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Abstract

Approximately 150,000 people in the USA are afflicted with or at risk for
hereditary ataxia. SCA7 is an autosomal dominant CAG/polyglutamine trinucleotide
repeat expansion disease that accounts for ~4% of all spinocerebellar ataxias in the
USA. In addition to atrophy of the cerebellar cortex and brainstem, an important feature
of SCA7, that allows it to be distinguished from the 40+ other SCAs, is a cone-rod
dystrophy form of retinal degeneration. Recent studies of ALS and CAG-polyglutamine
trinucleotide repeat expansion neurodegenerative diseases indicate that nuclear
membrane dysfunction and impaired nucleocytoplasmic transport could play pivotal roles
in SCAY disease pathogenesis; hence, here we will examine nucleocytoplasmic

transport in SCA7 mouse models and SCA7 patient tissue.
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Chapter 1. Introduction

Spinocerebellar ataxia type 7 (SCA7Y) patients suffer from cerebellar ataxia,
difficulty articulating speech, paralysis of eye muscles, overresponsive reflexes,
brainstem degeneration and retinal degeneration. The genetic causes of SCAs are
broken up into three main categories: 1) ataxias prompted by conventional mutations
(such as deletion, insertion, duplication, missense); Il) non-protein coding repeat ataxias
and Ill) ataxias caused by expanded CAG/polyQ repeats. There are over 50 genetic
disorders caused by trinucleotide CAG repeats. These three nucleotides increase in
copy number until they become unstable. This instability, depending on the region of
pathology, can then translate to defects in other proteins, changes in gene expression,
toxic gain of function in disease protein and chromosome instability (Orr and Zoghbi
2007). In 1991 it was discovered CAG repeats can cause neurological disorders and that
these repeats were unstably transmitted to offspring of affected patients (La Spada,
Wilson et al. 1991). Anticipation, which is when a genetic disorder passed on to the next
generation presents at an earlier age with more aggressive symptoms, is only found in
families afflicted with polyQ repeat induced SCAs. Unfortunately, these are the most
common types. Autosomal recessive causes of ataxia, although not as common as
autosomal dominant causes, can occur in the absence of any family history — such is the
case in Friedreich ataxia.

SCA, like many neurodegenerative diseases, takes a heavy toll on both the
patients and their families. Most of the genetic causes for SCAs have been identified but

there are likely other SCAs out there for which a genetic cause has yet to be discovered.



There are unigue pathological hallmarks found within these different SCAs, yet they all
share central nervous system (CNS) degeneration as the primary symptomology. The
bewildering thing about SCAs is the clinical diversity seen with SCA patients. The brain
regions affected by SCA pathology can not only differ in unrelated patients but can differ
amongst kindred patients as well (Enevoldson, Sanders et al. 1994).

Many of the more common hereditary ataxia’s present with significant CNS
degeneration beyond the cerebellum, reaching the brainstem and spinal cord. This
extensive degeneration is why these ataxias are referred to as spinocerebellar ataxias.
In the United states SCA 1, 2, 3, 6 and 7 make up approximately 60% of the SCAs. SCA
7 however has unique retinal pathology that separates it from the other SCAs. Although
SCA7 is not as common as some of the other SCAs - this unique pathology in SCA7
presents researchers with the opportunity to study both retinal and cerebellar
degeneration in the same disease model, which is advantageous given the difference in
these two cell types, potentially solving the mystery of cell specificity in
neurodegenerative disease. It is still not quite known how the genetic mutation that
causes SCA7 leads to the extensive retinal and cerebellar degeneration observed in this

neurodegenerative disease.

1.1 The History of SCA7

Before researchers elucidated the pathological signature of SCA7, patients
suffering from this disease were lumped in with patients suffering from other ataxias -
under the disease classification “hereditary ataxia”. In 1893 a French neurologist, Pierre

Marie, is credited for drawing attention to a group of families suffering from a particular



form of ataxia distinct from other hereditary ataxias. These unique cases of hereditary
ataxia differed from other forms in age of onset, lack of extraocular muscular control,
increased tendon reflexes, and by being autosomal dominant (Harding 1982,
Enevoldson, Sanders et al. 1994). Thus, they eventually became known as autosomal
dominant cerebellar ataxias (ADCA). Marie began to draw attention to these unique
ataxias by describing two different cases, one in 1880 and another in 1892. In the 1880
case, two siblings had presented with cerebellar ataxia and strabismus (the inability to
align one’s eyes when focusing on an object) during childhood. An autopsy conducted
on these two children showed a severely shrunken cerebellum. The second case
exhibited an adult-onset ataxia not showing clear symptoms until the third decade of life.
The patient in this case - in addition to the cerebellar ataxia — also suffered from
dementia, optic atrophy, and paralysis of the eye muscles (Harding 1982).

Due to the variability in these cases, Marie’s work was highly scrutinized. Despite
this opposition, Marie did get some recognition for realizing these cases were different
than conventional hereditary ataxias. In the early 1900s, there was still some confusion
as to how to classify patients with these unconventional forms of ataxia. The families
reported with this disease, due their level of pathological variability, were divided up into
cases of olivopontocerebellar atrophy (OPCA), cerebello-oliviary degeneration and
parenchymatous cortical cerebellar atrophy. Although the scientific community was not
yet sure as to why these patients were so heterogeneous in terms of age of onset and
clinical features between both kindred and non-kindred patients, - by 1970, Konigsmark
and Weiner were credited for establishing a subcategory for these patients experiencing

ataxia and retinal degeneration they termed OPCA III/ADCA Il (Weiner, Konigsmark et
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al. 1967, Konigsmark and Weiner 1970). It wasn’t until the late 1990s, following the
discovery of the CAG repeats involvement in ADCA II, when the genetic loci implicated

in ADCA |l was discovered and named the SCA7 locus.

1.1.1 The mutation that causes SCA7

SCAT7 is an autosomal dominant CAG/polyglutamine trinucleotide repeat
expansion disease in the ATXN7 gene. SCA7 accounts for approximately 4% of SCA
cases in the United states. The ATXN7 gene normally has 7-27 CAG repeats. In SCA7
patients the CAG repeat can extend anywhere from 37 — 460 repeats, with the lower
repeats causing adult onset SCA 7 (Nardacchione, Orsi et al. 1999, van de Warrenburg,
Frenken et al. 2001, Michalik, Martin et al. 2004). Repeats 60 -100 and >100 result in
Juvenile onset and Childhood onset, respectively (La Spada 1993). There are also some
reports of individuals that fall in the middle with 28-33 repeats that are meiotically
unstable but are not associated with an abnormal phenotype and 34-36 repeats with
reduced pathogenic penetrance, meaning if phenotypical manifestations do occur, they
are late onset and considered mild (Lebre and Brice 2003).

Unfortunately, when individuals have CAG repeats within these middle ranges -
they can go on to produce offspring with full penetrance. SCA7 is the most unstable out
of all the CAG repeat disorders. In fact, SCA7 instability is so high with paternal
transmission it can lead to massive expansions - causing in utero pathology(La Spada
1993). Because of this, anticipation is a major concern for SCA7 patients and the
doctors that treat them, leaving patients and their loved ones to rely on genetic

counseling for prenatal and preimplantation genetic testing to produce offspring.



1.1.2 SCAT7 repeat length dependent pathology

As alluded to previously, there are hallmarks to SCA7 that are shared by all
patients. However, like other neurodegenerative diseases due to polyQ expansions,
CAG repeat length does influence the severity and progression of SCA7 pathology. For
patients with CAG repeats ranging from 37-59, progression of the disease is considered
slow when compared to higher CAG repeat lengths and leads to adult onset, with
cerebellar degeneration generally preceding the progression of the ocular phenotypes.
In contrast, patients with repeats > 59 generally develop visual impairments first -
followed by ataxia. Notably, the disease-causing threshold (between 35-40 CAG
repeats) is shared by most polyQ length dependent diseases. The ataxia is brought on
by extensive cerebellar and brainstem degeneration (La Spada 1993, Johansson,

Forsgren et al. 1998).

1.1.3 The Neuropathogenesis of SCA7

Surprisingly, MRI studies have shown that degeneration may actually occur in
the pons, located in the brainstem, prior to the conventional cerebellar degeneration
associated with SCA7. This finding suggests the primary site of disease-causing
degeneration may be located in the brainstem rather than the cerebellum (Bang, Huh et
al. 2003, Bang, Lee et al. 2004). As the name suggest of course, there is extensive loss
of cerebellar Purkinje cells (PCs) and demyelination of pyramidal tracts and posterior
columns of the spinal cord in SCA7. In SCA7, caspase-7 mediated cleavage of mutant
Ataxin-7 results in truncated Ataxin-7 containing the amino-terminus and polyQ tract but

lacking its nuclear export signal (NLS) (Young, Gouw et al. 2007). In turn, this causes



nuclear inclusions (NIs) to form in affected cells. These inclusions are essentially
clumps, made up of short fragments of mutated misfolded Ataxin-7 and a host of other
proteins. It is hypothesized these Nls play a role in causing degeneration. However, non-
disease affected cells also have NlIs — suggesting Nls alone are not responsible for the
unigue degeneration observed in SCA7 patients (Holmberg, Duyckaerts et al. 1998,
Takahashi, Fujigasaki et al. 2002). Due to the non-cell autonomous nature of
degeneration - seen in SCA2, SCA3 and now SCA7 - researchers began to postulate
how SCA7-induced degeneration of PCs could be driven by unhealthy neighboring cells.
Our lab hypothesized unhealthy Bergmann glia could be one of the driving forces of
SCA7-induced PC degeneration. Experiments done on SCA7 mouse models suggest
that although misfolded mutant Ataxin-7 in Bergmann glia is not the sole cause of SCA7
PC degeneration, it does have an effect. This effect is brought about by both
excitotoxicity caused by preventing Bergmann glia mediated glutamate reuptake in PC
synapses and potentially altered glial neurotrophic factor secretion (Custer, Garden et al.
2006). To further understand the molecular logistics of SCA7 pathology, we must

understand the normal location and function of Ataxin-7.

