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ABSTRACT OF THE DISSERTATION

Spinocerebellar Ataxia Type 7 is Characterized by Defects in Mitochondrial

and Metabolic Function

by

Jacqueline Marie Ward
Doctor of Philosophy in Biomedical Sciences
University of California, San Diego, 2016

Professor Albert La Spada, Chair

Spinocerebellar ataxia type 7 (SCA7) is an inherited neurodegenerative
disease caused by a CAG/polyglutamine (polyQ) repeat expansion in the
ataxin-7 gene. Adult patient clinical features include cerebellar ataxia, which
leads to problems with movement and speech, and retinal degeneration,
which leads to blindness. Infants and children with SCA7 present with a much

more progressive and severe form of the disease that affects non-neuronal
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tissues and can lead to multi-organ failure. Mitochondrial dysfunction has been
implicated in the pathogenesis and progression of neurodegenerative
diseases, but this is yet to be explored in SCA7. SCA7 patients, both adult and
juvenile, have similar clinical features to patients with mitochondrial disease. |
explored these connections in a mouse model of infantile-onset SCA7 and a
novel isogenic stem cell model. | find that SCA7 exhibits mitochondrial
dysfunction in both models through mitochondrial fragmentation and
decreased metabolic respiration. Purkinje cells in SCA7 mice also have larger
individual mitochondria when assessed at an ultrastructural level. These mice
exhibit decreases in metabolic substrates, as well, but stem cell-derived neural
progenitor cells (NPCs) expressing mutant ataxin-7 do not exhibit any defects
in mitochondrial membrane potential (MMP), levels of reactive oxygen species
(ROS), or levels of mitochondrial proteins. Ataxin-7 is an integral part of the
STAGA transcriptional co-activator complex. Thus, | hypothesized that this
dysfunction was caused by transcriptional dysregulation of nuclear genes
important to mitochondrial function. Through an assessment of gene
expression in SCA7 mice, | did not find evidence for global transcriptional
dysregulation of gene sets encoding mitochondrial proteins, but | did identify a
decrease in the expression of the gene encoding nicotinamide nucleotide
adenylyltransferase 1 (NMNAT1), an enzyme critical for the synthesis of
nicotinamide adenine dinucleotide (NAD+). Mass spectrometry analysis of
NAD+ in SCA7 mice revealed a significant reduction in NAD+ levels in the

cerebellum. While further studies are needed to ascertain the mechanistic
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implications of these findings, this work establishes mitochondrial dysfunction

as a key feature of the molecular pathology of SCA7.
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Chapter 1:

Introduction



Clinical description of SCA7

Spinocerebellar ataxia type 7 (SCA7) is an inherited neurological
disorder characterized by cerebellar ataxia, dysarthria, ophthalmoplegia,
hyperreflexia, spasticity, and retinal degeneration'. Although the disease is
rare, affecting ~1/500,000 individuals, SCA7 exhibits a wide geographic
distribution, occurring in all major racial groups, and various ethnic
populations®®. SCA7 is caused by a CAG/polyglutamine (polyQ) repeat
expansion in the ATXN7 gene, and is therefore one of nine polyQ disorders. In
addition, it is a member of a larger category of neurodegenerative diseases
caused by toxic misfolded proteins, including the more common
neurodegenerative diseases: Alzheimer's disease (AD), Parkinson's disease
(PD), and amyotrophic lateral sclerosis (ALS). Adult SCA7 patients usually
present with cerebellar ataxia that manifests as problems with walking,
speaking, and manual dexterity. A unique feature of SCA7 that allows it to be
distinguished from other ataxias is retinal degeneration. This occurs in the
form of a cone-rod dystrophy, which leads to loss of visual acuity and
eventually total blindness. Infant and juvenile SCA7 patients present with a

much more severe form of the disease, which is discussed further below.

Polyglutamine Diseases
SCAT7 is one of nine inherited disorders caused by CAG/polyQ repeats,
including spinobulbar muscular atrophy (SBMA), Huntington’s disease (HD),

dentatorubral-pallidoluysian atrophy (DRPLA), and five other forms of



spinocerebellar ataxia (SCA1, 2, 3, 6, & 17). One common feature of these
diseases is protein misfolding due to the expanded polyQ tract. Ataxin-7, the
causal disease protein in SCA7, contains an amino-terminus polyQ tract that
normally ranges in size from 4 to 35 glutamines, but expands from 37 to
greater than 300 glutamines in affected patients*®. SCA7 is dominantly
inherited and like the other polyQ repeat diseases shows genetic instability,
with a tendency to large expansion of the CAG repeat tract during germ line
transmission and in somatic tissues®. PolyQ repeat disorders, such as SCA7,
thus exhibit “anticipation”, as successive generations with the disease become
symptomatic at earlier ages. This is due to expansion of the repeat when
transmitted from affected parent to affected child. In SCA7, this effect is more

pronounced when the mutation is paternally transmitted’.

Ataxin-7 function

Mammalian ataxin-7 is a component of the human Spt3-Taf9-Ada-Gecn5
acetyltransferase (STAGA) complex®®. This is a transcriptional co-activator
complex with histone acetyltransferase (HAT) and deubiquitinase (DUB)
modules. Transcriptional co-activators do not bind DNA, but are recruited by
other transcription factors to perform a variety of functions for target gene
transcription, including chromatin remodelingm. Ataxin-7 plays an important
role in the DUB module of STAGA by physically anchoring the ubiquitin
protease subunit, Usp22, to the STAGA complex''. PolyQ expansions in

ataxin-7 result in both increases of histone H2B ubiquitination at target



genes'? (unpublished data, La Spada lab), and a global increase of
ubiquitinated histone H2B'2. In addition to its role in the DUB module, ataxin-7
is important for SAGA’s HAT activity, which is mediated by Gcn5, the catalytic
subunit of STAGA’'s HAT module. The La Spada lab and others have shown
that there is decreased histone H3 acetylation, leading to transcriptional
dysregulation, at certain genes important to photoreceptor function in SCA7
mouse models®'*. Taken together, STAGA functions to promote transcription
through histone H2B deubiquitination and histone H3 acetylation, and ataxin-7
is a critical component of both of these activities. When ataxin-7 contains a

polyQ expansion, both of these effects are diminished.

Infantile-onset SCA7

SCA7 has a very broad phenotypic spectrum. Disease progression is
variable and severity correlates with the length of the polyQ expansion. The
presentation can range from infants, who succumb to the disease in infancy, to
adults, who display a very slow progression of symptoms. In infantile-onset
forms of the disease, progression is very rapid and presents a much broader
spectrum of clinical phenotypes than the adult version of the disease.
Hypotonia, muscle wasting, developmental delay, and congestive heart failure
have all been observed with SCA7 CAG repeats ranging from 180 to 460

1
| 1°

(reviewed in Whitney, et al. ). These cases invariably result in fatal multi-

organ failure™"",



Mouse SCA7 models

Different mouse models of SCA7 have provided better insight into the
progression and pathogenesis of this disease. Previous work in the La Spada
lab has generated several mouse models in which 92Q ataxin-7 is expressed
throughout the entire CNS, as well as specifically in different types of

cerebellar neurons and glia'®%.

These are all varieties of transgenic
expression systems with heterologous promoters. Another lab has generated
a knock-in model of infantile-onset SCA7 that the La Spada lab has obtained
for study'. These mice were generated by introducing 266 CAG repeats into
the endogenous mouse Sca7 locus, which normally contains just 5 CAG
repeats. In this system, ataxin-7 is expressed at endogenous levels and in the
appropriate spatiotemporal manner. Sca7?°¥°? mice exhibit many of the
common infantile-onset clinical features with symptom onset at 5 weeks and
death at 4-5 months™. Though severe, these mice serve as a useful model to

understand the physiological features of infantile-onset SCA7 and a key to

better understand the molecular basis of the disease overall.

Induced pluripotent stem cells

In 2007, a group led by Shinya Yamanaka demonstrated that adult
human somatic cells could be reprogrammed to a pluripotent state by
introduction of four defined transcription factors®'. These induced pluripotent
stem cells (iPSCs) were reprogrammed from human fibroblasts and possess a

differentiation potential similar to that of embryonic stem cells (ESCs)?2. These



cells are collectively referred to as human pluripotent stem cells (hPSCs). This
technology created a new way to study human, especially neurological,
diseases in which the affected tissue may be prohibitive to sample. Though
rodent models of neurological diseases have produced many important
advances, this ‘disease in a dish’ provides another option to study human cells

directly.

Isogenic disease models

One of the challenges of iPSC disease modeling is the sheer variability
between different iPSC lines. This variability stems from several factors. When
modeling genetic diseases, researchers often obtain healthy control cells from
first-degree relatives of the patients so as to limit genetic variability when
comparing the cells. These individuals share 50% of their DNA, but there
remain substantial genetic differences between them. Additionally, there is
genetic and epigenetic variability that can result from the reprogramming
process. There are somatic mutations that can develop between individual
fibroblast cells, either before sampling or during culturing. Moreover, the act of
reprogramming fibroblasts necessitates an overhaul of the chromatin state?®.
This process leads to clonal cell line differences through the process of iPSC
derivation. Lastly, the differences mentioned can lead to variable
differentiation capacities of each clonal line—thereby making it difficult to
compare equivalent cell types in culture without stressful purification steps. It

is best to compare several clones of several individuals to ensure bona fide



results, but the sheer variability that results from all of these differences can
cause subtle phenotypes to get lost in the noise*. Another option that has
become popular recently due to the advent of new technology is to create
isogenic gene-edited cell lines. Isogenic disease models contain identical

genomes except that they differ at the edited gene of interest.

CRISPR gene editing

In response to the challenges presented by the variability described
above, the advent of gene editing has been a boon for the field. Zinc finger
nucleases (ZFNs) and transcription activator—like effector nucleases (TALENS)
had previously been used to target specific changes to genes. But the advent
of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)
technology has made it inexpensive and straightforward to perform this gene
editing in a broad range of systems. CRISPRs are repetitive sequences that
serve as genomic anchors for foreign DNA and thus provide adaptive
immunity for many forms of bacteria and archaea®’. The RNA generated from
the CRISPR gene serves to guide CRISPR-associated (Cas) proteins to
complementary DNA that then induce double strand breaks (DSBs) at that
site. Recently, engineered versions of the CRISPR system that utilize a guide
RNA complementary to a specific genomic site, have been used in
mammalian systems to induce targeted genome editing?®?’. Targeted gene
editing can lead to several outcomes. If a donor template is provided in the

editing process, the DSB can be resolved through homologous recombination



(HR) with a change of a single or a small tract of nucleotide(s). However, the
simplest way of utilizing this technology is to induce DSBs and rely on non-
homologous end joining (NHEJ) for repair. In these cases, the DSB is
repaired, but often with minor mistakes in the form of small insertions or
deletions (indels) in the DNA. When these indels lead to frame shifts in the
open reading frame, this frequently results in premature stop codons further
downstream in the transcript. When these indels occur in both alleles, they
lead to a functional knockout of the protein. In the field of iPSC genetic
disease modeling, DSB resolution by either HR or NHEJ may be useful

depending on the application.

Neural progenitor cells as a model of neurodegeneration

Already iPSC-derived cells have been used to model many neurological
diseases, and even complex diseases such as schizophrenia exhibit disease-
relevant phenotypes®. An important step in all of these studies is
differentiating the iPSCs into the cell type of interest. Differentiation protocols
have been developed for a number of specific neural cell types®. Neural
progenitor cells (NPCs) are multipotent stem cells that are able to differentiate
into any cell of the neural lineage in vivo. These cells were first isolated from

30,31

the mouse brain®*>*', but have more recently been derived from hPSCs*.

hPSC-derived neural cells grown in vitro exhibit gene expression patterns and

functionality similar to cells in the early stage of fetal development®. This has

h34

sometimes made it challenging to model diseases of aging in a dish™. Despite



these challenges, NPCs have been shown to recapitulate disease-specific
phenotypes associated with a number of adult-onset neurodegenerative
diseases®™’". There are several contributing factors that could lead to these
observations. Detrimental effects may occur throughout a lifetime, but do not
become pathogenic until there are enough other critical hits encountered
through the process of aging. Furthermore, growing these cells in culture is
inherently quite different from their native environment, and could serve as an
artificial acceleration of aging in vitro. Whereas adult-onset SCA7 has a clinical
progression more typical of a neurodegenerative disease, infantile- and
juvenile-onset SCA7 is so severe that it could be considered a
neurodevelopmental disorder. These patients present with symptoms very
early, and in a wide variety of cell and tissue types. Thus | hypothesize that
NPCs will be a particularly relevant cell model for understanding more about

this class of SCA7 pathology in a human neural system.

Polyglutamine diseases and mitochondrial dysfunction

Mitochondria have been implicated in a vast array of neurodegenerative
diseases®. The cellular energy demand of neurons is very high, and they rely
almost exclusively on oxidative phosphorylation, as glycolytic ability is limited.
Specifically in the polyQ field, the bulk of research connecting mitochondrial
dysfunction to these diseases has focused on Huntington’s disease (HD).
Mitochondrial dysfunction, including increased lactate®, decreased activity of

|40

electron transport chain (ETC) complexes Il and I[lI™, and mitochondrial
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depolarization*' has been observed in HD cell culture models, animal models,
and patient samples (reviewed in Lin and Beal *®). The La Spada lab and
others have linked this dysfunction to PPAR-y coactivator-1a (PGC-1a)****,
PGC-1a is a master regulator of transcriptional programs that promote
mitochondrial biogenesis and function. The disruption of the PGC-1a
transcriptional program thereby connects mitochondrial dysfunction to nuclear
transcriptional dysregulation in HD. In SBMA as well, mitochondrial
dysfunction has been associated with the disease in different model

systems®>4°

. In fact, there is evidence that the androgen receptor protein
interacts with PGC-1a in the nucleus, as well as localizes to the
mitochondria®. Many of the proteins affected by polyQ expansion are
localized to the nucleus and play a role in transcriptional regulation*®. It makes

sense then that disruption in mitochondrial function might be linked directly to

nuclear transcription in these diseases.

