactic injection of antisense oligonucleotides to TDP-43. Deep sequencing
was used to determine RNA profile changes in knockdown and control samples.
They found 601 mRNAs changed, and 965 altered splicing events were observed
(knockdown vs. control). The authors conclude that nuclear depletion of TDP-43
leads to long pre-mRNA depletion and RNA mis-splicing culminating in neuronal
vulnerability(110). In a similar study by Tollervey, the authors found that TDP-
43 knockdown resulted in an increase of BIMs, the most cytotoxic isoform of
BIM. Importantly, Tollervey et. al. found an increase in the BIMs isoform in
FTLD-U patients relative to control(125). These papers offer important

mechanistic insights into TDP-43-mediated cell death through mis-splicing.

Determinants of SG size: how does increased SG size affect the timecourse of
TDP-43 disassembly?

It is now known that both TDP-43 and FUS localize to abnormally large
stress granules during stress(19, 30, 42). Because both RNA binding proteins

seem to generate larger stress granules, this argues in favor that increased SG size
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somehow leads to the neurodegenerative phenotype. Yet, what accounts for this
increased size? Previous studies have indicated that SG dynamics can be
modulated by microtubule stability(32), the motor proteins dynein and kinesin(91,
128), RhoA/ROCK1(129) signaling and Grb7/FAK signaling(127). However,
how TDP-43 feeds into these pathways, or modifies motor proteins is unknown.

We discuss novel hypotheses proposed to explain SG size regulation by TDP-43.

TDP-43 is a determinant of SG size by regulating TIA-1 protein levels?

As for the involvement of TDP-43 in SG dynamics, a recent paper
exploring TDP-43’s function during stress found that knockdown of TDP-43
delayed the formation of stress granules(93). Also, TDP-43 was not necessary for
SG formation, as TDP-43 knockdown cells formed SGs in response to arsenite
stress(93). The authors argued that TDP-43 knockdown resulted in a reduction of
TIAT, which is a seed for SG assembly(7, 74, 77, 93). Although no direct
evidence of TDP-43’s regulation of TIA-1 mRNA or protein was included in this
report(93), the authors present a testable hypothesis of how TDP-43 modulates

SG assembly.

TDP-43 pathological mutants alter stress granule size through novel
protein:protein interactions?

As most pathological TDP-43 mutations span the GRR, one disease
hypothesis is that these mutations disrupt protein:protein interactions, leading to

altered splicing and cell death. Surprisingly, the TDP-43:hnRNP protein
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interaction profile fails to change in response to overexpressed pathological TDP-
43 in Hek293T cells(119). However, the lack of protein:protein interaction
changes may be due to the use of Hek293T cells for this study, which cannot

model a neuronal or glial-specific proteome(69).

Novel post-translational modifications on pathological TDP-43 mutants mediates
increased SG size in response to stress?

At present, it is unknown how post-translational modifications alter TDP-
43’s protein:protein interaction profile, or its localization. If TDP-43 is modified
similarly to other hnRNP family proteins, phosphorylation, acetylation and
methylation may play roles in its localization(45). Phosphorylation of TDP-43 is
of particular interest, as pathological TDP-43 is hyperphosphorylated in the
hippocampus, neocortex and spinal cord(138). At present, it is known that TDP-
43 is phosphorylated by casein-kinase-1(68). Additional studies are necessary to
identify novel kinases targeting TDP-43. Of particular interest with respect to
TDP-43 and stress granule dynamics is how and what modifications to TDP-43

affect the ability of it to disassemble from SGs.

Pathological TDP-43 mutants are more stable, so more TDP-43 is directed to
stress granules in response to stress relative to control?

For reasons that are not yet understood, the pathological TDP-43 mutant is
actually more stable than wild-type TDP-43(87). Therefore, one interpretation

might be that increased cytoplasmic levels of TDP-43 means more TDP-43 bound
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to mRNA transcript. And as previously shown and discussed, TDP-43 requires
mRNA binding to localize to stress granules. Therefore, more mRNA-bound

TDP-43 is directed to SGs in response to stress, resulting in larger stress granules.