1.1.4 Normal Ataxin-7 cellular and subcellular expression

Normal Ataxin-7 is expressed in the retina, brain and peripheral tissues such as
testes, the thyroid gland and striated muscle. Immuno-histochemistry results show
Ataxin-7 neuronal cell body/processes expression is most intense in the subiculum,
inferior olive, dentate gyrus, cerebral isocortex, striatum, hippocampus, pallidum,

substantia nigra, reticular formation, and nuclei pontis. Weaker Ataxin-7 expression was



found in the lateral geniculate body and thalamus — with the weakest expression seen in
PCs. Ataxin-7 is also located in the retina, specifically the inner plexiform layer ganglion
cells, the cell bodies of the inner nuclear layer and optic nerve fibers. Some non-
neuronal expression was also found in cortical astrocytes.

When taking a closer look, researchers discovered Ataxin-7 expression is found
predominantly in the cytoplasm with some expression in the nucleus as well. This dual-
residency makes sense, given that Ataxin-7 has three nuclear localization signals (NLS)
and one Nuclear export signal (NES) — thus allowing it to actively move back and forth
across the nuclear membrane via nuclear pore complexes (NPCs) (Trottier, Lutz et al.
1995, David, Abbas et al. 1997, Holmberg, Duyckaerts et al. 1998, Kaytor, Duvick et al.
1999, Mauger, Del-Favero et al. 1999). The specificity of cells affected by SCA7

remains perplexing, given the ubiquitous expression of Ataxin-7.

1.1.5 The normal function of Ataxin-7 as well as its role in SCA7
pathology

The exact function of Ataxin-7 is not known. However, there are some relatively
recent discoveries that suggest what Ataxin-7’s function might be. Biochemical studies
revealed Ataxin-7 to be part of the STAGA transcription coactivator complex (Helmlinger,
Hardy et al. 2004, Palhan, Chen et al. 2005). These large protein complexes facilitate
interactions between transcription activators and the RNA polymerase Il transcription
complex. Most of the work done to explicate STAGA complex function has been done in
the yeast equivalent SAGA complex. The SAGA complex has histone acetyl transferase
activity (HAT), allowing for SAGA to turn genes on or off, making it a major regulator of

transcription (Sanders, Jennings et al. 2002, McMahon, Pray-Grant et al. 2005, Timmers
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and Tora 2005). Both in vivo and in vitro studies support a role for STAGA in DNA
damage repair (Martinez, Palhan et al. 2001).

Studies in yeast, retina and neuron-like cells showcase how mutant CAG repeat
Ataxin-7 can hinder proper HAT activity, thus providing the grounds for the hypothesis:
mutant Ataxin-7 triggers some aspects of molecular pathogenies by interfering with
STAGA complex HAT activity - ultimately leading to deleterious changes in protein
expression (Palhan, Chen et al. 2005). Unfortunately, this still does not explain the
specific pathological signature seen in SCA7, given that STAGA is a broadly utilized
transcription co-activator complex. The scientific community may be able to find some
clarity in the identification of specific STAGA dependent transcription factors whose

altered function explains some aspects of SCA7 pathology.

1.2 Treating SCA7

Unfortunately, there are no available treatments that can stop or reverse the
progression of SCA7 degeneration. Instead, doctors resort to supportive treatments to
alleviate symptoms and improve quality of life. This includes both physical/occupational
therapy. Physical therapy (PT) is aimed at improving mobility and function through
muscle strengthening, gait training and balance exercises. Occupational therapy (OT)
aims to make everyday activities or occupations more accessible to patients by utilizing
adaptive devises such as canes, walkers, ramps and weighted eating utensils. There are
also some pharmacological treatments available that decrease symptoms, such as:
Amantadine a dopamine promoter, Buspirone an anxiolytic and riluzole a glutamate

blocker. Trans magnetic stimulation (TMS), which is a honinvasive form of brain



stimulation that utilizes magnetics to induce electrical current in targeted brain regions, is
also currently being evaluated as a potential treatment option for ataxia.

Low vision aids and consultations with agencies for visually impaired are the
standard Ophthalmologic treatments. There are also speech and feeding therapy
avenues for patients suffering from dysarthria and dysphagia, respectively. To address
the psychiatric and cognitive struggles that come along with SCA7, patients are
recommended cognitive/behavioral therapy and are given the standard treatments for
depression, anxiety and psychosis. Given that SCA7 is an autosomal dominant disease,
meaning each child of an affected parent has a 50% chance of inheriting the disease,
and due to the high anticipation found with SCA7, there are also genetic counseling
resources provided to SCA7 patients and their families. Although predictive testing is not
recommended for asymptomatic minors at risk for adult onset SCA7, prenatal and
preimplantation genetic testing for SCA7 is available. By examining nucleocytoplasmic
transport in SCA7 retinal and cerebellar degeneration, we will be assessing a pathway
that could be targeted for therapy development with potential applications across a wide

range of retinal and/or cerebellar degenerative diseases.

1.3 N/C Transport

Passive and active transport are the two means by which molecules travel across
the nuclear envelope. Molecules < 40kDa can be passively transported, while larger
macromolecules must rely on active transport. Active nuclear cytoplasmic transport (N/C
transport) is facilitated by massive ~125 MDa transmembrane protein structures called

nuclear pore complexes (NPCs) (Reichelt, Holzenburg et al. 1990). A nuclear membrane



contains ~3000 NPCs regulating the transport of RNA and proteins between the
nucleoplasm and cytoplasm, allowing for eukaryotes to better regulate gene expression
(Maul, Maul et al. 1972, Dultz and Ellenberg 2010). These long-lived agueous protein
channels are made up of ~30 different proteins termed nucleoporins (NUPS). During
interphase and immediately after mitosis, a fully assembled NPC is made of duplicate
copies of NUPs creating one of the biggest protein complexes in the cell constructed
from ~500 total NUPs. The NUPs are organized into sub-complexes that are located in
one of the 5 different NPC structures: cytoplasmic filaments, cytoplasmic ring, central
pore, nuclear ring and nuclear basket. Within the central pore there is a collection of
Nups referred to as phenylalanine-glycine (FG) Nups. These FG Nups contain domains
with extensive FG repeats which interact with the FG domains of other FG Nups forming
a gelatinous matrix capable of filtering cargo transport through the pore (Zeitler and Weis
2004). In addition to the NPC structures, - there are nucleoplasm and cytoplasmic free-
floating proteins that help facilitate nuclear export and import, respectively. These
proteins are collectively referred to as karyopherins.

Importin-a. and importin-f are karyopherins that function in the cytoplasm, as the
name suggest, these proteins facilitate nuclear import. Typically, in the event of nuclear
import, importin-o. seeks out the protein to be imported by identifying the protein’s
nuclear localization signal (NLS). Importin-f then binds importin-o. to form a trimeric
import-complex. Importin-p navigates the complex to the NPC cytoplasmic filaments.
The import-complex moves through the NPC and into the nucleoplasm. In the

nucleoplasm, RanGEF maintains a high RanGTP gradient. With the high concentration
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of RanGTP in the nucleus, RanGTP binds importin-p triggering the release of the cargo.
the newly formed RanGTP/karyopherin complex is sent back out to the cytoplasm where
it is disassembled by RanGAP1-mediated GTP hydrolysis, primed for the next round of
import (Newmeyer 1993, Fahrenkrog and Aebi 2003, Kose and Imamoto 2004).
Nuclear export is opposite to nuclear import. To be exported, cargo (in most
cases RNA) must have a nuclear export signal (NES). An exportin binds this NES and
then binds RanGTP, forming an export complex. This export complex travels to the
nuclear basket and then makes its way through the NPC to the cytoplasm where
RanGAP1 hydrolysis of RanGTP triggers the release of the cargo. The NPC,
karyopherin’s and other transport proteins all play a part in facilitating the graceful ballet
that is N/C transport, with first order kinetics capable of ~1000 translocations a second
(Newmeyer 1993, Ribbeck and Gorlich 2001, Jamali, Jamali et al. 2011). Despite the
demands of N/C transport NUPs also have N/C transport independent functions at

certain stages in the cell cycle.

1.3.1 N/C transport’s role in Neurodegenerative disease

N/C transport has been investigated in disorders such as cirrhosis, neoplasms,
and viral infection. There has been a movement to investigate N/C transport in
neurodegenerative disease to expand understanding and treatment options. Past
research shows N/C transport is obstructed in neurodegenerative diseases like
Huntington’s Disease (HD), Alzheimer’s Disease (AD) and Amyotrophic lateral sclerosis
(ALS)(Schilling, Becher et al. 1999, Sheffield, Miskiewicz et al. 2006, Kinoshita, Ito et al.