Ataxia and mitochondrial dysfunction

Of the inherited forms of spinocerebellar ataxia, mitochondrial
impairment has been implicated in several. SCA3, also known as Machado-
Joseph disease, has been the mostly widely characterized in respect to
mitochondrial dysfunction. Models of SCA3 have reduced activity of ETC
complex I, similar to HD, as well as increased mutations in mitochondrial DNA
(mtDNA)*" 8. Mitochondrial impairments in morphology and function have also

recently been reported to contribute to SCA1 progression*®. In SCA12, the
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underlying mutation has been shown to increase expression of the gene
Pp2r2b, which is associated with mitochondrial dysfunction and increased
oxidative stress®®. And lastly, earlier age of onset in SCA2 has been
associated with the presence of a single nucleotide polymorphism (SNP) in the
gene for mitochondrial complex | (10398G)®'. Of other types of ataxia,
Freidreich’s ataxia (FA) is the most common. FA is considered a mitochondrial
disease in its own right due to the inherited mutation leading to reduced
expression of the frataxin protein. Frataxin localizes to the mitochondria and is

thought to function in mitochondria iron transport and respiration®?°2.

SCA7 similarity to mitochondrial disease

Mitochondrial diseases are a heterogeneous group of genetic diseases.
They are caused by mutations in nuclear- or mitochondrial-encoded genes
whose protein products function in the mitochondria. Despite the fact that this
set of diseases is caused by a variety of mutations in many genes, there is a
similarity in clinical presentation as the overall dysfunction of mitochondria is
more evident in some tissues than others®. Muscle and brain dysfunction are
common, as those tissues tend to have the highest energy demands for
oxidative metabolism. Ataxia itself is a common trait>. Hypotonia, muscle
weakness, ophthalmoplegia, and ptosis are also highly prevalent clinical
traits®. All of these phenotypes are also present in infantile-onset, or in some
cases, adult-onset SCA7. Furthermore, there have been several clinical

reports of mitochondrial abnormalities in liver and skeletal muscle biopsies
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from SCA7 patients®®°. Surprisingly, other than these small descriptive
studies, there has been little indication in the literature that mitochondria are

involved in SCA7 pathogenesis.

Questions and goals of the thesis

The hypothesis that led to the work herein is that mitochondrial
dysfunction is a key feature of SCA7 pathogenesis. Despite the lack of studies
connecting these dots, | felt that the overwhelming prevalence of mitochondrial
dysfunction in other neurodegenerative disease, in conjunction with the
similarity of SCA7 clinical features to other mitochondrial diseases was worthy
of investigation. | was most interested in pursuing this hypothesis in models of
the infantile-onset form of SCA7, as this multisystem disease would likely yield
the most obvious connection to mitochondrial dysfunction. My first line of
investigation was a characterization of mitochondrial structure and metabolic
deficits in the infantile-onset SCA7%°°9*? knock-in mouse model, described in
chapter 2. | followed this with generation and characterization of a novel stem
cell model of SCA7, and an analysis of mitochondrial structure and metabolic
respiration, described in chapter 3. One of my other goals was to investigate
the mechanism of how mutant ataxin-7 might be related to mitochondrial
dysfunction. My hypothesis was that, similar to HD, mitochondrial genes would
be downregulated in the cerebellum of SCA7 mice. | addressed this through a
bioinformatics approach, described in chapter 4, but this will ultimately be the

goal of follow up studies. With this work, | establish and characterize the
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connection between SCA7 and mitochondrial dysfunction. My findings have

opened the door to further detailed studies of the mechanism behind this link.



Chapter 2:
Mitochondrial Dysfunction in an

Infantile-onset SCA7 Mouse Model

14
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Abstract

| used a knock-in mouse model to characterize mitochondrial dysfunction
that occurs in infantile-onset spinocerebellar ataxia type 7 (SCA7). SCA7 exhibits
similar clinical features to mitochondrial diseases and infantile-onset SCA7
patients suffer from major deficits in energetically demanding tissues. | found that
these mice have decreased mitochondrial content and fragmented mitochondrial
networks in their cerebellar Purkinje cells (PCs). At an ultrastructural level, the
individual mitochondria are increased in size, likely as compensation for
decreased network length. These mice have a significant decrease in oxygen
consumption and indicators of reduced metabolic substrates. Lastly, adenosine
triphosphate (ATP), the energetic output of metabolic respiration, may be
reduced in the cerebellum of SCA7 mice. These data demonstrate that

mitochondrial dysfunction is a novel feature associated with SCA7 pathogenesis.

2.1 Introduction

Spinocerebellar ataxia type 7 (SCA7) is an inherited neurological disorder
characterized by cerebellar ataxia, dysarthria, ophthalmoplegia, hyperreflexia,
spasticity, and retinal degeneration'. SCA7 is caused by a CAG/polyglutamine
(polyQ) repeat expansion in the ATXN7 gene. It belongs to a family of 8 other
neurodegenerative disorders caused by this type of dynamic mutation. SCA7 has

a very broad phenotypic spectrum. Disease progression is highly variable and
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based on the length of the polyQ expansion. Ataxin-7 is expressed ubiquitously®’,
but the adult-onset form of SCA7 specifically causes dysfunction in certain

neuronal populations, including Purkinje cells (PCs) and retinal photoreceptors.

In infantile-onset SCA7, progression is very rapid and presents a much
broader spectrum of clinical phenotypes than the adult version of the disease.
Hypotonia, muscle wasting, developmental delay, and congestive heart failure
have all been observed in patients with CAG repeats larger than 180 (reviewed in
Whitney, et al. '°). These cases invariably result in fatal multi-organ failure'"’.
Due to clinical similarities, metabolic disorders or lipid storage diseases are often

suspected in cases of infantile SCA7'%¢"

. In fact, mitochondrial disorders that
have a high prevalence of muscle and brain dysfunction due to their high energy
demands share many features with infantile SCA7. Even the adult form of SCA7
can phenocopy mitochondrial encephalopathies, as these diseases often affect
similar cell types®'. Apart from small-scale case reports indicating abnormal

mitochondria in SCA7 patient skeletal muscle or liver tissue®®°, there has not

been a thorough investigation of mitochondrial involvement in SCA?Y.

The La Spada lab has obtained a knock-in mouse model of infantile-onset
SCA7™. In this system, ataxin-7 is expressed at endogenous levels and in the
appropriate spatio-temporal manner. These mice were generated by introducing
266 CAG repeats into the endogenous mouse Sca7 locus, which normally

7266Q/5Q

contains just 5 CAG repeats. Sca mice exhibit many of the common

infantile-onset clinical features, including weight loss, ptosis, and muscle wasting,
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among others™. Due to the severity and multi-system effects modeled in these
mice, they are the most suitable physiological model for studying the connection

between SCA7 and metabolic and mitochondrial dysfunction.

To get a broad view of mitochondrial defects, | evaluated mitochondrial
structure morphology in PCs of SCA7 mice. | found that these mitochondrial
networks are more fragmented, an effect that has been associated with
bioenergetic defects. Through ultrastructure analysis, | also evaluated the
morphology of individual mitochondria. Interestingly, it seems like there are larger
mitochondria in SCA7 PCs, which | hypothesize is a compensatory mechanism
for an overall decrease in the total mitochondrial content. Furthermore, | find that
these SCA7 mice have a dramatically reduced oxygen consumption rate. To my
knowledge, this is a novel assessment in the field of ataxia. | also found that
there is a decrease in levels of metabolic substrates as these mice have
diminished fat content and lower blood glucose levels. These are all novel
phenotypes associated with SCA7. While this work establishes the connection
between SCA7 and mitochondrial dysfunction, | complement this with studies

performed in a human model of the disease, as described in chapter 3.

2.2 Results

SCAZ7 shares clinical features with mitochondrial disease
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Recently, the clinical commonalities observed amongst genetically
different mitochondrial diseases have been aggregated into a novel database
and bioinformatics tool that ranks the prevalence of certain symptoms®. The
most common mitochondrial disease traits include features that are often
observed in patients with SCA7, especially infantile-onset forms of the disease
(Figure 2.1a). This bioinformatics tool uses a machine-learning algorithm to
cluster diseases together based on clinical features. SCA7 clusters very closely
with 3-methylglutaconic aciduria type Ill (MGCA3) (Figure 2.1b), which is caused
by a mutation in OPA3, an integral component of the mitochondrial outer
membrane®. Other optic atrophies caused by mitochondrial mutations
(autosomal dominant optic atrophy; Leber’s optic atrophy) also cluster very
closely with SCA7 (Figure 2.1b). Additionally, this tool assigns a “mito-score” on
a scale of 0-100, with a score above 50 indicating more overlap with

mitochondrial diseases than non-mitochondrial diseases®®. SCA7 scores 93.

SCAZ7 Kl mice characterization

To understand more about overall metabolic and mitochondrial defects in
SCA7, the La Spada lab obtained SCA72°9*Q mjice, a model of infantile SCA7™.
These mice were reported to contain a 266 CAG repeat expansion in the mouse
Sca7 locus'. Upon receipt in the lab, these mice exhibited a more severe
phenotype than reported. The lifespan of these mice was 10-12 weeks, as

opposed to the 16-20 weeks reported™ (Figure 2.2a). Symptom onset was
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consistent at 5-6 weeks (35-45 days), based on body weight (Figure 2.2Db).
Through extensive genotyping efforts by others in the lab, it is estimated that the
mutation expanded (or originated in an alternate mouse line) to ~350 CAGs (data
not shown). Hereafter, | will refer to these mice simply as “SCA7 mice” and the

mice reported previously as SCA72°°Y* mijce.

Mitochondrial content and network length is reduced in SCA7 PCs

Within the cerebellum, PCs are highly vulnerable to dysfunction and
degeneration in SCA7. PCs are some of the largest neurons in the CNS and
have highly branching dendrites. Due to this unique cellular morphology, PCs
have also been shown to be highly susceptible to mitochondrial defects®®. Thus,
they are the ideal starting point to assess SCA7-associated mitochondrial
dysfunction. | began by analyzing total mitochondrial content in the soma of PCs
from SCA7 mice (example image shown in Figure 2.3a). Using an ImageJ
morphometry plugin, | quantified the mitochondrial content within the soma, as
well as skeletonized the Tom20 immunofluorescence signal to quantify
mitochondrial network morphology®®. | found that there was a significant
decrease in total mitochondria based on the percentage of Tom20
immunofluorescence to the overall cell body (Figure 2.3b). There was also a
slight, albeit significant, decrease in average length in the mitochondrial network
length in the SCA7 PCs (Figure 2.3c). Example skeletonized images of both

extremes: high average length (14 um) and low average length (5 um) are shown
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in Figure 2.3d, although the average difference between the WT and SCA7 was
considerably more subtle. This decrease in average length reflected a more
fragmented mitochondrial network, which has been associated with lower

respiratory activity and bioenergetic defects®*°.

SCA7 PCs have larger mitochondria

The analysis of the structure of the mitochondrial network indicated
differences in morphology on a network-level scale. | was also interested in
analyzing the morphology of individual mitochondria on a smaller, organelle-level
scale. | performed transmission electron microscopy (TEM) analysis on ultrathin
sections of cerebellum from SCA7 and WT mice. | was easily able to identify
mitochondria in PC soma (Figure 2.4a and 2.4b) and dendrites (Figure 2.4c and
2.4d). TEM analysis is best utilized for interrogating organelle morphology and
structure, but | also noticed during analysis that the images of SCA7 soma
seemed to contain fewer total individual mitochondria (indicated by arrowheads
in Figure 2.4). This qualitative observation agrees with the decrease in
mitochondrial content observed through the immunofluorescence imaging
experiments. | quantified parameters of size (perimeter, area, and feret diameter)
and shape (circularity and aspect ratio) for mitochondria separately from the
soma and dendrites. | found that the mitochondria from both SCA7 PC soma and
dendrites were overall larger in size (Figures 2.5a-2.5f), though the dendritic

mitochondria seemed to exhibit a bigger, albeit more variable, difference.
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Mitochondria were equivalent between WT and SCA7 in shape measurements

both in PC soma and dendrites (Figure 2.5g-2.5j).

SCA7 mice have reduced metabolic rate

Since fragmented mitochondrial networks have been associated with low
respiratory activity and bioenergetic defects®®®®, | sought to assess the overall
metabolic physiology of these mice. | began with the broadest evaluation of
metabolic dysfunction by submitting the SCA7 mice to indirect calorimetric
measurement to assess oxygen consumption rate (OCR), as oxygen is a
necessary component of aerobic respiration. | found that the SCA7 mice
exhibited an overall reduction in OCR (Figure 2.6a), which is significantly
reduced during both active (dark) and inactive (light) periods (Figure 2.6b). With
this analysis, | also monitored CO, output to assess the respiratory exchange
ratio (RER [VCO,/VOy]). The RER reflects the preference for carbohydrates or fat
as a metabolic substrate. The SCA7 mice had a reduced RER (Figure 2.6c and
2.6d) indicating more fat being metabolized in addition to an overall reduction in

metabolic rate.