Additional, testable hypotheses that might explain larger TDP-43 stress granules
from pathological TDP-43 overexpression relative to wild-type

Additional hypotheses as to why the pathological mutants generate larger
stress granules relative to wild-type include the following: first, that pathological
TDP-43 mutants alter chaperone levels, facilitating more insoluble, aggregated
and ubiquitinated TDP-43. Second, that pathological TDP-43 mutants alter
degradative pathways of the cell, generating larger stress granules. Third, that
pathological TDP-43 mutants alter microtubule stability, altering stress granule
size. These hypotheses require further testing, although they make sense in the
context of different disease hypotheses (as explained in Chapter 1: both ALS and
FTLD-U may be caused by aberrations in the degradative capacity of the cell; the
other genetic component of FTLD-U is caused by mutations in the microtubule

protein tau).

Future Directions

As previously discussed, current TDP-43 research is focused on
understanding its basic cellular functions. The TDP-43 field has come a long way
since 2006, when very little was known about its localization or functions. With

the understanding of where TDP-43 binds RNA, we have gathered an important
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idea of the function of TDP-43 in the cell. Furthermore, because FUS (another
RNA binding protein) is pathologically altered and genetically linked to both ALS
and FTLD, this strongly implicates altered RNA metabolism in disease onset. It
is necessary that a comparative approach between TDP-43 and FUS splicing
targets be completed.

Yet, to understand disease onset, an important question remains: what
initial cellular insult(s) signal TDP-43’s nuclear depletion and cytoplasmic
aggregation? I have significantly contributed to this question by defining a
physiological stressor that directs TDP-43 to cytoplasmic aggregates called stress
granules (SGs) in glial cells. As it is now recognized that pathological TDP-43
colabels with SG markers, this further reinforces the importance of my work.
Also, I have addressed how pathological mutations alter stress granule assembly,
culminating in abnormally large SGs with mutant overexpression relative to wild-
type. Moreover, | have defined the temporal assembly of overexpressed wild-
type and mutant TDP-43 during stress administration. Future studies will need to
address why and how wild-type TDP-43 stress granule assembly is delayed
relative to mutant TDP-43, in addition to how pathological mutants result in
enlarged stress granule size relative to wild-type. Finally, future studies must also
address when and how stress granules are ubiquitinated, and how this affects their

assembly and disassembly.
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Final Perspectives

Determining common etiologies of neurodegenerative diseases is integral to
improving both the diagnosis and treatment of patients. Currently, patients are
diagnosed after presenting common symptoms. Unfortunately, many symptoms
arise only after catastrophic neuronal loss has already occurred. This complicates
treatment options, etc. leading to bad outcomes for both patients and caregivers.
To improve the system, it is essential to: 1. Develop more sensitive methods to
detect the onset of neurodegeneration. 2. Identify lifestyle risk factors that lead
to neurodegeneration. 3. Identify genetic risk factors that lead to
neurodegeneration. 4. Identify common pathological changes before catastrophic
neuronal loss.

As new diagnostics are developed, treatment options can be re-addressed.
1. If early diagnosis can be established, clinical trials can be repeated. Drugs that
were not effective when administered at a later disease stage might be effective at
a pre-symptomatic stage. 2. As novel lifestyle risk factors are identified, the
public can be informed of preventative measures they can take to reduce their
risks. 3. Asnovel genes are identified, novel drugs can be developed and tested
in animal models and clinical trials.

The study of TDP-43, especially in the context of its most basic cellular
functions, is a crucial new area of neurodegenerative research. The study of TDP-
43 will allow scientists to bridge the gap in understanding how clinically diverse

disorders may have common pathological etiologies. In this respect, the study of
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TDP-43 offers the best potential for achieving the above goals, at a time when our

population is aging and in need of new therapeutic options.
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