2009, Grima, Daigle et al. 2017, Bennett, Dastidar et al. 2018, Eftekharzadeh, Daigle et
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al. 2018, Coyne, Zaepfel et al. 2020). HD and ALS, like SCA7, are also polyglutamine
CAG repeat diseases. To date, at least nine CAG repeat disorders are currently being
researched: HD, ALS, spinal and bulbar muscular atrophy (SBMA), dentatorubral-
pallidoluysian atrophy (DRPLA) and SCA 1,2,3,6,7,17. Studies in both human and
animal models suggest CAG repeat disease pathology is brought on by a toxic gain of
function in the respective disease genes. Nuclear inclusions (NIs) occur in all CAG
repeat diseases. CAG repeat disease human and murine models have shown Nlis are
made up of polyq stretches and the causative gene products of each disease(Yamada,
Sato et al. 2008). Also, all CAG repeat diseases are known for specific regional
pathology although the mutated genes in question are expressed ubiquitously
throughout the patient. The exact cause for hallmark CAG repeats disease pathological
phenomena is not yet known. Although these diseases have unique pathological
signatures when it comes to symptomology and regions affected by degeneration, given
the aforementioned similarities, it is reasonable to expect that the cellular and molecular

mechanics behind this unique pathology may also be shared.

1.3.1.1 N/C transport’s role in Alzheimer’s disease

Like SCA7 an aspect of AD pathophysiology is the formation of Nis also known
as protein aggregates. In AD these tau protein aggregates are called neurofibrillary
tangles (NFTs). Sheffield et al., 2006 set out to test the hypothesis: “Do changes in the
NPC contribute to the abnormal filamentous aggregates found in AD”. To address their
hypothesis, they performed IHC on tissue collected postmortem from AD patients and

age matched controls which showed no signs of neuropathological disease. They
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proceeded to conduct their analysis for nuclear irregularities using Nup62 staining to
delineate the nuclear membrane. Quantifying Nuclear irregularities is a common metric
used to assess potential N/C transport deficits. Confocal imaging for the florescent
Nup62 antibody showcased how nuclear envelope irregularities such as folds and
contours are present in tangle-bearing AD neurons. A DAB IHC stain in hippocampal
CA1 and CA4 neurons complemented the fluorescent IHC results, by showing nuclear
irregularities are 10 times higher in CA1 neurons and 4 times higher in CA4 neurons,
compared to elderly controls. It should be noted that these results from CAl and CA4
neurons fell just short of significance with p-values of .059 and .058, respectively. These
results are promising but require further experimentation to confirm a link between NFTs
and nuclear irregularities.

Next the authors wanted to explore a relationship between nuclear irregularities
and apoptosis. To do this they used apoptotic markers such as TUNEL (end-stage
marker) and active caspase-3 (an enzyme both involved in early-stage apoptosis and
cleavage of tau and amyloid precursor protein). These results showed neither TUNEL
nor caspase-3 expression were altered in Nup62 labeled AD patient CA1 pyramidal
neurons with nuclear irregularities when compared to control neurons. This suggest
there is no link between apoptosis and the formation of nuclear irregularities.

Following these results, the authors stained for NTF2 in AD patient CA1
pyramidal neurons. NTF2 plays a role in maintain the crucial RanGDP-RanGTP
gradient, by transporting RanGDP into the nucleus for proper N/C transport. NPC
associated protein NTF2 was found to be heavily associated with aggregates in 4 out of

5 of the AD cases assessed in CA1 pyramidal neurons (Sheffield, Miskiewicz et al.
13



2006). The authors were not exactly sure how NTF2s association with aggregates
translates to N/C transport defects. Perhaps rescue experiments by overexpressing
NTF2 in cell culture or animal models could reveal the significance of these results.
These findings do suggest a link between changes in N/C transport protein expression
and AD pathology. In particular with Nup62 labeled nuclear envelope convolutions and
NTF2 positive tangles in AD patient tissue. However, a lot more work must be done to
strengthen this link.

A little over ten years later Eftekharzadeh et al., 2018 took this AD N/C transport
work a step further by aiming to show tau interacts directly with NPC proteins to facilitate
AD pathophysiology. Phospho-tau-positive cells in human AD and tau transgenic mice
were used to explore the link between NFTs and N/C transport proteins. The human
brain tissue was collected from AD patients while the control tissue was collected from
age and sex match Braak 1 controls lacking cognitive impairments. Braak 1 is a
classification used to delineate individuals who have very little cellular tau aggregation.

Immunostaining for NPC[414], which labels FG domains in many Nups including
Nup62, in AD patient hippocampal neurons showed NPC[414] expression was mostly
cytoplasmic. This was in contrast to the nuclear membrane expression of NPC[414]
found in control tissue. The authors also claimed NPC[414] was colocalized with
Phospho-tau (P-tau), the primary constituent of NFTs, at the nuclear membrane in AD
patient hippocampi. Although the immunostaining results from AD patient hippocampal
neurons showing FG Nup expression is primarily cytoplasmic are convincing, the co-

staining for NPC [414] and P-tau images are not enough to suggest colocalization.
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Following the results showing FG-Nup staining was cytoplasmic the authors
hypothesized tau causes the release of FG-Nups from the NPC by interacting with the
NPC directly. To test this hypothesis the authors shifted their focus to Nup98 staining,
which required a different antibody since that NPC[414] does not label Nup98. They
chose Nup98 given it is one of the most abundant Nups and has the highest FG domain
count of the FG-Nups. While Nup98 labeling was present in both the nucleoplasm and
cytoplasm in control tissue, in the AD patient tissue Nup98 was predominantly
cytoplasmic. The authors also collected IHC images to show Nup98 colocalization with
NFTs. However, as before, this colocalization was not definitive. They also showed
Nup54 and Nup Pom121 had normal nuclear localization. They suggest these findings
show Nup cytoplasmic mislocalization is not general but rather specific to certain Nups,
such as Nup98 and Nup62.

Since it is known tau aggregation is triggered by polyanionic compounds such as
RNA the authors wanted to see if Nup98, particularly the highly negatively charged
Nup98 C termini, could trigger tau-tangle formation. Using a plate reader, they measured
the fluorescence of Thioflavin-S, a marker which binds to f-amyloid plagues. These
quantifications showed that simply incubating Nup98 with mutant tau for a few days led
to tau-aggregation. Nup98 did not cause WT tau to form aggregations. These findings
were confirmed with immune-EM and western blot results that showed only a 1 to 8 ratio
of mutant Tau to Nup98 is required to form tau aggregates in-vitro.

By performing high-resolution optical sectioning microscopy, the authors showed
p-tau also interacts with Nup98 and Nup62 at the nuclear membrane in AD patient

hippocampal nuclei. These results show how p-tau can also interact with Nups anchored
15



to intact NPCs in AD. More specifically, p-tau interacts with the N-terminal FG domain of
Nup98. The authors discovered this by using surface plasmon resonance (SPR), an in
vitro technique which allows for label free measuring of biomolecular interactions in real
time. The SPR results showed the p-tau/Nup98 interactions might not necessarily be
dependent on the FG domain but this interaction is restricted to the N-terminus of
Nup98, being absent in the negatively charged C-terminal domain.

Subsequently, the authors set out to explore the effects p-tau/Nup interactions
have on the NPC and N/C transport. To start, they assessed passive transport in nuclei
with various degrees of tau tangle expression by measuring the influx of fluorescent
dextrans with different molecular weights in a dextran size exclusion assay. As
mentioned previously, we know molecules with molecular weights smaller than ~40-kDa
passively diffuse through NPCs while molecules >40kDa must be actively transported
with the aid of karyopherins. In AD cells with severe tau-tangle nuclear expression
70kDa and some 500kDa dextrans diffused into the nuclei. This suggests tau pathology
in AD patient tissue causes leakiness of the NPCs.

Ran Immunolabeling in human AD and control nuclei revealed Ran is mis-
localized to the cytoplasm in AD, rather than being diffusely expressed in the nucleus as
it is in control tissue. Ex vivo studies on primary cultured murine neurons showed soluble
non-aggregated tau also leads to Ran mislocalization. This suggest phosphorylated tau,
independent of aggregations, is sufficient to cause N/C transport defects. To explore the
N/C transport defects brought on by p-tau in more detail the authors developed assays
to observe active nuclear import and export of fluorescent proteins. Primary cortical

neurons were transduced with a shuttle reporter lenti viral construct containing
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NLS:tdTomato:NES. They then conducted live cell imaging using Fluorescence recovery
after photobleaching (FRAP) on the transduced neurons. They bleached the
NLS:tdTomato:NES expressing nucleus of neurons that had been incubated with high
molecular weight (HMW) AD protein (to trigger aggregate formation). They then
measured the rate of tdTomato florescent recovery. The AD cells that had been
incubated with HMW AD protein for as little as 24 hours showed a highly significant
decrease in the nuclear NLS:tdTomato:NES rate of recovery, suggesting nuclear import
is negatively affected by AD pathology. By expressing another construct in neurons
treated with HMW AD protein for 24 hours they showed nuclear export was also
affected, when they found the NES construct was restricted to the nucleus.