SCAT7 mice have reduced glucose levels and fat content

With a reduced metabolic rate, | investigated other indicators of abnormal

metabolism in the SCA7 mice. | noticed in the process of dissection that the
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SCA7 mice had diminished fat depots compared to their wild type littermates
(Figure 2.7a). The inguinal white adipose tissue (iWAT) of the SCA7 mice was
significantly decreased in proportion to overall body weight (BW) throughout the
disease course (Figure 2.7a and 2.7b). | also assessed fasting blood glucose
levels through tail venipuncture to determine utilization of carbohydrates. The
SCA7 mice had significantly decreased blood glucose levels (Figure 2.7c). Taken
together, the decrease in adipose tissue and blood glucose indicate an increased
utilization of metabolic substrates. Coupled with the indirect calorimetry
experiments, these results indicate an overall disruption of metabolic respiration.
The overall goal of metabolic respiration is to catabolize substrates in the form of
carbohydrates, fats, and proteins into adenosine triphosphate (ATP), a usable
form of cellular energy. | next evaluated whether there was a coordinate

reduction in energy output in the form of ATP.

SCA7 have slightly reduced ATP content in cerebellum

To see if there was a coordinate defect in metabolic output, | measured
ATP levels from cerebellar extract of SCA7 and control mice. The cerebellum is
both the primary region of degeneration in SCA7 and a highly metabolically
active tissue, making this a prime target tissue for uncovering defects in energy
metabolism. | observed a decrease in the ATP/ADP ratio as well as total ATP
content, though neither was statistically significant (p=0.15, 0.08, respectively)

(Figure 2.7d and 2.7e). | am in the process of refining and continuing these
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studies to determine whether ATP content is reduced more significantly in other
tissues. After all, while these mice suffer from neuronal deficits, they also have
marked dysfunction in other tissues, so reduced ATP may be more evident in
other metabolic tissues. If this is the case, as my initial studies in the cerebellum

indicate, it reflects an overall defect in efficient energy metabolism.

2.3 Discussion

Mitochondrial dysfunction has emerged as a salient feature of many

neurodegenerative diseases®®®’

. In fact, the human central nervous system
alone accounts for 20% of energy metabolized®®. Outside of their main function of
energy production, mitochondria also play a role in apoptosis, calcium storage,
and metabolism of hormones and neurotransmitters. It logically follows then that
their maintenance and normal function would be intricately intertwined with
normal neuronal function. Despite this emerging importance, the role of

mitochondria in SCA7 had not been investigated. | chose to initiate this line of

investigation in a mouse model of infantile-onset SCA7.

| assessed mitochondrial structure as an indication of mitochondrial
health. While mitochondria are dynamic organelles that constantly undergo
fission and fusion, a tip on the balance one way or the other can result in

65,69

bioenergetic defects®"". | examined both the overall structure of the cellular

mitochondrial network, and the morphology of individual mitochondrial
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ultrastructure. | found a decrease in total mitochondrial content, along with more
fragmented mitochondrial networks in SCA7 PCs. This was coupled with an
overall increase in size of individual mitochondria as assessed by their
ultrastructure. If the mitochondria are not able to fuse properly (or alternatively,
too much fission is occurring), the individual mitochondria may compensate by
growing larger in an attempt to increase the capability for metabolic respiration.
TEM, by necessity, only represents a cross section of the cell. Scanning electron
microscopy (SEM) would give a better picture of the 3D nature of the individual

mitochondria, which | plan to perform in future experiments.

| did not pursue experiments aimed to specifically interrogate or rescue
excessive fission or impaired fusion, so at this point | cannot definitively argue a
defect in one over another. The components of mitochondrial fission and fusion
have been well characterized. Fusion is mediated by Mfn1, Mfn2 (outer
membrane), and Opa1 (inner membrane), while fission is mediated primarily by
Drp1. It would be very interesting to cross the SCA7 mice with Opa1
overexpressing mice’®, or alternatively Drp1 heterozygote knockout mice”’
(homozygotes are embryonic lethal) to further understand the effects of these

processes and potentially rescue SCA7-associated mitochondrial deficits.

It is evident from this work that these mice have a gross defect in energy
metabolism. They consume less oxygen and rely more on fat as a metabolic
substrate than carbohydrates. | have not seen reports of this effect occurring in

any other mouse models of ataxia. To my knowledge, this type of defect has only
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been observed in a handful of neurodegenerative disease models. Two mouse
models that have shown exacerbated Alzheimer’'s disease phenotypes (PITRM
deficiency; DNA Pol B deficiency) have also shown decreased metabolic
rates’?", Interestingly, HD mouse models have either shown no difference in
basal metabolic rate or an increase in oxygen consumption under fasting
conditions**™. Studies on the effects of aged mice have also indicated that there
was a trend towards a decrease in metabolic rate in old age, but not
significantly’®. While impaired energy metabolism may not be wholly unique to
SCA7, the effect is dramatic in these mice—justifying a continued analysis of

mitochondrial dysfunction.

The entire purpose of metabolic respiration is the breakdown of substrates
to produce ATP, the energetic currency of the cell. | found trends towards
decreased total amounts of ATP and decreased ATP/ADP ratio. Though not
statistically significant, this result could indicate impairment in metabolic
respiration specifically in the brain whereas the metabolic rate and glucose/fat

content observations provide a picture of whole body metabolism.

Recently, evidence has mounted that mitochondrial dysfunction may be a

cause of neurodegeneration, not just an effect®

. Assaults on mitochondria, either
through treatment with mitochondrial toxins such as rotenone or 3-nitroproprionic
acid (3-NP), or through genetic mutation of mitochondrial genes results in

neurodegenerative effects’®’®. Since the mitochondrial content and morphology

experiments in cerebellar PCs were all performed in symptomatic mice, | cannot
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decouple the observed mitochondrial defects from the neurodegenerative
process. By assessing other non-neuronal metabolic defects | hoped to
determine whether these mitochondrial effects were specific to the affected cells
in the brain, or were part of a larger picture of mitochondrial dysfunction. Since
the mice have an overall decreased metabolic rate, and a reduction in other
metabolic parameters, concomitant with neurodegenerative symptoms, | believe
that the mitochondrial deficit is either an independent effect or could potentially

even lead to the neuronal dysfunction.

The cerebellum (especially the PCs within) and retina have high energy
demands so it could be that these cells are the most vulnerable in suffering from
mitochondrial dysfunction in adult SCA7 patients. It is very telling that the
infantile-onset SCA7 patients also suffer from deficits in other energetically
demanding tissues (heart, skeletal muscle). In MRIs or post-mortem studies of
brains from these infantile SCA7 cases, some reports indicate cerebellar

1317 "while others have indicated largely normal brain structure®. The

atrophy
ataxin-7 protein is expressed ubiquitously throughout the brain, but also widely in
peripheral tissues as well®. It is possible that the multisystem effects observed in
these infantile-onset cases of SCA7 are independent of the neurological
dysfunction, and instead due to toxicity of the mutant protein in non-neuronal

tissue. | hope to further investigate these defects more definitively by looking at

mitochondrial structure in more tissue types and younger mice.
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With these results, | have taken the first step towards assessing
mitochondrial dysfunction in SCA7. Further work will be necessary to establish
the cause and effect dynamic of neurodegeneration vs. mitochondrial
dysfunction. | also hope to broaden our understanding of the defect in
mitochondrial dynamics by augmenting and/or depleting the fission and fusion
machinery. In the next chapter | will describe my efforts to establish a novel

human stem cell model of SCA7 and interrogate these effects in another system.

2.4 Experimental procedures
MitoDB analysis

SCA7 was queried against the MitoDB database® (www.mitodb.com) with
incidence of 100% ataxia, 83% visual acuity, 30% visual impairment, 69% optic
atrophy, 43% pigmentary retinopathy, 70% ophthalmoplegia, 50% pyramidal

signs, 50% extrapyramidal symptoms, 50% spasticity, and 25% hearing loss.
Immunohistochemistry

SCA7 knock-in mice were obtained from the Zoghbi lab. All animal
experimentation adhered to NIH guidelines and was approved by and performed
in accordance with the University of California San Diego Institutional Animal
Care and Use Committee. Ten-week-old mice were deeply anesthetized with
isoflurane and perfused with 4% PFA. Brains were dissected, immersed in 30%

sucrose, and cut on a vibrating microtome into 30 um sagittal sections. These
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free floating sections were incubated in blocking solution containing 10% goat
serum, 1% BSA, and 0.3% Triton X-100 for 1 hour at room temperature. Primary
antibodies, anti-Calbindin antibody (Sigma-Aldrich, C9848) and anti-Tom20
(Santa Cruz, sc11415), were diluted 1:500 in blocking solution and sections were
incubated overnight at 4°C. After 2 washes with PBS, sections were incubated
with anti-mouse superclonal AlexaFluor 488 and anti-rabbit AlexaFluor 555
(Fisher) at 1:500 and 1:250 dilutions, respectively, for 1 hour at room
temperature. Sections were then washed one time in PBS, incubated in PBS
supplemented with 1:5000 Hoechst 33342 for 10 minutes at room temperature,
and washed again before mounting on glass slides with Prolong Gold anti-fade
reagent (Life Technologies). Images were taken on a fluorescence microscope
(Z1 Axio Observer Apotome, Zeiss) at 40x magnification in a single plane.
Equivalent numbers of fields were captured for each condition. Each PC soma
was manually encircled based on Calbindin staining and morphometry
parameters were quantified by an ImageJ plugin, as described previously®*.
Mitochondrial area was calculated as a percentage of the soma area. Average

mitochondrial length was quantified in microns.

Electron microscopy and mitochondrial ultrastructure

Eight and half-week-old mice were deeply anesthetized with isoflurane
and perfused with a fixative solution made of 2% PFA and 2.5% glutaraldehyde

in PBS. Brains were dissected and placed in fixative solution overnight at 4°C.
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The brains were then cut into 50 um sagittal sections on a vibratome. Ultrathin
sections were prepared from equivalent regions within the cerebellum and
imaged at 4000x on a Carl Zeiss Libra 120kV PLUS Energy Filtered
Transmission Electron Microscope at the Salk Institute Biophotonics Core.
Images from soma and dendrites were grouped together and intact mitochondria
within each structure were identified by double membrane and presence of
cristae. Individual mitochondria were traced in Imaged and measured for area,
perimeter, feret diameter (caliper length), circularity (41TA/p2), and aspect ratio

(major axis/minor axis).

Indirect calorimetry in metabolic cages

Female 8-week-old mice were housed in the Oxymax/CLAMS metabolic
cage system from Columbus Instruments for 4 days with ad libitum access to
food and water on a 12-hour light/dark cycle. VO2 and RER were measured by

the Oxymax system after a 24-hour acclimation period.

Glucose and iWAT dissection

Glucose was measured using the NovaMAX glucometer system via tail
venipuncture after 6 hours of fasting. Mice were sacrificed either by exposure to

a lethal dose of CO, or isoflurane anesthesia followed by decapitation. The iIWAT
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from the right side of each mouse was surgically excised and weighed as

described previously®'.

ATP analysis

Cerebella from eight and a half-week-old female mice was dissected and
homogenized in 450 uL PBS with 2 mM ethylenediaminetetraacetic acid (EDTA)
with a handheld pellet pestle motor. Fifty uL of 50% trichloroacetic acid (TCA)
was added to each sample and incubated on ice for 15 minutes. Lysate was
then centrifuged at 10000 x g for 30 minutes at 4°C and the TCA extract
(supernatant) was transferred to a 13-mm glass test tube. Six volumes of diethyl
ether were added to each sample, vortexed, and the upper ether phase was
aspirated. This process was repeated 3 more times. The aqueous sample was
transferred to an eppendorf tube and left in the fume hood for 30 minutes for
ether evaporation. The ATP and ADP present in TCA extracts from the
cerebellum of 8.5-week-old female mice were then quantitatively converted to

fluorescent 1,N°-ethenoadenine derivatives as previously described®.
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Figure 2.1 SCA7 has clinical features similar to mitochondrial diseases. A The top 20 traits
seen in mitochondrial diseases from www.mitodb.com out of more than 600 total traits.
Overlapping symptoms with SCA7 are marked with an asterisk. Symptoms prominent in infantile-
onset SCA7 are indicated. B Circular hierarchical dendrogram indicates diseases with similar
symptoms. Diseases in red are known to have mitochondrial cause or involvement, green is non-

mitochondrial, black is unknown, and blue with arrow is SCAT.
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Figure 2.2 SCA7 mice have decreased survival and body weight. A Kaplan-Meier survival
curve indicates a median survival time of 80 days for SCA7 Kl mice. Dotted line indicates survival
of WT mice. n = 20. B Body weights of SCA7 and WT mice at different time points. Data are
represented as mean = SEM, n = 5 mice per genotype, **P<0.001, ****P<0.0001.
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Figure 2.3 SCA7 Purkinje cells have decreased mitochondrial content and length. A
Representative merged image of stained Purkinje cells (Calbindin, red) and mitochondria
(Tom20, green) with nuclei (Hoechst, blue) from a cerebellar section. Scale bar, 20 um. B Tom20
immunofluorescence signal as a percentage of selected area of Calbindin immunofluorescence.
C Average length of skeletonized mitochondria network. D Example images of skeletonized
Tom20 signal to exhibit extremes of length measurement. The average lengths of the
mitochondria in the image on left and right are 14 um and 5 um, respectively. Scale bar, 5 um.
Data are represented as mean + SEM, n = 100 cells per genotype, *P<0.05, ***P<0.001.
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Dendrites

Figure 2.4 SCA7 Purkinje cells display fewer mitochondria that are increased in size.
Representative images of WT (A) and SCA7 (B) PC soma and WT (C) and SCA7 (D) PC
dendrites. Red arrowheads indicate mitochondria. Red outlines indicate either the cytoplasm of a
PC soma or a dendrite to clearly show analyzed area from extracellular space or other cells.