Now the authors wanted to see if they could rescue some of the N/C transport
defects caused by AD pathology. They reasoned if they could prevent mutant tau build
up and aggregation in their AD model transgenic mouse lines (rTg4510 & rTg2122) they
could rescue Nup mislocalization. They added doxycycline (DOX) to the mice diet for 6
months. DOX suppresses the human tau transgene. Immunostaining for Ran in 12-
month-old DOX treated rTg4510 mice showed the attempted rescue had worked. The
rTg4510 12-month-old untreated DOX mice showed severe Ran mislocalization to the
cytoplasm while the DOX treated mice showed similar Ran nuclear expression to the
control WT mice. Nup98 nuclear membrane expression was restored to control levels as
well with the 6 months DOX treatment. The authors also showed that shRNA mediated
knockdown of Nup98 also facilitated a rescue in primary neurons from human tau

expressing transgenic mice. Anti-Nup98 shRNA treated Neurons, with a ~70% reduction
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in Nup98, showed an almost complete rescue of the Ran nucleoplasmic:cytoplasmic
ratio to control levels.

The authors here conducted a very thorough investigation of tau induced N/C
transport defects. These authors set out to determine if Tau interacts directly with NPC
proteins, hindering their localization and function. Although they present sufficient
evidence that the p-tau Nup98/Nup62 interactions are direct, further exploration is
needed to confirm this tau/Nup interaction can occur at the nuclear membrane. High-
resolution single nuclei imaging of AD hippocampal tissue showed tau/Nup colocalized
to the membrane while immunostaining of AD patient brain tissue did not show
colocalization. This discrepancy could be due to the increased resolution of single nuclei
imaging. The live cell imaging, Nup98 knock down and DOX treatment studies present
strong evidence for the functional consequences to N/C transport in AD and how
paramount Nup98 and tau aggregate formation are to its pathology (Eftekharzadeh,

Daigle et al. 2018).

1.3.1.2 N/C transport’s role in Amyotrophic lateral sclerosis

Kinoshita et al., 2009 set out to answer two questions: 1) Is dysfunctional N/C
transport involved in ALS pathology? 2) Do dysfunctional NPCs lead to Importin
alpha/beta and importin alpha/beta-dependent cargo mislocalization? This paper, like
the AD paper mentioned above, used antibodies to label Nups. Here they labeled for
Nups located in different regions of the NPC: Cytoplasmic ring Nup88, Central channel
Nup62 and nuclear basket Nup153. These Nups where chosen because it has been

shown that cargo bound karyopherin’s entering the nucleus bind Nup88 proceeding to
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bind Nup62 and Nup153 with increasing affinity. Authors collected human and murine
tissue for IHC. Human postmortem spinal cord tissue was collected from 7 sporadic ALS
(SALS), 4 familial ALS (FALS) patients and 6 age-matched patients, showing no signs of
neurological or neuropathological damage. Murine lumbar spinal cord tissue was
collected from five ALS G93 SOD1 transgenic (Tg) mice from each pathological
timepoint: presymptomatic stage (prior to motor dysfunction), early symptomatic stage,
middle symptomatic and late symptomatic.

Images from both human and murine control IHCs revealed nucleoporin
immunolabeled smooth nuclear membranes, contrasting the more convoluted and
irregular nuclear membranes found in ALS patient and Tg mouse spinal cord tissue,
found as early as the presymptomatic stage in Tg mice. Double immunofluorescence
conducted on ALS patient AHCs for Nup62 and Importin-beta revealed importin-beta
immunoreactivity to be lacking in the AHCs with irregular convoluted nuclei, whereas in
control tissue it is present in both the cytoplasm and nuclei. These results complement
the murine results published by the authors in a previous publication that showed how
importin-beta is lacking from the nucleus and increased in the cytoplasm of ALS model
mice compared to controls. Another double stain for Nup62 and caspase-3 in Tg mice
showed Nup62 stained irregular nuclear membranes were present in AHCs lacking
Caspase-3 immunoreactivity, suggesting apoptosis is not the cause for the heightened
convoluted nuclei found in Tg mouse AHCs (Kinoshita, Ito et al. 2009).

When these results are taken together with the AD Sheffield study, the hindrance
of Nup62 mediated import of NTF2 and importin-beta in AD and ALS mouse models,

respectively, suggest aspects of N/C transport can be perturbed as a result of the
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heightened nuclear membrane irregularities related to the neurodegeneration pathology
found in ALS and AD. Unfortunately, the exact cause of the nuclear folds associate with
ALS are still not known. Similar to the previously mentioned AD discoveries, further
experiments are required to assess the functional affect ALS pathology has on N/C
transport. Live cell imaging techniques such as fluorescence recovery after
photobleaching (FRAP), which I will elaborate on further in chapter 3, may prove useful

in exposing potential pathologically induced functional deficits in N/C transport.

1.3.1.3 N/C transport’s role in Huntington’s disease

Comparatively, a fair amount of work has been done exploring N/C transport and
N/C transport proteins in Huntington’s disease (HD). Suhr et al., 2001 conducted protein
blotting, IHC and proteomics on HD construct transfected HEK 293 cells to tease apart
the complex tangle of proteins that make up HD intracellular inclusions. They found
these inclusions contain aggregates of mHTT, HD-RAN proteins and other proteins such
as Nup62 (Suhr, Senut et al. 2001). Basel-Vanagaite et al.,2006 Isolated DNA from
Infantile bilateral Striatal Necrosis (IBSN) patient blood samples. IBSN is a fatal
neurodegenerative disease that presents with striatal and globus pallidus degeneration.
Through the use of genomic techniques with IBSN patient blood samples and
proteomics with patient derived lymphoblastoid cells, they concluded mutated Nup62
causes IBSN (Basel-Vanagaite, Muncher et al. 2006). This is of course interesting given
that HD pathology, in part, also presents as striatal degeneration. The most
comprehensive study of all is Grima et al., 2016, were they hypothesized mHTT directly

disrupt N/C transport at the NPC. The authors collected data from multiple HD models: a
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transgenic HD mouse model, HD patient derived induce pluripotent stem cells (IPSCs)
and brain tissue from HD and juvenile HD (JHD) patients.

The authors used immunofluorescence to assess the localization of various Nups
and NPC-associated proteins in post-symptomatic transgenic HD model mice
expressing human HTT. They found both RanGapl and Nup62 were localized with
mHTT nuclear aggregates found in striatal and cortical neurons. They then went on to
tease apart the difference between soluble (cytoplasmic) and insoluble (nuclear
membrane) mHtt and RanGapl levels in HD mouse striatum. While levels of striatal
insoluble mHtt increased with disease progression, as expected given the formation of
nuclear aggregates, insoluble RanGapl levels decreased. Following this discovery, they
reasoned, given that the RanGap1l was aggregating with insoluble mHtt, if they could
decrease insoluble mHtt in the transgenic mice they could potentially rescue the decline
in nuclear membrane associated RanGapl brought on by HD pathology. To test this
theory, they used a cell fractionation procedure to assess mouse striatal tissue that had
been treated with microRNA (miRNA) designed to ultimately hinder the formation of
insoluble mHtt. Soluble nuclear membrane associated RanGapl levels were restored in
this murine striatal tissue, suggesting the formation of insoluble mHtt inclusions cause
RanGapl mis localization.

To assess RanGapl and Nup62 localization in HD patients, the authors
collected postmortem brain tissue from HD and JHD patients, JHD presenting much
earlier and progressing faster than HD. IHC performed on striatal and cortical cells from
HD and JHD brain sections showed RanGapl was either mislocalized or aggregated in

the nucleus. RanGap1 nuclear mislocalization and aggregation was more common in
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JHD, as expected given the more aggressive pathology associated with this disease.
Although Nup62 was not aggregated in HD or JHD tissue, Nup62 was mislocalized to
the either the cytoplasm or nucleus in striatal cells. This finding is consistent with the
Basel-Vanagaite et al.,2006 publication, mentioned previously, on how Nup62 mutations
lead to targeted striatal pathology in IBSN. The HD patient tissue results were validated
in HD IPSNs. Nuclear and cytoplasmic ratios were calculated for Nup62 and RanGap1
via immunofluorescences. The results showed both Nup62 and RanGap1 were
mislocalized to the cytoplasm.

Logically, the authors decided to see if they could rescue some aspects of HD
pathology by overexpressing RanGAPL1 in primary mouse cortical neurons. These
cortical neurons were transfected with either a full-length HTT 22Q-eGFP (control) or
HTT 82Q-eGFP (HD) construct. By overexpressing RanGAP1, a nuclear condensation
assay revealed cell death had significantly decreased in the 82Q cells. Suggesting that
RanGapl mislocalization causes the cell death observed in HD pathology (Grima, Daigle
et al. 2017). To date this is one of the most comprehensive publications addressing N/C
transport defects in a neurodegenerative disease. By utilizing murine, human, and
human stem cells models the authors showed how HD pathology can have deleterious
effects to N/C transport, via protein mislocalization and aggregation. Additionally, the
authors validate their findings by conducting rescue experiments. This raises the
guestion: what other neurodegenerative diseases share this N/C transport pathology
found in AD, ALS, and HD? The goal of my thesis work is to help in answering this

guestion for SCA7.
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Chapter 2. Analysis of nuclear membrane morphology in
a mouse model of SCA7

2.1 Introduction

SCA7 is an autosomal dominant CAG/polyglutamine trinucleotide repeat
expansion disease that accounts for ~4% of all SCAs in the USA. Recent in-vitro and in-
vivo studies of AD, ALS and HD indicate that nuclear membrane dysfunction and
impaired nucleocytoplasmic transport could play pivotal roles in SCA7 disease
pathogenesis. In HD, mutant huntingtin co-aggregates with RanGap1 and certain
nucleoporins (Nups) hindering efficient nucleocytoplasmic (N/C) transport (Grima, Daigle
et al. 2017). Since SCA7, like HD, is caused by a polyglutamine repeat expansion in the
causative gene that forms mutant protein aggregates, | set out to confirm the formation
of polyQ-ataxin-7 aggregates in our 266Q SCA7 mouse model and to determine if
murine nuclear membrane morphology suggest N/C transport defects.