Scale bar, 1 um.
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mitochondrial size. Representative graph of mitochondrial area (A) and quantification (B),
representative perimeter (C) and quantification (D), representative Feret diameter (E) and
quantification (F), representative aspect ratio (G) and quantification (H), and representative
circularity (I) and quantification (J) from WT and SCA7 soma. Each dot represents an individual
mitochondrion from a single PC soma. Black bars in dot plots are the median. Bar graphs are
represented as mean £ SEM, n = 21 cells from 2 different mice per genotype.



36

’g) 6000- B WT @ SCA7
.E *%*
= *%k
E % 4000-
[}
o) (@)
2 § >
o g0 < 20004
(@)
0
Light Dark
10 1.0- B WT @ SCA7
8 : *% *
§ v O8]
O J
o 08 'E'zJ 0.6-
= 2
é Z 04-
0.6 0.2
0.0-
0 2 Light Dark

Hours

Figure 2.6 SCA7 mice exhibit decreased metabolic respiration. A Metabolic cage
measurement of the oxygen consumption rate (VO2, mL/kg/hr) quantified by area under the curve
(AUC) in inset, over the course of 72 hrs. B Quantification of average measurements of OCR
during light and dark intervals. C Respiratory exchange ratio (RER) (CO2 emission/O2
consumption), quantified by area under the curve (AUC) in inset, over the course of 72 hours. D
Quantification of average measurements of RER during light and dark intervals. White panels in
A and C indicate 12 hrs of light, and gray panels indicate 12 hrs of dark. Data are represented as
mean + SEM, n = 5 mice per genotype, *P<0.05, **P<0.01.
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Figure 2.7 SCA7 mice exhibit decreased fat content and blood glucose. A Representative
images of IWAT from WT and SCA7 mice. B iWAT was dissected and weighed as a proportion of
body weight at different timepoints. C Blood glucose levels after 6 hr of fasting at different
timepoints. D Quantification of ATP in proportion to ADP levels and F total ATP concentration in
the cerebellum of 60-day-old WT and SCA7 mice. Each black point represents an individual
mouse. Data are represented as mean + SEM, n = 5 mice per genotype, *P<0.05, **P<0.01,
****P<0.0001.
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Abstract

| generated a novel stem cell model of SCA7 to evaluate mitochondrial
dysfunction in an applicable human system. | obtained patient and control
fibroblasts and reprogrammed them into induced pluripotent stem cells
(iPSCs). | used a CRISPR gene editing technique to knockout mutant ataxin-7
in patient cells and evaluate the effect of normal and pathogenic ataxin-7
expression in neural progenitor cells (NPCs). These cells demonstrate
reduced mitochondrial network length, but exhibit no differences in
mitochondrial membrane potential (MMP) and reactive oxygen species (ROS).
Importantly, they have a significantly reduced oxygen consumption rate
(OCR), an indicator of defective metabolic respiration. Coupled with results
from SCA7 mice, these data demonstrate that mitochondrial dysfunction is an

authentic feature associated with SCA7 pathogenesis.

3.1 Introduction

Induced pluripotent stem cells (iPSCs) have revolutionized the field of
disease modeling. By merely expressing 4 transcription factors in human
fibroblasts, it is possible to reprogram them to pluripotent cells that have the
capacity to differentiate into any other cell type. This tool has turned out to be
remarkably powerful for modeling diseases that lack appropriate mouse
models or are difficult to recapitulate in a cell model. While the SCA?7 field has
benefitted from several different mouse models, not all have produced

parsimonious conclusions about the biology of the disease. Additionally, using
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iPSC technology in combination with mouse models gives further assurance
that the results are not specific to one model system, but are broadly
applicable to the disease itself. It is in this pursuit that | sought to generate a
novel SCA7 stem cell model.

While adult-onset SCA7 primarily affects mature neuronal cell types
such as Purkinje cells and retinal photoreceptors, infantile-onset SCA7 is a
much broader form of disease. These patients present with symptoms very
early, and in a wide variety of cell and tissue types. Hypotonia, muscle
wasting, developmental delay, and congestive heart failure have all been
observed in infantile-onset patients (reviewed in Whitney, et al. '°). These
cases invariably result in fatal multi-organ failure’"". In fact, infantile-onset
SCAY7 is so severe that it could be considered a neurodevelopmental disorder.

Neural progenitor cells (NPCs) are multipotent stem cells that, in normal
development, are able to differentiate into any cell of the neural lineage. These
cells were first isolated from the mouse brain*>*', but have more recently been
derived from human pluripotent stem cells (hPSCs)*. Moreover, NPCs have
even been shown to recapitulate disease-specific phenotypes associated with
adult-onset neurodegenerative diseases®>>’, despite the fact that these cells
are most prominent in neural development. In pragmatic terms, they are also
very easy to grow in culture, proliferate quickly, and can be cryopreserved.
With this in mind, | hypothesized that NPCs would be a particularly relevant

system for interrogating mitochondrial dysfunction in infantile-onset SCA?7.
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One of the challenges of iPSC disease modeling is the sheer variability
between different iPSC lines. This variability stems from a number of genetic,
epigenetic, and environmental factors. In genetic disease modeling, it is best
to compare several clonal iPSC lines from several patients and controls to
ensure valid results, but the cell line variability can cause subtle phenotypes to
get lost in the noise?*. In response to these challenges, the advent of gene
editing has been a boon for the field. The advent of Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) technology has made it
inexpensive and straightforward to perform gene editing in a broad range of
systems. When a CRISPR guide RNA is co-expressed with CRISPR
associated protein 9 (Cas9), double strand breaks (DSBs) are targeted to a
selected site in the genome. These DSBs can be resolved through
homologous recombination (HR), which results in repair with a donor template,
or through non-homologous end joining (NHEJ), which commonly results in a
loss of function allele. Utilization of this technique therefore leads to changes
in the targeted gene of interest, while the rest of the DNA is identical to the
untreated cells—resulting in isogenic cell lines. While | began these studies by
comparing many clonal lines from patients and controls, it became evident that
the comparison amongst all of these lines made it difficult to determine if the
observed effects were disease-specific or simply due to variation in the
system. With this in mind, | designed a gene editing strategy with the goal to
correct the CAG expansion mutation in patient cells to a normal, non-

pathogenic length. | did not obtain any cell lines with such a rescue, but the
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process did result in cell lines with a functional ataxin-7 knockout. | was able to
use these cells to my advantage by re-expressing normal and mutant versions
of ataxin-7 to compare isogenic lines of NPCs.

| thoroughly characterized these cells through the stages of
reprogramming, CRISPR gene editing, and re-expression of ataxin-7, to
ensure that this model would be appropriate to investigate mitochondrial
dysfunction. | then performed an assessment of mitochondrial structure, and
determined that NPCs expressing mutant ataxin-7 have more fragmented
mitochondrial networks, as | observed in SCA7 mice. | also took advantage of
the cellular model to investigate novel effects on mitochondrial membrane
potential (MMP) and reactive oxygen species (ROS), but surprisingly found no
disease-specific effect. However, in a metabolic assessment of oxygen
consumption, | found that these cells suffer from a defect in metabolic
respiration, similar to the effects observed in the SCA7 mice. Taken together
with the studies described in chapter 2, | have found that SCA7 is a disease
characterized by mitochondrial dysfunction. | further pinpoint this defect here,
as the assessment of mitochondrial depolarization—a late stage marker of
mitochondrial dysfunction—was not different from controls. This indicates a
specific link between mitochondrial fragmentation and metabolic respiration in

SCA7.

3.2 Results

Generation and characterization of iPSCs
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| began by obtaining fibroblast samples from two different families
consisting in total of 3 SCA7 patients, 1 relative with an intermediate allele
length, and 2 related controls. A summary of patient details is included in
Figure 3.1a. | reprogrammed all patient fibroblast lines to iPSCs (Figure 3.1b)
and ensured that these cell lines exhibited key characteristics of pluripotent
stem cells (Figure 3.1c-3.1e). My reprogramming efforts resulted in 2 to 8

clonal iPSC lines from each individual, as indicated in Figure 3.1a.

CRISPR gene editing knocked out ATXN7

Due to variability and limitations when comparing iPSC lines and
derivatives®, | also generated an isogenic model by using CRISPR/Cas9 to
edit the mutant ATXN7 gene in patient iPSCs. My primary goal was to, in
effect, “contract” the repeats to a non-pathogenic length. | designed a guide
RNA that would target a double strand break in proximity of the CAG repeat
region within exon 3 of the human ATXN7 gene (Figure 3.2a). When co-
expressed with Cas9, this system introduced DSBs at high efficiency (Figure
3.2b). This did not occur when the guide RNA was co-transfected with a
Cas9D10A nickase that only introduced single strand breaks (SSBs) (Figure
3.2b). After co-expressing Cas9 and the guide RNA in 65Q patient iPSCs
(patient indicated by asterisk in Figure 3.1a), | obtained several clones with
deletions large enough to be noticeable when the PCR amplicons were run on
an agarose gel (Figure 3.2c). Upon more thorough sequencing analysis, 3 out

of 4 of these clones did not retain the proper coding reading frame (Table 3.1).
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Of the one that did, the deletion did not extend into the CAG repeat region.
While | did not obtain any clonal lines that had a natural contraction to a non-
pathologic number of CAG repeats while still maintaining a functional protein, |
did obtain several clonal lines with small insertions or deletions (indels)
predicted to cause a premature stop codon that would result in a functional
knockout of the protein (Table 3.1). | further analyzed one clone that had small
deletions in each allele (Figure 3.2d) and determined that polyQ-expanded
ATXNY protein was undetectable by immunoblotting (Figure 3.2e). To assess
genome stability in these cells, | performed digital karyotyping via SNP array
through hybridization to the lllumina Infinium HumanCoreExomeBeadChip.
This analysis revealed that there were no large aberrations detected in either
the unedited SCA7 patient iPSC line or the edited ATXN7 knockout line
derived from it. Additionally, through analyzing the absolute number of
different single nucleotide polymorphism (SNP) genotype calls between these
two lines, | found that there were zero out of the total 257,118 SNP probes that
had any homozygous mutational differences, and only 10 probes that
contained heterozygous mutational differences. This is similar to the
mutational load observed when two different clonal lines are derived from a
single individual’s fibroblasts. In my hands, these mutations ranged from 2 to
17 heterozygous differences. Furthermore, these differences could be
attributed to mutations accumulated through passaging not just CRISPR/Cas9
induced mutagenesis, as the edited cells had been passaged several times

before analysis.
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Characterization of isogenic model through lentiviral ATXN7 expression
While an ATXN7 knockout line was not my primary goal, | decided to
use these cells to my advantage by re-expressing either normal length or
mutant ataxin-7. In this manner, | could specifically assess phenotypic
differences caused by the presence of mutant ATXN7 independent of the
variability of many different patient cell lines. | differentiated these iPSCs to
neural progenitor cells (NPCs) then lentivirally expressed either normal length
(10Q) or mutant (113Q) ataxin-7, along with EGFP separated by a 2A peptide
as a marker of transduced cells (Figure 3.3a). | ensured that these NPCs
expressed markers of the neural lineage (Figure 3.3b) and lentiviral
transduction resulted in equivalent expression of normal and mutant ATXN7
(Figure 3.3c). Current work involves precisely measuring the lentiviral
expression compared to endogenous expression in the patient line from which
these cells were derived. Only the 113Q cell lysate was immunoreactive when
probed with an antibody that recognizes expanded polyglutamine repeats
(Figure 3.3c). | also detected polyglutamine-containing SDS-insoluble
aggregates in cell lysate from the 113Q cells via filter trap assay (Figure 3.3d).
The expression of both 10Q and 113Q reduced the overall proportion of live
cells, which is unsurprising considering both versions of ATXN7 are being
expressed at a higher level than endogenous (data not shown). However,
there were significantly fewer live cells in the 113Q condition, indicating a
polyQ dependent toxicity (Figure 3.4a and 3.4b). In addition to the isogenic

model system, | also assessed the percentage of live cells in SCA7 patient
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and control NPCs. Only the 65Q patient line exhibited a significant reduction in
live, healthy cells (Figure 3.4c). This result could be attributed to variability or

to the less severe endogenous mutations present in the patient cells.

Mitochondrial network length is decreased in SCA7 NPCs

Mitochondrial fragmentation is often associated with bioenergetic
defects and decreases in metabolic respiration—as observed in the SCA7
mice. | was able to perform a very similar analysis to that performed in
Purkinje cells of the mice, by measuring the average length of mitochondrial
networks in the GFP+ NPCs, thereby specifically selecting those cells
expressing ataxin-7, (example shown in Figure 3.5a). Mitochondria in 113Q
cells were significantly decreased in length when compared to GFP empty or
10Q, indicating increased fragmentation (Figure 3.5b and 3.5c). | also
assessed the average length of mitochondrial networks in SCA7 patient and
control NPCs. While the 50Q and 65Q patient lines exhibited a trend towards
decreased mitochondrial length, only the 70Q patient line was significantly
reduced compared to controls (Figure 3.5d). | also generated primary
cerebellar granule neurons (CGNs) from mice expressing 92Q ataxin-7°,
which likewise exhibited a trend towards decreased mitochondrial length,
though not significant (Figure 3.5e). Taken together, these results indicate that
mitochondrial fragmentation is not particular to a single model system, but a
bona fide SCAT7-associated phenotype. The patient NPCs and 92Q CGNs are

models of a less severe version of SCA7, so it makes sense that there would
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be a coordinate decrease in severity of the phenotype in these model

systems.

Mitochondrial membrane potential is unchanged in SCA7 NPCs

| sought to take advantage of this cellular model to perform further in
vitro studies to assess mitochondrial membrane potential (MMP). Proper MMP
is maintained by the proton electrochemical gradient that is generated by the
electron transport chain (ETC) in the inner membrane of the mitochondria.
Collapse of this potential is indicative of late stage mitochondrial dysfunction
and leads to cell death®*®. Subtler decreases in MMP have been associated
with mitochondrial fragmentation®®¢, but the effects can also be independent
of each other®®. | used fluorescence-activated cell sorting (FACS) to select
GFP+ cells and measure MMP using a rosamine-based dye, CMXRos, which
accumulates in polarized mitochondria®. | normalized this to the total
mitochondrial content of cells through Mitotracker Deep Red fluorescence
(which does not accumulate in polarized mitochondria) to ensure that any
differences in CMXRos fluorescence intensity would be specific to differences
in mitochondrial polarization. There was no significant increase or decrease in
the MMP in the 10Q or 113Q expressing cells compared to GFP empty
controls (Figure 3.6a and 3.6b). Likewise, the patient NPCs showed no
significant differences in this measurement, though there was more variability
between these lines, as expected (Figure 3.6¢c). CGNs from 92Q mice also

exhibited equivalent MMP compared to WT CGNs (Figure 3.6d). Since | also
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selected for live cells (through forward scatter and side scatter gating), | did
not expect to see a complete collapse of MMP, which quickly leads to cell

death®*® but there does not seem to be any evident subtle difference either.

ROS levels are unchanged in SCA7 NPCs

| used a similar FACS technique to measure the abundance of reactive
oxygen species (ROS) both at a total cellular level and specifically in
mitochondria. CellROX is a dye that fluoresces upon ROS oxidation. MitoSOX
targets to mitochondria and fluoresces specifically upon superoxide oxidation.
As before, | selected the GFP+ cells and measured the median fluorescence
intensity of both of these ROS markers. There was no apparent difference in
either the total cellular ROS or mitochondrial ROS levels between GFP empty,
10Q, or 113Q cells (Figure 3.7a and 3.7b), which indicates that these cells
were not undergoing excessive oxidative stress. One line of patient SCA7
NPCs had significantly elevated levels of cellular ROS and another line had
elevated mitochondrial ROS (Figure 3.7e and 3.7f). Since the isogenic model
did not exhibit this difference, these differences are most likely attributable to
non-disease specific variability. CGNs from 92Q mice were likewise equivalent
to WT cells (Figure 3.7g and 3.7h). As before, these levels were normalized to
the total mitochondrial content to ensure that the signal was specific to
changes in ROS levels and not mitochondrial content. As with the MMP, |

specifically analyzed the live GFP+ cells, so it is possible that | was not able to
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observe the cells with massive increases in ROS as this would quickly lead to

cell death.

Mitochondrial protein levels are unchanged in SCA7 NPCs

| analyzed the protein levels of a panel of mitochondrial proteins in
these cells to determine whether there was a significant difference in specific
proteins important to mitochondrial function. By western blot, | detected no
differences in overall protein levels of components of the mitochondrial outer
membrane (VDAC1 and Tom20) or members of the ETC (CoxIV or CytC)
(Figure 3.8). Though not exhaustive, this analysis of mitochondrial protein
levels, in coordination with equivalent MMP and ROS levels, implies that the
mitochondrial defects present in this system are not due to a significant loss in

mitochondria or total collapse in mitochondrial function.

SCA7 NPCs exhibit bioenergetic defects

As the SCA7 mice exhibited such a marked and severe decrease in
metabolic respiration, | was curious to see whether this model would likewise
exhibit defects in bioenergetics. | performed a functional assessment of
mitochondrial respiration in these cells via seahorse assay. The basal
metabolic rate of each condition reveals that 113Q cells have a diminished
oxygen consumption rate (OCR) and increased extracellular acidification rate,
an indicator of glycolysis® (ECAR) (Figure 3.9a). This correlates with the

indirect calorimetry measurements observed in the whole animal and indicates
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an overall defect in metabolic respiration that is substantial enough to force the
cells to rely heavily on glycolysis. With the treatment of an ATP synthase
inhibitor (oligomycin), uncoupling agent (FCCP), or inhibitors of complex | and
Il (antimycin/rotenone), the 113Q cells all remained at a diminished
OCR/ECAR ratio when compared to the 10Q cells (Figure 3.9b). | used this
ratio as a readout, rather than total OCR, because of the decrease in live cells
in the 113Q condition (see Figure 3.4). The ratio of OCR to ECAR accounts for
the differences in total cell number. Nonetheless, decreases in OCR or

increases in ECAR are reflections of dysfunctional metabolic respiration.

3.3 Discussion

To my knowledge, this is the first study that uses iPSCs to model
SCAY. Heretofore, there has been a description of derivation of iPSCs and
neurons from a single SCA7 patient, but no investigation of phenotypesm.
While the variability associated with iPSC disease modeling is challenging, |
was able to use an emerging tool in the form of CRISPR gene editing to
generate an isogenic model of SCAY. It is not surprising that the patient cells
exhibit more variability and less distinct phenotypes than the 113Q transduced
cells. These cells have less severe expansions (50, 65, and 70 CAGs), and
are expressed at endogenous levels. Moreover, my experiments were all
performed in NPCs, but it may be more relevant to assess phenotypes from

these less severe mutations in more mature differentiated neurons. In most
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cases, the patient cells exhibited similar trends as the isogenic model, which |
found encouraging.

Surprisingly, | did not observe any obvious phenotypes associated with
knocking out ataxin-7 in the NPCs. The cells proliferate normally and maintain
normal cellular morphology (data not shown). Recent work has indicated that
atxn7 deficiency in zebrafish impairs embryonic development, and that even
partial depletion prevents differentiation of retinal photoreceptors and specific
cerebellar neurons®. However, ataxin-7 knockout mice do not exhibit any
obvious defects, neurodegenerative or otherwise (personal communication,
Huda Zoghbi). It is possible that these cells may lack differentiation capacity
similar to the zebrafish, or like the mice, may have some compensatory ability
to overcome the protein deficiency. There was a slight but non-significant
increase in mitochondrial network length between knockout (GFP empty) and
10Q expressing NPCs (Figure 3.5c). It is possible that the presence of normal
ataxin-7 could be beneficial for mitochondria. | will have to perform more
precise experiments comparing the ataxin-7 knockout cells to non-pathogenic
controls to assess this difference.

| was encouraged to see a recapitulation of the mitochondrial
fragmentation effect in this cell model. Not only is this a less severe mutation
than in the SCA7 mice, but it is also present in human cells, indicating that this
is a physiologically relevant defect. Importantly, patient NPCs and cerebellar
granule neurons (CGNSs) derived from 92Q transgenic SCA7 mice also show a

tendency towards decreased mitochondrial length. Interestingly, | did not
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detect any observable differences in mitochondrial polarization or ROS levels
coordinate with the increased fragmentation. There have been entire reviews
written about the complicated cause and effect relationship between a variety

of mitochondrial defects®?

. In fact, it has been shown that fragmented
mitochondria have been associated with increases, decreases, and complete
dissipations of MMP (reviewed in Galloway and Yoon 88). Therefore it's not
entirely surprising that this was unchanged in these cells despite the fact that
they have more fragmented mitochondria. Using the FACS technique, | also
selected for the live, healthy cells so it is likely this is the reason | did not
observe severe depolarization or massively elevated ROS levels. There is one
report of increased ROS production linked to increased ataxin-7 aggregation in
a cell model of SCA7%, but this system did not confirm this finding.

My initial motivation to perform the bioenergetics assay on these cells
was to perturb individual complexes of the ETC in order to specify which
complex might be the culprit of the metabolic defect. What | found was
dysfunction in the basal metabolic rate. Perturbation with ETC modulators
seemed to just maintain this reduced rate. In further work, | will isolate
mitochondria from these cells to perform specific ETC complex activity assays
to determine if a single complex is the culprit for this defect.

In these studies, | have generated and characterized a novel human
cell model system of SCA7. | have also established mitochondrial
fragmentation as a significant phenotype in a human model system. Likewise,

reductions in metabolic respiration are evident. However, further work is
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necessary to determine the exact link between polyQ ataxin-7 and these
mitochondrial defects. Why and how this dysfunction occurs molecularly and
how it is linked to the SCA7 mutation are still open questions. In the next
chapter, | will describe the initial dive into exploring the mechanistic

underpinnings of this dysfunction.

3.4 Experimental procedures
iPSC derivation

Fibroblasts were generated from dermal biopsies from SCA7 patients
and controls indicated in Figure 3.1a, upon informed consent and in
compliance with UCSD IRB protocols. Fibroblasts were cultured in Dulbecco's
modified Eagle's medium (DMEM) with 10% FBS and 5% penicillin and
streptomycin. Low passage fibroblast cultures were treated with the retroviral
reprogramming factors Oct4, Sox2, KIf4, and c-Myc, as described
previously?"®. Two days after transduction, fibroblasts were dissociated and
plated on irradiated mouse embryonic fibroblasts (Chemicon) in human
embryonic stem cell media consisting of DMEM, 10% KnockOut Serum
Replacement  (ThermoFisher), 0.5%  non-essential amino  acids
(ThermoFisher), and 0.1 mM 2-mercaptoethanol. After 15-20 days, individual
colonies with stem cell morphology were isolated and transferred to feeder
free conditions on Matrigel (BD Bioscience) coated plates and grown in

mTesr1 media (StemCell Technologies) as clonal lines. Thereafter, cells were
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passaged manually by gently cutting colonies with a needle and scraping with

a pipette tip under an EVOS inverted microscope (ThermoFisher).

RT-PCR

RNA was extracted from early passage fibroblasts and iPSCs using
TRIzol reagent (Thermo Fisher), and DNase-treated with TURBO DNA-free kit
(ThermoFisher) according to manufacturer’s instructions. One microgram (ug)
of RNA was reverse transcribed using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Life Technologies) according to
manufacturer’s instructions. cDNA was then amplified using primers for Oct4,

Sox2, Nanog, and GAPDH as described previously®.

Guide RNA design and efficacy

The target sequence for the gRNA was designed and selected using
the E-CRISP design site based on proximity to CAG repeat region and limited
off-target effects (http://www.e-crisp.org/E-CRISP/). The target sequence
(CGGGCCGCGGATGACGTCAGG) was incorporated into a synthesized
GeneArt DNA String (Life Technologies), as described® . This fragment and
the pUCS57 expression vector were simultaneously digested with EcoR1 and
Pst1 restriction enzymes, ligated together, and transformed into DHb5a
bacteria. Bacterial colonies were picked, and DNA was isolated and
sequenced. To ensure function and specificity, this U6::gRNA vector and the

CMV::Cas9-2A-EGFP vector were co-transfected into HEK293Tcells, which
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were then harvested after 72 hours, or alternatively, selected for GFP
expression by FACS on a BD influx and then harvested for DNA isolation
(DNeasy, Qiagen). Surveyor nuclease assay was performed by PCR
amplifying the region surrounding the putative cut site with the following
primers: SCA73.1F 5-GAGCGGAAAGAATGTCGGAGCG-3 and
SCA73.327R 5-CAGGAACTTTGGAAGCCTCAACCC-3. The PCR product
was hybridized and treated with Surveyor Nuclease S and Surveyor Enhancer
S according to manufacturer instructions (Transgenomic, Inc.). Products were
analyzed on an acrylamide gel and the relative amount of the resulting

cleaved product was quantified using Imaged.

CRISPR/Cas9 gene editing and screening

One clonal line of patient iPSCs was treated overnight with 5 uM ROCK
inhibitor (Ri) (Tocris), then dissociated to single cells with Accutase (StemPro,
ThermoFisher), and passed through a 40 um nylon mesh (BD Biosciences) to
ensure single cells prior to transfection. Using hESC Kit 2 and Amaxa program
B16 (Lonza), 2 x 10° cells were nucleofected with 9 pg of the CMV::Cas9-2A-
EGFP vector or CMV::Cas9D10A-2A-EGFP (gifts from Kiran Musunuru;
Addgene, #44719 and #44720) and 3 pg of the U6::gRNA vector. Transfected
cells were plated in mTeSR supplemented with 5 uM Ri for 48 hours before
FAC sorting. GFP expressing cells were selected using the BD influx at the
UCSD Human Embryonic Stem Cell Core Facility and plated communally to

recover for 48 hours with Ri. After 48 hours, cells were again dissociated to
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single cells as described above, plated very sparsely (20000 — 80000 cells in a
10 cm dish), and allowed to grow out as clonal lines for 1-2 weeks. Isolated
colonies were selected, expanded, and genomic DNA was extracted (DNeasy
kit, Qiagen) for PCR and sequencing analysis. All clones were initially
screened by PCR using the PCRx enhancer system (Invitrogen, Life
Technologies) and the above 3.1F/3.327R primers. Several clonal lines were
further investigated by TOPOcloning (ThermoFisher) the PCR product,
selecting 10 resulting bacterial clones, isolating DNA (QlAprep kit, Qiagen),
and sequencing (Eton Bioscience; San Diego, CA). One resulting clonal line

with small deletions in each allele was selected for further studies.

Karyotyping

Standard G-banding chromosome analysis of iPSC clones was
performed by Molecular Diagnostic Services (San Diego, CA). Digital
karyotyping was performed by hybridization to the lllumina Infinium
HumanCoreExomeBeadChip (module version 1.9.4) following manufacturer’s
instructions at the UCSD Institute of Genomic Medicine Genomics Center.
Analysis was performed using lllumina’s cnvPartition and gada R package97 in

addition to manual analysis.