In this chapter | will first present my results from IHCs with anti-ataxin-7
antibodies to detect polyQ-expanded ataxin-7 protein aggregates in the retina,
hippocampus and cerebellum of SCA7 knock-in mice, focusing on symptomatic (8.5 to
10-week-old) SCA7 266Q knock-in mice and littermate control mice (n = 3 / group,
matched for age and sex). Second, | will present the nuclear membrane morphology of
neurons in the retina and cerebellum by showing immunostaining images for the
membrane associated N/C transport factor RanGAP1 (n = 3 / group, matched for age
and sex) and nuclear membrane marker Lamin B1 (n = 2 / group, matched for age and
sex) in symptomatic SCA7 266Q knock-in mice and WT littermates. | will present two

different metrics: Contour ratio and the frequency of nuclear membrane defects in
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control and SCA7 cohorts, as our lab has done previously for ALS4 mouse models
(Bennett, Dastidar et al. 2018), to assess the occurrence of nuclear membrane
abnormalities in SCA7 neurodegeneration. Based on results from the aforementioned
studies in AD, ALS and HD, we hypothesized that nuclear membrane defects would

occur more frequently in SCA7 model mice compared to controls.

2.2 Materials and Methods
2.2.1 Generation of SCA7 model mice

The murine SCA7 gene shares 88% homology with the human gene (Strom,
Jonasson et al. 2002). This makes SCA7 mouse models invaluable resources in the
study of SCA7 pathophysiology. For the work presented here in this chapter, we used
266Q knock-in mice. To create the Sca7 knock-in construct, PCR amplified patient
genomic DNA was ligated into mouse Sca7 exon 3. Following subsequent ligations, this
initially unstable 306 CAG repeat construct contracted to a more stable 266 CAG
repeats. 2.3kb downstream from exon 4, loxP-flanked neomycin resistance (Neo) and
Thymidine kinase (Tk) genes were inserted into the Sacl site. This SCA7 knockin
construct was electroporated into embryonic stem (ES) cells. Following the
electroporation of the knock-in construct, Cre recombinase was electroporated into
positive ES clones to allow for the excision of the Neo/Tk selection cassette.
Subsequently, chimeras were generated by injecting C57BL/6J blastocytes with correctly
targeted ES cells. These chimeras were bred with C57BL/6J females to generate SCA7

266Q/5Q knock-ins (Yoo, Pennesi et al. 2003).
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2.2.2 Collection of tissue from SCA7 mice & control littermates

8.5-week-old post-symptomatic 266Q Mice and age matched WT littermates
were transcardially perfused with 1 X PBS, then 4% paraformaldehyde (PFA). Following
the perfusion, the intact brain and eyes were dissected out. While the brain was
immediately equilibrated in 30% sucrose/PBS, the eyes were snipped at the corneas
and placed in 4% PFA overnight and then placed in 30% sucrose. Both murine tissues
were then embedded in OCT (Tissue-Tek). 20 um coronal sections, for both tissues,

were collected on a Leica CM3050s cryostat directly onto slides.

2.2.3 Conducting IHC to identify ATXN7 aggregates and assess
nuclear membrane morphology

Sections were blocked in 5% goat serum in 1 X PBS and 0.1% Triton X-100 for 1
hour at room temperature. For the Ataxin-7 aggregate staining, sections were incubated
for 24 hours in primary antibodies: Mouse anti-RanGap1 (1:250, Cat. No. sc-28322,
Santa Cruz) and Rabbit anti-Ataxin-7 (1:500, Cat. No. PA1-749, Thermo). To quantify
nuclear membrane abnormalities in Purkinje Cells, cerebellar sections were incubated in
primary antibodies: Rabbit anti-Lamin B1 (1:250, Cat. No. ab16048, Abcam) and Mouse
anti-Calbindin (1:500, Cat. No. C9848-100UL, Sigma). To quantify nuclear membrane
abnormalities in retinal neurons, retinal sections were incubated in Anti-Rhodopsin
(1:500, Cat. No. ab5417, Abcam) and Rabbit anti Lamin-B1. Secondary antibodies used
were goat anti-mouse Alexa Fluor PLUS 594 (1:500, Cat. No. A-11032, Thermo), Goat
anti-rabbit Alexa Flour 488 (1:500, Cat. No. A-11034), Goat anti-rabbit Alexa Fluor PLUS
555 (1:500, Cat. No. A32732) and Goat anti-mouse Alexa Fluor PLUS 488 (1:500, Cat.

No. A32723). Following the secondary antibody incubation, all sections were incubated
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in Hoechst 33342 (1:10,000, Cat. No. H1399, Thermo) for 5 mins to identify nuclei.
Sections were imaged using a Nikon Al confocal at 10x 20x and 60x magnification.

Experimenter was blind to genotype during sample preparation and imaging.

2.2.5 Data analysis and statistics
All data were analyzed using Microsoft excel. To quantify the percentage of cells

with nuclear convolutions we used a two-sample t-test assuming equal variances. To

4Tt X area

guantify the contour ratio, represented by the equation we plugged in the

perimeter?
area and perimeter for each cell in excel for the equation. The contour ratio is
represented on a scale from 0 to 1, with 1 being the most circular and 0 being the least
(Scharner, Brown et al. 2011). For both analysis methods to evaluate nuclear membrane
morphology, significance was assumed at p<0.05. Finally, to control for antibody
variability, two different antibodies, anti-Rangapl and anti-Lamin B1, were used to
delineate the nuclear membrane. To control for individual mouse variation in the IHC,
three mice per genotype were used for Rangapl staining and two mice per genotype

were used for Lamin B1 staining.

2.3 Results

2.3.1 Ataxin-7 aggregates in retinal, cortical and cerebellar mouse
tissue

Immunostaining with antibodies for ataxin-7 and RanGapl (to delineate the
nuclear membrane) revealed intranuclear ataxin-7 aggregates in the ganglion cell layer

(GCL) and Inner nuclear layer (INL) in post symptomatic 266Q mice. Ataxin-7 aggregate
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formation in the outer nuclear layer (ONL) was not as conclusive as the other two layers
of the retina. Ataxin-7 aggregates were absent in WT control retina [Figure 1].

In the forebrain IHC showed ataxin-7 aggregates were present in the
hippocampus of 8.5-week-old 266Q mice [Figure 2]. IHC of the cerebellum revealed
ataxin-7 aggregates where most prominently expressed in Purkinje cells out of all the

regions assessed for aggregates in murine tissue [Figure 3].
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Figure 1: Ataxin-7 aggregates are present in retina GCL and INL

Confocal microscopy images of tissue from 8.5-week-old WT B6 and 266Q mice
reveal ataxin-7 (green) aggregates are absent in WT retina (A) but present in the
ganglion cell layer (GCL) and inner nuclear layer (INL) of the 266Q retina (B). When
transitioning from the 20x objective images on the left (scale bar represents 20um) to the
60x objective images on the right (scale bar represents 5um) RanGap1 (red) nuclear

membrane expression indicates that detectable ataxin-7 aggregates are intranuclear.
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Figure 2: Ataxin-7 aggregates are present in the hippocampus

Confocal microscopy images of tissue from 8.5-week-old WT B6 and 266Q mice
reveal ataxin-7 (green) aggregates are absent in WT hippocampus (A) but present in
266Q hippocampus (B). When transitioning from the 10x objective images on the left
(scale bar represents 100um) to the 60x objective images on the right (scale bar
represents 5um) RanGap1l (red) nuclear membrane expression indicates that detectable

ataxin-7 aggregates are intranuclear.
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Figure 3: Ataxin-7 aggregates are present in cerebellar purkinje cells

Confocal microscopy images of tissue from 8.5-week-old WT B6 and 266Q mice reveal
ataxin-7 (green) aggregates are absent in WT cerebellum (A) but present in 266Q
cerebellum (B). When transitioning from the 10x objective images on the left (scale bar
represents 100um) to the 60x objective images on the right (scale bar represents 5um)

RanGapl (red) nuclear membrane expression indicates the ataxin-7 aggregates are

intranuclear.
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2.3.2 SCA7 mouse model Purkinje cells have normal nuclear
membrane morphology

Immunostaining with antibodies for nuclear membrane marker lamin B1 and
Purkinje cell marker calbindin revealed no significant difference between 8.5-week-old
WT and 266Q mice in the percentage of Purkinje cells with nuclear convolutions [Figure
4]. Contour ratio quantifications also show no difference between 8.5-week-old WT and

266Q mice [Figure 5].
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Figure 4: IHC for RanGapl of murine cerebellar tissue shows no significant difference in
percentage of cells with nuclear convolutions or contour ratio