NPC differentiation
NPCs were generated with STEMdiff Neural Induction Medium (NIM)

(StemCell Technologies) according to manufacturer’'s monolayer culture
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protocol instructions. Briefly, iPSCs were gently dissociated with Accutase
(StemPro, ThermoFisher), pelleted, and resuspended in NIM at 1 x 10°
cells/mL, then plated on Matrigel coated dishes. Cells were passaged one
more time in NIM and plated in dishes coated with poly-L-ornithine (15 ug/mL)
and laminin (10 ug/mL) (Sigma-Aldrich). Cells were thereafter passaged and
expanded in STEMdiff Neural Progenitor Medium (NPM) (StemCell

Technologies) on poly-L-ornithine/laminin-coated dishes.

Lentivirus generation and treatment

EGFP-2A-puroR-2A, EGFP-2A-puroR-2A-Atxn7cDNA (10 CAG), and
EGFP-2A-puroR-2A-Atxn7cDNA (113 CAG) cassettes were cloned into pSico
lentiviral constructs. Lentiviral particles were produced using standard
techniques and titration was performed using limiting concentrations of the
virus to ensure equivalent GFP expression by immunofluorescence. Lentiviral
construct cloning and lentiviral production were performed at the University of
Washington. NPCs were transduced with lentivirus and experiments were all

performed after 48 to 72 hours.

Protein isolation and immunoblotting analysis

Cells were harvested in RIPA buffer (50 mM Tris, 0.1% SDS, 0.5%
sodium deoxycholate, 1% triton X-100, 150 mM NaCl) supplemented with 1%
protease inhibitor cocktail (Roche) and homogenized by passing 5 times

through a 23-gauge needle. Lysate was then centrifuged at 10000 x g for 10
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min at 4°C. Supernatant was quantified via BCA assay (Pierce;
ThermoFisher). Fifteen ug of protein were separated on 4-12% Bis-Tris gels
(Life Technologies), transferred to PVDF membranes (Millipore), and blocked
with 3% Bovine Serum Albumin (Sigma-Aldrich) for at least 1 hour at room
temperature. Membranes were then probed with rabbit anti-ATXN7 (Thermo,
PA1-749) 1:1000, mouse anti-polyQ 1C2 (Millipore MAB1574) 1:1000, rabbit
anti-Tom20 (Santa Cruz, SC11415) 1:1000, rabbit anti-CoxIV (Cell Signaling,
4850) 1:1000, mouse anti-cytochrome C (BD Pharmingen, 556433) 1:1000,
mouse anti-VDAC1 (Millipore, MABN504) 1:1000, or mouse anti-beta actin
(Abcam, ab8226) 1:10000 in 3% BSA in PBS overnight at 4°C. After 3 washes
with 1x phosphate buffered saline supplemented with 0.1% Tween20 (PBS-T),
membranes were incubated with HRP secondary antibodies (1:10000 Santa
Cruz sc-2005 [anti-mouse], sc-2004 [anti-rabbit]) in PBS-T for 1 hour at room
temperature. After treatment with enhanced ECL chemiluminescence
(Upstate), the membranes were visualized by autoradiography. For the filter
trap assay, cell pellets were resuspended in RIPA buffer, triturated as above
with a needle, and then directly quantified by BCA. Thirty ug of protein was
loaded in a PR-600 24 slot blot filtration manifold unit (Hoefer, Fisher
Scientific) with a cellulose acetate membrane. Vacuum was applied until lysate
had run through, membrane was blocked in 5% nonfat dried milk in PBS for 1
hour at room temperature, and then incubated in mouse anti-polyQ 1C2

(Millipore  MAB1574) 1:1000 overnight at 4°C. Membranes were then
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incubated in anti-mouse secondary antibody (1:5,000; Santa Cruz sc-2005) for

1 hour at room temperature, and visualized as above.

Immunostaining

Cells were grown in coated 96-well plates or chamber slides, fixed in
4% paraformaldehyde for 10 min, and permeabilized in 0.3% Triton X-100 in
PBS for 10 min. Cells were then blocked with 5% BSA for at least 1 hour
before incubation with chicken anti-GFP (Abcam, ab13970) 1:2000, rabbit anti-
Tom20 (Santa Cruz, SC11415) 1:500, mouse anti-SSEA4 (Cell Signaling CS
4755) 1:500, mouse anti Tra-1-60 (Cell Signaling CS 4746) 1:500, mouse anti
Tra-1-81 (Cell Signaling CS 4745) 1:500, rabbit anti-Pax6 (Covance, PRB-
278P) 1:500, or mouse anti-Nestin (Abcam, ab6142) 1:1000 overnight at 4°C.
Cells were washed 3 times with PBS, then incubated with AlexaFluor 488,
AlexaFluor 555, and/or AlexaFluor 647 (Fisher) at 1:500 dilutions for 1 hour at
room temperature. To stain nuclei, cells were incubated with 1:10000 Hoechst
33342 (Life Technologies) for 10 minutes in PBS, then washed twice more
with PBS. Cells were preserved in Prolong Gold anti-fade reagent (Life
Technologies) and imaged on a fluorescence microscope (Z1 Axio Observer
Apotome, Zeiss). Mitochondrial length was quantified using an ImageJ

mitochondrial morphometry plugin as described previously®*.
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Flow cytometry analysis

Cells were incubated with 500 nM MitoTracker Red CMXRos, 10 uM
MitoSOX Red, 5 uM CellROX Deep Red, or 250 nM MitoTracker Deep Red
FM (all from ThermoFisher) for 1 hour at 37°C. Following a PBS wash, cells
were dissociated with accutase then pipette triturated and analyzed on a BD
Accuri C6 flow cytometer (BD Biosciences). Data was collected and analyzed
using FlowJo single cell analysis software. GFP-expressing cells were gated
based on a non-transduced control and the median fluorescence intensity
from the appropriate detectors (CMXRos: FL3, MitoSOX: FL2, CellROX: FL4,

MitoTracker Deep Red: FL4) was compared.

Cerebellar granule neuron (CGN) isolation and culturing

CGNs were isolated from 6- or 7-day-old 92Q SCA7 mice® as
described®®. Briefly, cerebella were dissected and dissociated through
sequential trituration steps along with treatment with trypsin and DNase. CGNs
are plated in Neurobasal A media supplemented with 1x B27, 20 mM KCI, and
0.5 mM L-glutamine on poly-D-lysine coated dishes. Cells were used for

experiments after 10-14 days in culture.
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Figure 3.1 iPSC derivation and characterization. A Pedigrees of SCA7 families. Circles
represent females, squares represent males. Black shapes represent SCA7 patients with a
pathogenic polyQ mutation, the gray shape represents an intermediate allele length, and
unfilled shapes are unaffected controls. The numbers underneath each shape correspond with
the identification number in the table below. This table indicates the length of the expanded
CAG repeat (N/A, not applicable for control individuals), age (in years) when skin biopsy was
taken, and number of clonal iPSC lines derived from fibroblast reprogramming. Asterisk
indicates individual whose iPSC line were used for generating ATXN7 knockout iPSCs. B
Representative bright field images of fibroblasts (top), an iPSC colony arising on background
of fibroblasts on day 19 of reprogramming (middle), and an iPSC colony at passage 10
(bottom). Scale bars, 200 um. C Representative images of iPSC colonies fixed and
immunostained with antibodies to pluripotency markers SSEA4 (top), Tra-1-60 (middle), and
Tra-1-81 (bottom). Scale bars, 40 um. D RNA was extracted from fibroblasts and different
clonal lines of iPSCs, reverse transcribed to cDNA, and PCR amplified with primers against
pluripotency genes Oct4, Sox2, and Nanog, with GAPDH as loading control. E Representative
G-band karyotype analysis from one line of iPSCs.



62

r Sorted
A B Zla Ela |k
GAGCGGAAAGAATGTCGGAGCGEGCCGCGGATGACGTCA - CGGCGAGCCGCGCCGCGCCECGGCEE Cas9 £ é 9] 5 Q
CGGCGGGCGGAGCAGCGGCCGCGGCCGCCCGGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCCGL plasmid g_’ >l &1l S
CGCCTCCGCAGCCCCAGCGGCAGCAGCACCCGCCACCGCCGCCACGGCGCACACGGCCGGAGGACG [ w &? % 8 g 8
GCGGGCCCGGCGCCGCCTCCACCTCGGCCGCCGCAATGGCGACGGTCGGGGAGCGCAGGCCTCTGC zlo|lo|lolololzx
CCAGTCCTGAAGTGATGCTGGGACAGTCGTGGAATCTGTGCCGTTGAGGCTTCCAAACTTCCTG
Axn7gRNA| - [ - |+ |+ | + [+ | -

Primers SCA73.1F/3.327R

CAG repeats

Indel % of full 52% 80%

D Non-edited allele ‘ N Deleted in mutantal.lele.l; "e’a"el; ©oc
o g 8
i /\ . / \ \ @ i
WA AR AL / f S &
A A/\LL\/\«\[\J\ f\w/\ i \/\ \M N : 3
Mutantallele 2 '::
E 88
W [ Hafhg
J\Ul/\i\.;l\/\ /\ AR
Wlld type allele ’ ﬁ U
‘ 1B: polyQ
A A /\ /\ /\ PR
LJ,,\ Jm):\h_ﬂ 77@_4 L J L IB: B actin

Figure 3.2 CRISPR/Cas9 ATXN7 knockout characterization. A Diagram of a portion of the
ATXN7 gene amplified by primers in blue. gRNA is underlined and PAM maoitif is in green. Ten
CAG repeats are indicated in red. B HEK cells were transfected with plasmids indicated in
table above graph. Cells were selected for GFP expression using FACS (indicated above
table), and all cells were collected and | performed a surveyor nuclease assay, products were
run on an acrylamide gel. The prominent top band is the full length PCR product and white
arrowhead indicates cleavage product. Percentage quantification of cleavage band to top
band is indicated below gel. Cas9n is the Cas9D10A nickase. C Image of a set of PCR
amplicons from individual clonal lines derived after guide RNA and Cas9 transfection that
show small or large deletions in both alleles. NT, non-transfected; numbers of above certain
wells correspond to the numbers in Table 3.1. D Chromatograms of normal and edited alleles
in SCA7 patient iPSCs after CRISPR/Cas9 treatment. Top panel shows DNA sequence of a
non-edited allele with overlays of deletions (in blue and yellow) caused by CRISPR/Cas9
shown in the panels below. Middle panel shows this same sequence in the 65Q allele
following a 7 bp deletion (dotted line = yellow overlay above). Bottom panel indicates the
same sequence in the 10Q allele with an 8 bp deletion (dotted line = blue overlay above). D
Lysate from SCA7 patient iPSCs and those with deletion shown in C were immunoblotted with
an antibody to polyQ, actin was used as loading control.



A Hoechst

10Q GFP GFP empty NT

113Q GFP

o
@
T
GFP
10Q
113Q
O

£

g NT

z

7}

S GFP empty
(0]

T

10Q Atxn7 GFP

113Q Atxn7 GFP

IB: polyQ
IB: polyQ

(E—— G—— p— —
40

Hoechst Pax6

IB: actin

Figure 3.3 Characterization of transduced NPCs. A ATXN7KO NPCs were transduced with
GFP empty, 10QATXN7-2A-EGFP, or 113QATXN7-2A-EGFP lentivirus. Non-transduced (NT)
cells serve as control. After 48 hours, cells were fixed and immunostained with antibodies to
GFP and ATXNY. B Representative image of NPCs immunostained with antibodies against
Nestin and Pax6. Scale bar, 20 um. C Lysate from transduced cells was immunoblotted with
antibodies to ATXN7 and polyQ. Beta actin was used as a loading control. C Lysates from
transduced NPCs were run through a filter trap device, then immunoblotted with an antibody
to polyQ.
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Figure 3.4 Decrease in live cells due to 113Q ATXN7 expression. A Representative plots
of transduced NPCs that were analyzed by FACS for side scatter (SSC-A) and forward scatter
(FSC-A). B Quantification of overall data as represented in A. C Quantification of live cells in

patient NPC cultures. Data are shown as mean + SEM, *P<0.05, ***P<0.001, ****P<0.0001,
ns, not significant.
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Figure 3.5 113Q NPCs have fragmented mitochondria. A Representative images of GFP
expressing cells that were fixed and immunostained with antibodies to GFP and Tom20. Only
GFP expressing cells were used in further quantification, as indicated by green arrowheads in
last panel. B Representative mitochondrial Tom20 skeletonized signal in GFP empty, 10Q, or
113Q transduced NPCs. C Quantification of average mitochondrial length as represented in B
based on ImageJ mitochondrial morphometry plugin. Quantification of average mitochondrial
length of control and SCA7 patient NPCs (D) and cerebellar granule neurons (CGNs) derived
from 92Q transgenic mice (E). Each dot represents an individual cell, data are represented as
mean + SEM, n = 34 cells per condition. *P<0.05, ***P<0.001. Scale bars, 20 um.