Conducting analysis on confocal microscopy images of mouse cerebellum from 8.5-
week-old WT B6 and 266Q mice (A) reveal no significant difference in the % of Purkinje
cells with convolutions (B) or contour ratio (C). Calbindin (green) was used to identify
Purkinje cells while RanGAP1 (red) was used to label the nuclear membrane. N=3

mice/genotype, 100-150 cells/mouse. Scale bars represent 20um.
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Figure 5: IHC in the cerebellum for Lamin B1 reveal no significant difference in nuclear
contour ratio

Conducting analysis on confocal microscopy images of mouse cerebellum from 8.5-
week-old WT B6 and 266Q mice (A) reveal no significant difference in contour ratio (B).
Calbindin (green) was used to identify Purkinje cells while Lamin B1 (red) was used to

label the nuclear membrane. N=2 mice/genotype, 150-200 cells/mouse. Scale bars

represent 20pm.
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2.3.3 SCA7 mice & WT mice retinal neurons show no difference in
nuclear membrane morphology

Immunostaining with antibodies for nuclear membrane marker lamin B1 and rod
photoreceptor marker anti-rhodopsin shows no significant difference between 266Q and

WT mice GCL, INL and ONL for the nuclear membrane contour ratio [Figure 6].
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Figure 6: Using 2D analysis methods, Immunostaining experiments reveal no significant
difference in nuclear membrane morphology in the retina

Conducting 2D analysis on confocal microscopy images of mouse retina from 10-week-
old 266Q and WT B6 mice (A) reveal no significant difference in the contour ratio of cells
from the GCL (B), INL (C) or the ONL (D). Rhodopsin (Red) was used to identify Rod
photoreceptors and Lamin B1 (green) was used to label the nuclear membrane. n=2

mice/genotype, 150-200 cells/mouse.

2.4 Discussion

Protein aggregate formation is a hallmark of a number of neurodegenerative
diseases such as ALS, AD, HD and SCAs (Schilling, Becher et al. 1999, Suhr, Senut et
al. 2001, Neumann, Sampathu et al. 2006, Garden and La Spada 2008, Igaz, Kwong et
al. 2008). Therefore, it is expected that a SCA7 model mouse line would have

aggregates of mutant protein. We found ataxn-7 aggregate staining in retinal, cortical
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and cerebellar tissue collected from post symptomatic 266Q mice. These mice start
showing symptoms at 5-6 weeks of age and die at 12-15 weeks of age, therefore at
timepoint 8.5 weeks 266Q mice are fairly far along in the disease process (Yoo, Pennesi
et al. 2003). Hence the discovery of aggregates in the collected tissue is as expected.
The lack of ataxin-7 staining in the WT tissue is not indicative of the protein not being
present. The level of ataxin-7 in wildtype tissue is too low to detect with any current
antibodies for ataxin-7. Therefore, when imaging one would only see expression if
insoluble ataxin-7 accumulates in large aggregates. The formation of mutant protein
aggregates in neurodegenerative disease has been shown to sequester essential N/C
transport proteins (Li and Lagier-Tourenne 2018). IHC showing ataxin-7 protein
aggregates in 266Q mice motivated further investigation for N/C transport defects.
Following immunostaining showing ataxin-7 aggregates, we proceeded to assess
nuclear membrane morphology in SCA7 266Q mice and WT littermates. In theory WT
mice should have less cells with nuclear membranes containing folds and contours when
compared to disease models with N/C transport defects. We assessed nuclear
membrane morphology using two different methods of quantification. The first, and most
commonly implemented method in neurodegenerative disease research, was to
Immunostain the nuclear membrane and count the number of cells that had abnormal
convoluted nuclei as opposed to smooth nuclear membranes (Bennett, Dastidar et al.

2018). We then extrapolated a percentage from this count. The second method was to

4T X area

calculate the contour ratio. This ratio -~ is representative of the circularity of a

rimeter?

cell. If this equation produces a value close to 1 the cell is considered circular with few to
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no nuclear convolutions. The farther the value is below 1 the less circular and therefore
the more convoluted the structure (Scharner, Brown et al. 2011).

Contrary to our hypothesis, we did not find a significant difference between
disease models and controls in percent of cells with convolutions. In the cerebellum, one
of the primary sites of degeneration in SCA7, we conducted two separate IHCs with two
different nuclear membrane marker antibodies: RanGapl and Lamin B1. We also
stained for purkinje cell marker calbindin to single out the cells in the cerebellum most
affected by SCA7 pathology. With both the RanGapl and Lamin B1 stain, we did not find
any significant difference between 266Q and WT mice in the percent of Purkinje cells
with convolutions. These results were collected from three animals per genotype with
~150 cells per animal. The contour ratio calculations also showed no significant
difference in murine retina and cerebellum. These results were collected from two
animals per genotype with ~150 cells per animal.

With the use of two different antibodies targeted to the nuclear membrane and
the aforementioned two different methods of quantification for nuclear membrane
morphological differences between genotypes, our results strongly suggest nuclear
morphology is not altered in 266Q mice. These findings are contrary to our hypothesis,
but it is important to note this does not prove 266Q mice lack N/C transport defects. The
percentage of cells with convolutions and contour ratio are 2D analysis methods. It
would be worthwhile to conduct 3D analysis methods such as volumetric measurements
on these murine tissues to allow for a more thorough evaluation of nuclear membrane
morphology. Ortega et al., 2020 present work on C9-ALS patient tissue using

microscopy to track the formation of nuclear folds in motor neurons(Ortega, Daley et al.
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2020). Their results suggest these folds are dynamic and are not restricted to C9-ALS
patient motoneurons. They hypothesize nuclear folds have a functional role allowing for
cytosolic function related to RNA metabolism and translation to extend closer to the
nucleus, making these processes more efficient. It is important to keep in mind that
further experimentation must be done to test the validity of our hypothesis, when
interpreting the results presented in this chapter. Following these results, we next set out
to evaluate the potential functional consequences of SCA7 pathophysiology on N/C

transport in patient derived induced pluripotent stem cells (iPSCs)
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Chapter 3. FRAP experiments show SCA7 patient NPCs
have an increase in fluorescence recovery rate,
compared to unaffected relatives

3.1 Introduction

N/C transport dysfunction has been associated with a number of disorders
ranging from cirrhosis of the liver, neoplasms that could become cancerous and viral
infection (Jamali, Jamali et al. 2011, Duarte-Rey, Bogdanos et al. 2012, Yarbrough,
Mata et al. 2014). Given the wide range of disorders found to be affected by N/C
transport defects, perhaps it is no surprise that researchers discovered N/C transport
abnormalities in neurodegenerative diseases (Li and Lagier-Tourenne 2018). Although
the exact mechanistic link for how N/C transport is involved in the pathophysiology of
neurodegenerative diseases is unknown, the field has made some interesting
discoveries in this effort. Most of the work in the field of N/C transport in
neurodegenerative disease has been accomplished by histology aimed at assessing
nuclear membrane morphology (Kinoshita, Ito et al. 2009, Grima, Daigle et al. 2017,
Bennett, Dastidar et al. 2018). There are more recent studies that have utilized FRAP to
assess the functional changes to N/C transport observed in disease (Coyne, Zaepfel et
al. 2020). FRAP is a highly effective tool in assessing N/C transport and through the use
of blockers for nuclear export or import one can home in on the different aspects of this
multifaceted process (Yoo, Pennesi et al. 2003).

In this chapter, | will first present our SCA7 patient derived disease models in cell
culture that were used to conduct FRAP experiments. Second, in detail | will describe

the set up for our FRAP procedure as well as the interesting findings acquired through
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this live cell experimentation. In line with FRAP results collected from other disease
models we hypothesized cells derived from SCA7 patients would display a significant

decrease in N/C transport efficiency when compared to kindred derived controls.
3.2 Materials and Methods
3.2.1 Culturing SCAY patient NPCs

iPSCs - SCA7 patients and related controls were grown and expanded on
Matrigel-coated 60mm plates using StemFlex medium (Invitrogen) and were passaged
using ReleSR (StemCell Technologies). After 3 passages, iPSCs were split into
Matrigel-coated 24-well plates at a cell density of ~0.5 E6 cells/mL to begin neural
induction. Differentiation of iPSCs into neuronal precursor cells (NPCs) was performed
using PSC Neural Induction Medium (Invitrogen) and the published PSC NIM protocol
(#MANOO008031). After 7 days, newly differentiated NPCs were passaged with Accutase
and re-plated into Matrigel-coated 6-well plates at ~1.0E6 cells/well. NPCs were
passaged using Neural Induction Medium (NIM, 50:50 Neurobasal: Advanced
DMEM/F12 and 1x neural induction supplement). NPCs were passaged in NIM medium
for 3 passages before cryopreservation at P3). After 3 passages, NPCs medium was
changed to Neural Maintenance Medium (50:50 Neurobasal: Advanced DMEM/F12,
5ug/mL Heparin (Sigma), 20ng/mL FGF2 (Thermofisher) and 20ng/mL EGF
(Thermofisher). NPCs were identified by immunofluorescence and antibodies against

Nestin (Santa Cruz, 1:200, Ms) and Pax6 (Covance, 1:200, Rb).