66

A crp B 15
=)
Lo
~ 10Q .
c 7]
> [e]
S :
=
13Q o
10° “‘A1(;:A ’ 10° - 108 107

Mitotracker CMXRos fluorescence

@)
O

154
> 2 10
L 1.0 3 1.0
[} 0
@ @
S 05- Z 05-
O o
0.0- 0.0-
o o o o N
N &N & N St $
Q&

%0

Figure 3.6 113Q NPCs do not differ in mitochondrial membrane potential. A
Representative FACS plots of CMXRos fluorescence signal. Quantification of median
fluorescence intensity of CMXRos stain in relative fluorescence units (RFU) from transduced
NPCs (B), patient cells (C), and cerebellar granule neurons derived from 92Q transgenic mice

(D). Data are represented as mean + SEM.
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Figure 3.7 113Q NPCs show no difference in amount of reactive oxygen species. A
Representative FACS plots of CellROX fluorescence signal. B Quantification of median
fluorescence intensity of CellROX stain in relative fluorescence units (RFU) from transduced
NPCs. C Representative FACS plots of MitoSOX fluorescence signal. B Quantification of
median fluorescence intensity of MitoSOX stain in RFU from transduced NPCs. Quantification
of median fluorescence intensity of CellROX stain and MitoSOX stain in patient NPCs (E, F,
respectively) and cerebellar granule neurons derived from 92Q transgenic mice (G, H,

respectively). Data are represented as mean + SEM, *P<0.05, **P<0.01.
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Figure 3.8 113Q NPCs do not differ in levels of mitochondrial proteins. Lysate from
transduced NPCs were immunoblotted with antibodies against CoxIV, VDAC1, Tom20, and

CytC. Beta actin was used as a loading control.
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Figure 3.9 113Q cells exhibit decreased metabolic respiration. A Basal oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) measurements of non-
transduced, GFP empty, 10Q, or 113Q transduced NPCs, as assayed by Seahorse bioassay.
B OCR to ECAR ratio of transduced NPCs with treatments of oligomycin, FCCP, or
antimycin/rotenone (A/R) over time. Data are represented as mean + SEM, ****P<0.0001.
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Chapter 4:

Transcriptional dysregulation of genes
related to mitochondrial function in

SCA7
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Abstract

| have shown in both mouse and human cell models that mitochondrial
dysfunction is a key feature of SCA7. However, the underlying the mechanism
is not known. | hypothesized that mutant ataxin-7 causes transcriptional
dysregulation of nuclear genes encoding proteins involved in mitochondrial
function. To test this, | performed two separate bioinformatics analyses on
microarray data from SCA7%%°9°? and wild type (WT) mice cerebella. In the
first analysis, | identified the most differentially expressed genes and
performed pathway analysis on these genes. | found that there were no
pathways significantly enriched in either the up- or down-regulated genes that
were directly related to mitochondrial function. The second was to perform
gene set enrichment analysis (GSEA), which takes a broader look at all of the
genes on the microarray and analyzes the enrichment of a set of genes in one
phenotype over another. Likewise in this analysis, | did not identify a gene set
specific to mitochondrial function that was significantly enriched in the WT over
the SCA7 data. While this hypothesis was not validated, | did find that the
gene, Nicotinamide Nucleotide Adenylyltransferase 1 (NMNATT1), was
downregulated. This led me to explore nicotinamide adenine dinucleotide
(NAD) levels and has opened a new line of investigation. | propose further
experiments to more specifically test transcriptional dysregulation and

alternate hypotheses as well.
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4.1 Introduction

Experiments in SCA7 mice and a human stem cell model have clearly
associated mitochondrial dysfunction with SCA7 pathogenesis (Chapters 2
and 3). However, the underlying mechanism behind how polyQ ataxin-7 is
interfering with mitochondria has yet to be elucidated. It is well established that
ataxin-7 is a component of the human Spt3-Taf9-Ada-GcnS acetyltransferase
(STAGA) complex®®. STAGA is a transcriptional co-activator complex with
histone acetyltransferase (HAT) and deubiquitinase (DUB) modules. Ataxin-7
plays a critical role in both of these epigenetic functions. It anchors the
ubiquitin protease Usp22 to the rest of the complex'!, and its normal function
is necessary for maintenance of the Gcn5-mediated HAT activity’. Both of
these activities are important for transcriptional activation and when ataxin-7
contains a polyQ expansion these effects are abrogated.

There is no indication that ataxin-7 directly localizes to the
mitochondria. Its nuclear function is well established, and there is evidence
that it is also present to some extent in the cytoplasm®®'%. | hypothesized that
the most likely explanation for mitochondrial dysfunction would be due to
transcriptional dysregulation of nuclear genes critical to mitochondria. The
human mitochondrial genome contains 37 genes, but there are many more
nuclear genes that are likewise critical to mitochondrial function. It is possible
that the STAGA complex interacts with transcription factors critical to the

transcription of these genes in order to promote mitochondrial function.
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Alternatively, there could be a more indirect way in which STAGA, or its
subunits, modify non-histone proteins that control mitochondrial gene
transcription in their own right. One possibility is by modifying the activity of
Sirt1. Sirt1 is a member of the sirtuin family of protein deacetylases that is
modulated by levels of nicotinamide adenine dinucleotide (NAD). It has many
functions, one of which is promoting mitochondrial biogenesis'®'"'%. Indeed,

104,105 In

Usp22 and Sirt1 have been shown to be direct interactors
Huntington’s disease (HD), mitochondrial dysfunction is likewise linked to
transcriptional dysregulation. In this case mutant huntingtin-induced
transcriptional dysregulation is linked to PGC-1a, another transcriptional
coactivator*?*4,

Regardless of mechanism, the goal of this work is to establish if
transcriptional dysregulation is occurring at nuclear genes related to
mitochondrial function. As described above, there are several avenues
through which ataxin-7 dysfunction could control transcriptional regulation of
these genes. These possibilities include STAGA'’s direct interaction with a
transcription factor, or through non-histone interactions such as that with Sirt1.
The purview of this work is to evaluate transcriptional dysregulation as an
explanation for mitochondrial dysfunction. Further work will focus on
establishing the protein interactions that are occurring. In order to establish if
transcriptional dysregulation is occurring, | analyzed microarray data that had

been acquired from the original SCA7%°°¥°? knock-in mice'®. | performed two

separate analyses on these data. The first was a pathway analysis of the most
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differentially expressed genes, both downregulated and upregulated in SCA7.
This was a stringent analysis of only those genes that were significantly
different between the two sets of mice. The second analysis took a broader
view through gene set enrichment analysis (GSEA). This method identifies
whether a whole set of genes is enriched in one phenotype over another. It
takes into account the entire data set of microarray probes, not those that are

at the extremes of the expression list.

4.2 Results
Significantly differentially expressed genes

| obtained the normalized microarray data from 5 WT mice and 5
SCA7%°9°Q knock-in mice through the National Center for Biotechnology
Information (NCBI) Gene Expression Omnibus'® (GEO) (no. GSE9914). This
data was originally used to investigate the expression overlap of SCA1 and
SCA7 mouse models'®. The microarray was performed on RNA samples
extracted from cerebella at a stage when the SCA7?%°*? mice are just
beginning to exhibit symptoms (5 weeks). The first analysis consisted of
analyzing the genes most upregulated and downregulated in the SCA72%°%/°4
mice compared to WT littermates. In brief, | selected the genes that were
significantly (p<0.05) differentially expressed between the two conditions, and
separated them based on upregulation or downregulation by fold change
(Supplemental Tables 1 and 2). | then performed two different kinds of

analyses: (1) Gene Ontology (Supplemental Tables 3 and 4) and (2)
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Reactome Pathway analysis (Supplemental Table 5 and 6), to determine if any
pathways related to mitochondria were significantly represented in these
differentially expressed genes. The Reactome pathways that were identified
as being significantly overrepresented (p<0.05) from the most differentially
expressed genes are shown in Tables 4.1 and 4.2. Contrary to my hypothesis,
none of the pathways identified through either method were directly linked to
mitochondria. However, some of the top Reactome pathways that were
significantly enriched in the downregulated genes in SCA7 are related to
calcium handling (Cam-PDE1 activation, calmodulin induced events, CaM
pathway, Ca-dependent events). Since mitochondria store calcium and
regulate calcium signaling within the cell, this may indicate a specific pathway

that could lead to mitochondrial dysfunction.

NMNAT1 is downregulated and cerebellar NAD+ is reduced in SCA7 mice

Another interesting finding is that the gene most downregulated in the
SCAT7 cerebellar samples was the nicotinamide nucleotide adenylyltransferase
1 (NMNATT) gene. It encodes a protein critical in the biosynthesis of NAD, a
cue for Sirt1. Interestingly, mutations in NMNAT1 are associated with Leber’s
congenital amaurosis, a severe form of retinal degeneration'”’. | found that the
SCA7 mice had significantly reduced NAD+ in their cerebellum (Figure 4.1a).
There was a reduction in cortex, though not significant (Figure 4.1b) and no

difference from WT in the liver (Figure 4.1c).
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Gene set enrichment analysis

| posited that mitochondrial related genes might not be the most
differentially expressed genes, but perhaps many genes related to
mitochondria were slightly downregulated—Ileading to a combinatorial effect
on mitochondrial function. To answer this question, | performed gene set
enrichment analysis (GSEA), a method that identifies whether a given set of

genes is enriched in one phenotype over another'®

. In brief, this type of
analysis ranks all of the genes present on the microarray by phenotype. This
list is then overlapped with a given set of genes (the “gene set”) to determine if
they are more represented in the top or bottom half of the list (compared to a
randomly generated identical number of genes). | curated 27 gene sets (Table
4.3) from a variety of sources that were related to mitochondrial function in
some way. There was one gene set, “REACTOME_RNA_POL_I_RNA
POL_IlII_AND_MITOCHONDRIAL_TRANSCRIPTION”, that was significantly
enriched in WT over SCA7 (p=0.0185; more details provided in Supplemental
Table 7). This gene set describes genes that are involved in RNA Polymerase
I, RNA Polymerase Ill, and mitochondrial transcription. This gene set mainly
represents gene products that are involved in transcribing rRNA, tRNA, and
other small RNAs. Only 3 of the genes within the set are involved in
mitochondrial transcription (TFAM, MTERF, POLRMT). Since this is the
minority of the 97 genes within the set, the enrichment of these genes in WT

over SCA7 implicates dysregulation of non-mRNA transcription more than it

does genes important in the mitochondria.
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4.3 Discussion

Based on this analysis it is not apparent that any specific set of genes
with direct mitochondrial function are downregulated in the SCA7 cerebellum
samples, contrary to my hypothesis'®. It is important to keep in mind however,
that the tissue used in this experiment was harvested from very early
symptomatic mice. While | posited that mitochondrial gene transcriptional
dysregulation would predate severe phenotypic effects, further studies should
focus on transcriptional dysregulation of mice at later disease stages.
However, the identification of calcium handling may signal an early effect that
could lead to mitochondrial dysfunction. Calcium accumulation in mitochondria
is a process relevant to intracellular calcium signaling (especially to the
endoplasmic reticulum), but also metabolism and cell death'®. Ongoing work
in the lab is focused on functionally assessing calcium handling in SCA7 in
relation to Sirt1, so it will be interesting to interrogate if this is intertwined with
mitochondrial function.

While unexpected, the identification of NMNAT1 as being
downregulated in SCA7 certainly leads me to consider some new connections
between ataxin-7 and mitochondria. | observed that SCA7 mice have reduced
cerebellar NAD+. | am currently working on verifying NMNAT1 transcript and
protein levels in SCA7 mice and human NPCs. | expect that repression of the
expression of this gene is likely responsible for reduced levels of NAD+. Less
NAD+ could result in a number of consequences important to mitochondria. A

model indicating the putative role of ataxin-7 and NMNAT1 is shown in Figure
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4.2. In the nucleus, NAD+ is a direct cue for Sirt1. By decreasing Sirt1 activity,
mitochondria could be affected through reduced activity of Sirt1 deacetylation
targets such as PGC-1a and/or reduced mitophagy through Atg5/7 and the
FoxO family of transcription factors''®. Because the targets of Sirt1 are mostly
transcription factors, | would still expect to see a downregulation of genes
related to the mitochondria if these pathways were affected. But it is likely that
the effect would not be obvious until later in SCA7 pathogenesis. This
underscores the importance of performing transcriptional studies in older mice,
which | plan to pursue. | am also currently pursuing rescue experiments to
overexpress Sirt1 to see if the mitochondrial defects are, in fact, Sirt1
dependent.

NAD+ levels also have important implications directly in the
mitochondria. NAD+ is a necessary component of the tricarboxylic acid (TCA)
cycle, which reduces it to NADH. NADH is then fed in to the electron transport
chain (ETC) to generate ATP. A reduction in levels of NAD+ would have direct
consequences by diminishing the reducing equivalents used to generate ATP.
NAD also serves as a cue for another sirtuin deacetylase in the mitochondria,
Sirt3. Sirt3 has been shown to deacetylate and directly control the activity of
complex | in the ETC'"'. Reduction in levels of cerebellar NAD+ would directly
affect oxidative phosphorylation and the production of ATP in the
mitochondria. What is less clear is how NMNAT1 may play a role in
mitochondrial NAD+. Transcriptional downregulation of NMNAT1 would have

direct effects on nuclear NAD+ levels and thereby on Sirt1. But mitochondria
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have their own pool of NAD+, which can be made from its precursor,
nicotinamide mononucleotide (NMN), by NMNAT3'"2. There is no indication
that there is an NAD shuttle into the mitochondria''2. It is possible that STAGA
and ataxin-7 could affect transcription of all the NMNAT genes, including
NMNATS3, which | am currently assessing. It is possible that the nuclear effects
of NMNAT1 also affect NAD in the mitochondria, through an unidentified
mechanism. The NAD analysis does not discriminate between different cellular
pools of NAD+, but | think that mitochondrial NAD+ is most likely reduced due
to the overall severity of the reduction (~35%). | am currently pursuing
experiments to solidify this connection to NMNAT1 and ataxin-7.

Altogether, my analysis of transcriptional dysregulation of genes
involved in mitochondrial function has yielded new avenues of investigation.
Future studies will focus on performing this analysis in older mice as well as
testing the involvement of NMNAT1 and Sirt1. These results have broadened
the view of the possible mechanisms behind the mitochondrial dysfunction,
and this could be occurring independent of direct transcriptional regulation of

mitochondrial genes.

4.4 Experimental procedures
Differential gene expression analysis

Raw microarray was analyzed and normalized as indicated'® and
accessed through NCBI's Gene Expression Omnibus (accession number

GSE9914, DataSet Record GDS3545). To determine significantly differentially
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expressed genes, all the genes with a log2 expression value difference p <
0.05 were identified (596 total), and ranked based on fold change (SCA7/WT).
Genes with fold change from 0.61 to 0.90 (“down” in SCA7) and 1.10 to 1.65
(“up” in SCAT7) were submitted to Gene Ontology enrichment analysis (Gene
Ontology Consortium, http://geneontology.org/page/go-enrichment-analysis)

and Reactome pathway analysis (http://www.reactome.org/).

Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was performed with 100
permutations by submitting all 22,690 (non-null) features from the normalized
microarray values as a data set, in combination with 27 gene sets related to
mitochondria (Table 4.3). Methods and invention of GSEA software is provided

in Subramanian, et al. "%,

NAD analysis
Cerebellum, cortex, and liver tissue was harvested from 9 week old WT
and SCA7 mice and snap frozen in liquid nitrogen. NAD+ levels were

measured by HPLC as described previously'™.
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Table 4.3 Gene sets used in gene set enrichment analysis. These gene sets were curated
from the molecular signatures database based on their connection to mitochondrial function.

AFTER
GENE SET NAME ORL?é:AL RESTRICTING
TO DATASET
APOPTOTIC_MITOCHONDRIAL_CHANGES 19 18
BIOCARTA_MITOCHONDRIA_PATHWAY 44 34
GALLUZZ|_PERMEABILIZE_MITOCHONDRIA 116 88
GALLUZZI_PREVENT_MITOCHONDIAL_PERMEABILIZATION 68 50
MITOCHONDRIAL_ENVELOPE 176 144
MITOCHONDRIAL_INNER_MEMBRANE 121 102
MITOCHONDRIAL_LUMEN 78 66
MITOCHONDRIAL_MATRIX 78 66
MITOCHONDRIAL_MEMBRANE 162 134
MITOCHONDRIAL_MEMBRANE_ORGANIZATION_AND_BIOGENESIS 33 22
MITOCHONDRIAL_MEMBRANE_PART 97 81
MITOCHONDRIAL_OUTER_MEMBRANE 40 31
MITOCHONDRIAL_PART 248 206
MITOCHONDRIAL_RESPIRATORY_CHAIN 53 44
MITOCHONDRIAL_RESPIRATORY_CHAIN_COMPLEX_| 33 28
MITOCHONDRIAL_RIBOSOME 35 30
MITOCHONDRIAL_SMALL_RIBOSOMAL_SUBUNIT 15 12
MITOCHONDRIAL_TRANSPORT 48 36
MITOCHONDRION 575 441
MITOCHONDRION_ORGANIZATION_AND_BIOGENESIS 98 77
MOOTHA_MITOCHONDRIA 847 653
PROTEIN_TARGETING_TO_MITOCHONDRION 20 17
REACTOME_MITOCHONDRIAL_FATTY_ACID_BETA_OXIDATION 20 19
REACTOME_MITOCHONDRIAL_PROTEIN_IMPORT 93 77
REACTOME_MITOCHONDRIAL_TRNA_AMINOACYLATION 26 12
REACTOME_RNA_POL_|_RNA_POL_II_AND_MITOCHONDRIAL_
TRANSCRIPTION 143 97
WONG_MITOCHONDRIA_GENE_MODULE 411 323
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Figure 4.1 Cerebellar NAD+ is reduced in SCA7 mice. NAD+ was quantified from
cerebellum (A), cortex (B), and liver (C) from control and SCA7 mice. Data are represented as
mean = SEM, n =5 mice per genotype, *P<0.05.
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Figure 4.2 Model of potential effects of NMNAT1 downregulation and decreased NAD+
levels. This diagram depicts the putative role of ataxin-7 in NMNAT1 transcription, its
downstream effects, and the effects of reduced NAD+ levels. The transparent gray arrows
indicate effects that | have observed in different models. | am in the process of testing the
remaining processes. All abbreviations are defined within the text.
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| have evaluated different models of SCA7 and established
mitochondrial dysfunction as a novel feature in this disease. Using a new
bioinformatics tool, | found that SCA7 clusters with and shares many clinical
features of mitochondrial diseases. | found that Purkinje cells (PCs) from
SCA7 knock-in mice have reduced mitochondrial content and more
fragmented mitochondrial networks, as compared to control mice. Upon further
interrogation of the mitochondrial ultrastructure, | observed an increase in
larger individual mitochondria, which | speculate results from a compensatory
response to make up for the decreased mitochondrial network length in the
SCA7 mice. Functional analysis of these mice revealed that they have
decreased metabolic respiration, a reduction in metabolic substrates, and
lower ATP content in their cerebellum. The value of this work is a thorough
description of mitochondrial and metabolic phenotypes in SCA7 mice. These
mice have a very severe form of SCA7, similar to that seen in infantile-onset
cases. Mitochondrial phenotypes are obvious here, as expected from the
phenotypic features observed in the patients.

It remains to be determined whether these features are applicable to
the more common adult-onset SCA7. In support of this possibility, liver and
skeletal muscle biopsies from adult patients often have mitochondrial
abnormalities®®®°, and the clinical presentation mimics that of some
mitochondrial diseases®’. | have begun performing studies on a 92Q mouse
model, which exhibits a less severe form of the disease more specific to

degeneration of the retina and cerebellum®, to establish if these mice also
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suffer from mitochondrial defects. A bacterial artificial chromosome (BAC)
containing 92Q ataxin-7 was inserted into the translational start site of the
murine prion protein (PrP) gene in these mice. Thus the expression is
widespread throughout the central nervous system and select tissues in the
periphery”®. | have only begun these experiments, but an analysis of the
glucose and adipose tissue in these 92Q mice indicate that there is not an
obvious defect (data not shown). Since these mice are different both in
mutation severity and expression, it is difficult to decouple what would cause
these differences. It may be because mutant ataxin-7 is not expressed in all
tissues as it is in the knock-in mice. | am coordinately pursuing follow-up
studies in a novel model of SCA7 derived from the knock-in mice where a
natural contraction was observed in a single mouse. This colony has been
expanded and the mice exhibit an extension of lifespan is to 22-24 weeks. The
mutation is estimated to be 210 CAGs, leading to a less severe form of SCA7.
Through a combination of these approaches, | will gain a broader
understanding of this dysfunction and can more specifically pinpoint whether
mitochondrial dysfunction is a key feature of adult-onset SCA7.

To ensure that | am observing disease-specific effects, | used CRISPR
gene editing to generate an isogenic system. My original goal was to rescue
the mutation in patient cells through homologous recombination. While ideally |
would introduce a double strand break (DSB) in the CAG repeat region, there
are many CAG repetitive regions in the genome, and likely this would have

generated many off-target effects. | designed and tested a guide RNA that is
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as close to the CAG repeats as possible with the technology and information
available at the time (2013). Now that gene-editing technology has advanced,
it would be beneficial to revisit these experiments and pursue generating a
mutation rescue in patient cells. This has been done through pure HR with
Huntington’s disease already’"“.

Though my goal of contracting the CAG expansion in patient cells did
not come to fruition, | was still able to use these cells to generate an isogenic
model. | differentiated ataxin-7 knockout iPSCs to NPCs and then lentivirally
expressed GFP empty, 10Q ataxin-7, or 113Q ataxin-7 to assess
mitochondrial phenotypes. These cells had more fragmented mitochondrial
networks, a trend | also observed in SCA7 patient NPCs. Mitochondrial
fragmentation has been linked to defects in mitochondrial membrane
polarization (MMP) as well. However, | did not observe any differences in
MMP or reactive oxygen species (ROS) in transduced cells. This indicates that
these effects are not always strictly intertwined. Mitochondrial fragmentation
does directly link to metabolic respiration in this model, as the 113Q cells have
a severely reduced rate of oxygen consumption. From multiple systems, it is
becoming increasingly evident that fused mitochondrial networks are preferred
during times of energy demand®.

| am interested in investigating the role of mitophagy in this system as
well. Mitochondrial fission is necessary for removal of damaged mitochondria
through macroautophagy. If mitochondria are dysfunctional, it is possible that

their fragmentation is an indicator of autophagic clearance of these damaged
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organelles. | have obtained a reporter of in vivo mitophagy, a fluorescent
mitochondrial-targeted reporter called mitoKeima, to express in NPCs to
effectively assess mitophagy.

All of this work does lead to an open question: how, exactly, is mutant
ataxin-7 causing mitochondrial dysfunction? My primary hypothesis, that
mutant ataxin-7 leads to transcriptional dysregulation of genes critical to the
mitochondria, was not unequivocally answered through analysis of microarray
data from early symptomatic SCA7 mice. This does not entirely rule out
transcriptional dysregulation, but | will have to dig deeper into these effects in
late symptomatic mice. It is also possible that this type of analysis was not
sensitive enough when the primary site of cerebellar dysfunction is the PCs.
These cells constitute less than 1% of the cells in the cerebellum, whereas
granule neurons make up the vast majority of cerebellar neuronal cells. To
address these, | am considering laser capture microdissection to specifically
isolate the PCs to perform RNA sequencing.

| also find it highly likely that these effects are related to Sirt1. Sirt1 is a
converter of metabolic cues (NAD) into transcriptional output through
deacetylating a vast array of other proteins—namely transcription factors and
co-activators. NAD+ levels are reduced in the cerebellum, so this would
provide a direct link for decreased Sirt1 activity. One of its pertinent targets is
the regulator of mitochondrial biogenesis, PGC1a. There are many other Sirt1
targets that could result in mitochondrial dysfunction, including FOXO and

PPAR family of transcription factors. | am pursuing experiments in SCA7 mice
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crossed with Sirt1 overexpressing mice'' to see if the observed mitochondrial
defects are rescued in these bigenic mice. Again, these analyses will be
performed at more symptomatic time points.

If, after a complete analysis, | do not find transcriptional dysregulation to
be the culprit of mitochondrial dysfunction, then the explanation is inherently
more complicated. Ataxin-7 is nuclear, and to some extent cytoplasmic®'%,
but there is no evidence that it directly localizes to the mitochondria and so it
seems unlikely that it would directly be interfering with functions in this
organelle. Another option to consider would be an aggregation of important
mitochondrial proteins in polyQ aggregates, as has been seen in HD''®. It is
possible that these proteins are aberrantly localized to aggregates after being
translated before they can appropriately shuttle to the mitochondria. Lastly, |
am beginning to investigate the role of the mitochondrial unfolded protein
response (MtUPR). Mitochondrial proteins are encoded both in the nucleus
and the mitochondria. Chaperone proteins that assist in the proper folding and
assembly of both sets of proteins are critical to proper mitochondrial function.
There is also a recently elucidated connection between acute mitochondrial
protein folding stress and reduced mitochondrial pre-RNA processing and
translation of proteins localized to the mitochondrial matrix"'". If the
mitochondrial dysfunction is not transcriptional, it could be related to
translation or protein folding stress caused by ataxin-7 polyQ aggregates.

| was very interested to observe that NMNAT1 was the gene most

significantly downregulated in SCA7 cerebellum. Interestingly, NMNAT1
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deficiency leads to patients born with retinal dystrophy, and in some cases
hypoplasia of the cerebellar vermis''®. Ataxia is also observed in 10% of
patients'"®. This could provide a link between polyQ expansion mutations in
ataxin-7 repressing NMNAT-1 expression, which could lead to the reduction in
NAD+ levels that | also observe. Reduced nuclear NAD+ would have direct
effects on Sirt1 activity as outlined above. | am also interested in determining
whether the NAD+ pool is reduced in the mitochondria. My current analysis
measured total cellular NAD+ levels, but | could also specifically assess
whether NAD+ is decreased in the mitochondria. | suspect this is the case,
which would decrease Sirt3 activity as well as substrates necessary for the
tricarboxylic acid (TCA) cycle, and thereby reduce activity of the electron
transport chain and ATP production, as | have observed. While NMNAT1 does
not directly control NAD+ levels in the mitochondria, it is possible that it could
influence the mitochondrial pool through an unknown sensor mechanism. It is
also possible that NMNAT3, the mitochondrial cousin of NMNAT1, is similarly
affected by polyQ ataxin-7. | am currently in the process of testing and
verifying these hypotheses. If this is the case, | could consider a genetic
rescue of the SCA7 mitochondrial phenotypes with NMNAT1 overexpressing

% or a pharmacological rescue with nicotinamide riboside (NR)'', a

mice'?
precursor for NAD. The most salient rescue would be an amelioration of
metabolic respiration—which could lead to a decrease in mitochondrial

fragmentation.
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In sum, my work here represents a significant step in understanding
mitochondrial dysfunction as an important feature of SCA7. Both SCA7 mice
and NPCs exhibit mitochondrial network fragmentation and decreased
metabolic respiration. It is clear from ultrastructural analysis that SCA7 PCs
have fewer mitochondria that are increased in size. My analysis of
mitochondrial membrane potential and reactive oxygen species in cells
indicated no obvious defect in this regard. There are still many questions
remaining that need to be answered in pursuing this connection further, as
outlined above. Ultimately, this link will add to our greater understanding of the
biology of SCA7, as well as contribute to the greater neurodegenerative field.
The importance of mitochondria in neurodegenerative disease is becoming
more and more evident, and this work positions SCA7 within this burgeoning
field. | am hopeful that the emerging trend of considering mitochondrial health
as a neurodegenerative therapeutic target could ultimately extend to SCA7 in

the future.
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