3.2.2NPCICC

NPCs generated from SCA7 patient derived iPSCs and first-degree unaffected

relatives were incubated in 4% PFA for 15 minutes. Following the PFA incubation cells
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were rinsed thoroughly in 1 X PBS and blocked in 5% goat serum in 1 X PBS and 0.1%
Triton X-100 for 1 hour at room temperature. To stain for Pax6 and Nestin cells were
incubated for 24 hours in Rabbit anti-Pax6 (1:500, Cat. No. 42-6600) and Mouse anti-
Nestin (1:500, Cat. No. sc-23927), respectively. Secondary antibodies used were Goat
anti-rabbit Alexa Fluor PLUS 555 (1:500, Cat. No. A32732) and Goat anti-mouse Alexa
Fluor PLUS 488 (1:500, Cat. No. A32723). Following the secondary antibody incubation,
cells were incubated in Hoechst 33342 (1:10,000, Cat. No. H1399, Thermo) for 5 mins to

identify nuclei. Sections were imaged using a Nikon Al confocal at 20x magnification.
3.2.3 FRAP experiments

For the live cell FRAP experiments | used a total of 4 different NPC lines from
patients and first-degree unaffected relatives. One batch of experiments were carried out
with cells from a 10Q/10Q unaffected father and his SCA7-affected 65Q/10Q daughter.
For the other batch of live cell experiments we used cells from an unaffected 10Q/10Q
mother and her SCA7-affected 70Q/10Q son. We conducted 3 trials of FRAP for each of
these cell lines. First, we transduced all of the cell lines with shuttle GFP (sGFP) lenti
virus. This virus contained a GFP reporter carrying an NLS and NES signal that was
generated by inserting a fusion of EGFP (clontech) and the NLS/NES together with an
HA-tag into Kpnl and Xbal sites of pcDNA3.1 myc-His A (Invitrogen)(Woerner, Frottin et
al. 2016). Using a standard protocol, the sGFP was then triple transfected with pMD2.G
and R8.74 into HEK293T cells to produce lentivirus particle. Cells were then transduced
with lenti sGFP. As a control another lentivirus containing standard GFP without an
NLS/NES was transduced in cells lacking sGFP. Following the 18-hour transduction the
virus was removed from the cells and they were given 48 hours to maximize GFP

expression. Given that most of the sSGFP expression was found restricted to the
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cytoplasm in our NPCs we used export blocker Leptomycin B (LMB, Sigma) to trigger
the buildup of nucleoplasmic sGFP. Prior to live cell imaging, transduced NPCs were
treated with 5ng/mL of LMB for 15 minutes. Immediately following the 15 minutes cell
nuclei were photobleached and the nuclear florescence recovery per minute was
recorded over the course of 10 minutes. FRAP data was then exported to excel for
analysis.
3.3 Results
3.3.1 ICC shows SCA7 patient NPCs are mature

Immunostaining for Pax6 and Nestin was performed on the SCA7 patient NPCs.
Pax6 is an established NPC marker as it is a key regulator in neuronal fate
determination and proliferation. Nestin, another established NPC marker, is an
intermediate filament molecule involved in axonal outgrowth. Nestin/Pax6 ICC revealed

65Q/10Q and 10Q/10Q cultured cells were in fact mature NPCs [Figure 7].
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65Q/10Q 4 10Q/10Q

PAX6/DAPI/

Figure 7: ICC conducted on iPSC-derived NPCs
ICC conducted on iPSC-derived NPCs from 65Q/10Q SCA7 patient and a 10Q/10Q non-
effected first-degree relative show both lines express comparable amounts of

conventional NPC markers PAX6 (red) and Nestin (green).

3.3.2 Shuttle GFP virus infects NPCs but is primarily cytoplasmic
Although control GFP expression was found in both the nucleoplasm and
cytoplasm, post transduction sGFP expression was found predominantly in the
cytoplasm. To restrict SGFP expression to the nucleoplasm, for FRAP experiments, we
added export blocker leptomycin B to cells 15 minutes prior to photobleaching. In turn
this resulted in a nuclear buildup of SGFP. The addition of LMB to GFP transduced cells
did not alter construct nuclear expression. This is as expected given the GFP construct
does not contain an NLS/NES signal and therefore crosses the nuclear membrane

passively, not via N/C transport mechanisms.
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sGFP Transduced

+L'eptomycin B

Figure 8: LMB was used to cause sGFP build-up in the nucleoplasm

LMB was added to cells transduced with sGFP (top) and GFP (bottom) at a
concentration of 5ng/mL. Cells were incubated in LMB for 15mins. Unlike in the sGFP
transduced cells GFP transduced cells showed no change in construct nuclear

expression. Scale bars represent 20um.

3.3.3 FRAP results suggest SCA7 NPCs have a higher nuclear import
rate compared to NPCs from unaffected relatives

Post leptomycin B treatment, the normalized fluorescence recovery rate of SGFP
was significantly higher in in both the 65Q/10Q and 70Q/10Q cell lines than in either of
the control lines with p-values of .007 and .005, respectively. This significant difference
held constant across three FRAP trials for each cells line, with ~60 cells per line

represented in this analysis.
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Figure 9: FRAP experiments suggest NPCs with polyQ expanded ATXN7 have
increased rates of nuclear import

After photobleaching, the fluorescence recovery rate was collected over the course of
10mins (A). The average percent of fluorescent recovery per minute for the 65Q/10Q
and 70Q/10Q NPCs was significantly higher than either of their respective control
10Q/10Q NPC lines (B and C). 18 cells per group, P<0.05. % fluorescent recovery/min is

normalized so that the highest rate of recovery is considered as 100% recovery.

3.4 Discussion

FRAP is a well-established method used to assess N/C transport. FRAP studies
conducted in other disease systems such as ALS have shown primary cortical neurons
collected from two different ALS model mice have a lower fluorescence recovery rate
then cortical neurons collected from WT littermates (Coyne, Zaepfel et al. 2020). Given
these results and findings in HD(Grima, Daigle et al. 2017), we expected SCA7 NPCs to
have a lower fluorescence recovery rate compared to unaffected first-degree relative

NPCs. To our surprise we found SCA7 NPCs have a higher rate of N/C import when
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compared to NPCs from unaffected relatives. Before interpreting these results, it is
important to take note of a few things.

First, our FRAP studies were conducted on human NPCs while the
aforementioned ALS study was performed on cultured mouse primary cortical neurons.
This difference in cell type presented us with a difference in sGFP expression at the
onset of our experiments. The sGFP in the murine cortical neurons was predominantly
expressed in the nucleoplasm after transduction. When we transduced with the same
viral construct in our NPCs, we found the sGFP expression to be primarily cytoplasmic.
Because of this predominant cytoplasmic expression, unlike the ALS experiments, we
were forced to use leptomycin B to block a significant amount of nuclear export of sGFP,
restricting the majority of its expression to the nucleus, therefore allowing us to assess
nuclear import with FRAP. Second, because our FRAP assay homed in on nuclear
import, we are not aware of the rate of nuclear export. Since N/C transport is a
bidirectional process, any defects in nuclear export would affect the rate of florescence
recovery we observed as a result of nuclear import into the nucleus.

It is known that neurons have a high metabolic demand when compared to other
cell types (Magistretti and Allaman 2015). Therefore, some have theorized that the
heightened metabolic demand of neurons may be one of the reasons why in CAG-
polyglutamine repeat disease mutations in ubiquitously expressed proteins, such as
ataxin-7, cause such targeted cellular pathology (Garden and La Spada 2008). In the
next chapter, we will discuss experiments aimed at developing an assay more
comparable to the conditions observed in SCA7 by deriving neurons from our SCA7

patient and first-degree relative NPCs.
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Chapter 4. Cortical neurons differentiated from SCA7
NPCs shed more light on N/C transport in SCA7

4.1 Introduction

SCAZ7 pathology presents with neuronal degeneration in the brainstem,
cerebellum and spinal cord. NPCs are multipotent stem cells that give rise to many of
the glial and neuronal cells of the CNS. This makes them an effective model system in
studying neurodegenerative diseases. However, they are not ideal. NPCs have a few
differences in metabolism and resilience when compared to fully differentiated neurons
(Candelario, Shuttleworth et al. 2013). Because of these differences, with in vitro studies
of the neuropathophysiology of a neurodegenerative disease, such as SCA7, itis
preferable to use differentiate neurons as a model system.

In this chapter, | will first present how we are generating cortical neurons from
SCA7 iPSCs. Second, | will present ICC analysis of the nuclear membrane morphology
observed in these SCA7 patient cortical neurons. In line with previous studies conducted
in ALS, we hypothesize that cortical neurons generated from SCA7 patient iPSCs will
have abnormal nuclear membrane morphology, such as increased convolutions and
folds, compared to kindred derived controls. Third, | will discuss the imminent future
directions for this work including planned experiments and potential model systems to be
deployed.
4.2 Materials and Methods
4.2.1 Generating cortical neurons from SCA7 patient iPSCs

Using dual SMAD inhibition iPSCs were differentiated to NPCs in Basal Neural

Maintenance Media (1:1 DMEM/F12 + glutamine media/neurobasal media, 0.5% N-2

supplement, 1% B-27 supplement, 0.5% GlutaMax, 0.5% insulin-transferrin-selenium-
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sodium pyruvate, 0.2% B-mercaptoethanol, 0.5% NEAA; Gibco) + 10 uM SB-

431542 + 0.5 yM LDN-193189 (Biogems, Westlake Village, CA) for 12 days. Next, over
the course of two weeks further differentiation into mature cortical neurons was achieved
with neurotrophic factors in Neuron Differentiation media (DMEM-F12 + glutamine + 1%
B-27 supplement + 0.5% N-2 supplement + 0.2 ug/mL brain-derived neurotrophic factor
[PeproTech, Rocky Hill, NJ] + 0.2 ug/mL glial-cell-derived neurotrophic factor
[PeproTech], 0.5 M dbcAMP [Sigma Aldrich]) and refreshed every 2 days for two weeks
(Rose, Frankowski et al. 2018, Knupp, Mishra et al. 2020). Cell lines were maintained at

37°C in a 5% CO;incubator.
4.2.2 in-vitro Cortical neuron immunostaining

Cortical neurons generated from SCA7 patient derived iPSCs and first-degree
unaffected relatives were incubated in 4% PFA for 15 minutes. Following the PFA
incubation cells were rinsed thoroughly in 1 X PBS and blocked in 5% goat serum in 1 X
PBS and 0.1% Triton X-100 for 1 hour at room temperature. To stain for mature
neuronal marker neurofilament, cells were incubated for 24 hours in Rabbit anti-
Neurofilament (1:500, Cat. No. 2837). Cells were also stained for Mouse anti-RanGap1l
(1:250, Cat. No. sc-28322, Santa Cruz). Secondary antibodies used were Goat anti-
rabbit Alexa Fluor PLUS 555 (1:500, Cat. No. A32732) and Goat anti-mouse Alexa Fluor
PLUS 488 (1:500, Cat. No. A32723). Following the secondary antibody incubation, cells
were incubated in Hoechst 33342 (1:10,000, Cat. No. H1399, Thermo) for 5 mins to
identify nuclei. Sections are being imaged using a Nikon Al confocal at 40x

magnification and Echo Revolve at 20x magnification.
4.2.3 Future FRAP experiments on SCA7 cortical neuronal cultures

For the future live cell FRAP experiments, | will use cortical neurons generated from a
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total of 4 different patient iPSC lines. One batch of experiments will be carried out with
neurons generated from a 10Q/10Q father and his 65Q/10Q daughter. For the other
batch of live cell experiments we will use neurons generated from a 10Q/10Q mother
and her 70Q/10Q son. Similar to the NPC FRAP experiments we will conduct 3 trials of
FRAP for each of these cell lines. First, we will transduce all of the cell lines with shuttle
GFP (sGFP) lenti virus. To control for construct variability, we will also transduce with a
s-tdTomato lentiviral construct. As an additional control, separate populations of cells will
be transduced with versions of the GFP/tdTomato lentiviral constructs lacking NLS/NES.
Following the transduction, if needed, Leptomycin B at a concentration of 5ng/mL will be
added to neurons for 15 minutes prior to photobleaching to ensure virus is being
sufficiently expressed in the nucleus to achieve an effective measure of the nuclear
import rate. Cells will be stained for GAD67 to identify GABAergic neurons. As before

FRAP data will be collected over the course of 10 minutes.

4.3 Results

4.3.1 Neurons generated from SCA7 patient NPCs lack membrane
defects

Immunostaining for neurofilament and nuclear membrane marker Lamin B1 was
performed on SCA7 patient cortical neurons. Neurofilament is a marker for neurons, as it
is an abundant protein used in the formation of the neuronal cytoskeleton. SCA7 cortical
neurons showed no significant difference in nuclear membrane contour ratio when
compared to cortical cultured neurons from non-affected relatives [Figure 10]. However,
results are trending towards SCA7 neurons having lower contour ratios compared to

control neurons, with a p-value of .06.
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Figure 10: ICC conducted on iPSC-derived NPCs

ICC conducted on neurons generated from 10Q/10Q (A) and 65Q/10Q (B) SCA7
patient iPSCs stained for neurofilament (red) and Lamin B1 (Green). Contour ratio
analysis conducted on these neurons showed no significant difference between

10Q/10Q and 65Q/10Q neurons (C). ~80 cells per group, P=.06.
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4.3.2 FRAP experiments to assess N/C transport in SCA7 Patient
derived cortical neurons

If our hypothesis is not correct, we would expect to find no significant difference
in fluorescence recovery rate between our SCA7 neurons and control neurons
generated from first degree non-affected relative iPSCs. This should be true for both
shuttle viruses containing GFP and tdTomato. If we assume our hypothesis is correct,
we should find the nuclear import rate, represented by the fluorescence recovery rate for
both shuttle viruses, should be significantly higher in SCA7 neurons than in our control
cells. The final alternative is that our results show the fluorescence recovery rate is
higher in the SCA7 neurons compared to non-affected relatives. This would be similar to
our findings with NPCs. In either of the above three cases our control batches of cells
transduced with GFP/tdTomato lacking NLS/NES should show no significant difference
in fluorescence recovery post bleaching, given that this value will represent passive

transport which is not affected by N/C transport mechanisms.

4.4 Discussion

Our ICC results show there is no difference in contour ratio when comparing
neurons cultured from SCA7 patient iPSCs and first degree non affected relatives.
These IHC experiments were conducted on DIV24 cortical neuron cultures with ~ 80
cells per genotype represented in the analysis producing a p-value of .06. These results
are not significant and do not prove SCA7 pathophysiology affects nuclear membrane
morphology. However, there is a trend toward SCA7 neurons having lower nuclear
contour ratios and thus increased nuclear convolutions; hence, further experimentation
is required to determine if nuclear membrane morphology is altered in SCA7 cortical

neurons derived from patient iPSCs. | intend to evaluate more neurons (~ 150 cells per
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genotype) in all genotypes including both 10Q/10Q cell lines and both SCA7 lines
70Q/10Q & 650Q/10Q. Also, we want to be sure that these neurons are mature and
healthy by allowing them to reach a sufficient age (day 30 or more) and purity
(predominantly differentiated cortical neurons) before conducting IHC.

For our future FRAP experiments, in addition to measuring nuclear import, it will
be important to assess nuclear export. Given the bidirectional nature of N/C transport,
one cannot achieve a complete picture of N/C transport dynamics and the effects of
disease pathophysiology by only examining one aspect of this highly complex process.
To assess export, we may conduct fluorescence loss in photobleaching experiments
(FLIP). In a way, this is the opposite of FRAP, whereby we will bleach an area of the
cytoplasm and measure fluorescence loss in the nucleus. If export is negatively affected
in SCA7 we should see a lower rate of fluorescence loss in the nucleus of our SCA7

neurons compared to controls, signifying a decrease in import efficiency.
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Chapter 5: Conclusions

We hypothesized that polyQ-expanded ataxin-7 hinders N/C transport. We
presented data that suggest SCA7 pathology has an effect on N/C transport dynamics.
Our murine IHC did not show increased nuclear abnormalities brought on by SCA7, but
our work with patient stem cells suggest SCA7 pathology causes an increase in N/C
transport. ICC results from neurons generated from patient iPSCs now show a trend
toward SCA7 neurons having nuclear abnormalities but further experimentation is
required to assess the significance of this trend. Additionally, further experimentation in
our patient tissue to access N/C transport is needed to explain our surprising FRAP
results. In mammalian cells, one group has shown how nuclear transport proteins
compete for NPC receptors by causing a D23A point mutation in the nuclear transport
carrier NTF2, which is responsible for nuclear import of RanGDP; this caused NTF2 to
out-compete Kap-B1 for the same NPC receptor (Lane, Cushman et al. 2000). These
findings suggest that it is possible to observe higher rates of nuclear import if the affinity
of a given N/C transport factor is heightened. This study went on to show that by
increasing the concentration of Kap-p1, there was an increase in its affinity over the
mutated NTF2. Given that ataxin-7 is part of the transcription complex STAGA, which
regulates the expression of a majority of genes being expressed from a given cell type,
one possibility is that there is an increase in the expression levels of Importin-f1— the
Importin that shuttles in sGFP, in SCA7 neurons, resulting in an increase in the
fluorescence recovery rate.

We have presented both biological and technical explanations for our perplexing

FRAP results. Unfortunately, without further experimentation, we cannot with confidence
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articulate a definitive explanation for our findings yet. In order to assess the significance
of these results, we must perform these experiments in more biological replicates from
additional patients from whom we have derived additional iPSC lines. Eventually, we
wish to assess nucleocytoplasmic export with fluorescence loss in photobleaching (FLIP)
experiments to develop a more complete picture of N/C transport in SCA7. We could
bleach a large area of the cytoplasm and using FLIP, we could measure the rate of
fluorescence loss in the nucleoplasm as a metric for export. Lastly, we will perform gRT-
PCR analysis for Importin-p1 to establish whether are not karyopherin levels are altered
in SCA7.

SCAY7 is a neurodegenerative polyQ disease that predominantly presents with
cerebellar and retinal degeneration causing considerable suffering and disability for
affected patients, and great anguish for their families. Fortunately, there are resources
available to aid in the mental and physical toll that comes with SCA7, through
organizations such as the National Ataxia Foundation. Unfortunately, we still do not fully
understand the pathophysiology of SCA7, though a powerful new therapy is on the
horizon and may move to clinical by 2022/2023 (Niu, Prakash et al. 2018). The goal of
the work presented in this dissertation was to advance our knowledge in the field of
polyQ repeat disease research by probing the effects of SCA7 pathophysiology on N/C
transport. Links between neurodegenerative disease pathophysiology and N/C transport
defects have been established in AD, ALS and HD research. The work presented here

marks the first study done to assess N/C transport in SCA7.
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