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Abstract: Spinocerebellar ataxia type 3 (SCA3) is an autosomal dominantly inherited
neurodegenerative disorder caused by aggregation of polyglutamine ataxin-3 protein in the
cerebellum and brainstem. The causative mechanisms of this disease have not been clearly
identified in previous research, especially molecular changes that occur in the affected
regions of the brain in disease phenotypes. Different differential gene expression (DGE)
events identified in the brain of SCA3 mice can provide insights into biological changes
occurring through stages of disease pathogenesis. RNA sequencing (RNA-seq) data collected
from the brainstem and cerebellum of SCA3 model mice and wild-type (WT) mice of
different ages is studied with DGE analysis programs to determine differentially expressed
genes (DEGs) at different times in the lives of disease model mice compared to WT mice. No
DEG was identified in the brain of 2-month-old SCA3 model mice, and 18, 10, and 5 DEGs
were identified in the brain of 4-, 12-, and 17.5-month-old SCA3 model mice, respectively.
The genes are involved in various distinct biological processes, including neurotransmission,
white matter maturation, cell signaling, cell metabolism, and more. Different DEGs are
identified in the brain of 4-, 12-, and 17.5-month-old SCA3 model mice, causing biological
changes that may lead to disease phenotypes in early, mid, and late stages of disease
progression. Neuronal dysfunction is a major consequence of differential expression in 4- and
12-month-old mice while DGE has more extended effects in 17.5-month-old mice.
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1. Introduction

Spinocerebellar ataxia type 3 (SCA3), or Machado-Joseph disease (MJD), is a type of spinocerebellar
ataxia characterized by the progressive loss of movement coordination and balance. Patients may also
display other symptoms, including dystonia (muscle tensing), spasticity (muscle stiffness), tremors,
dysarthria (difficulties in articulating speech), and oculomotor abnormalities[1]. SCA3 is believed to
be the leading cause of ataxia worldwide, with an overall prevalence rate of 1 to 5 individuals in
100,000[2]. It is the most common type of dominant spinocerebellar ataxia, accounting for 59.6% of
all SCA cases in Brazil[3] and 62.6% in China[4].

SCA3 is a genetic disease inherited in an autosomal dominant manner, caused by a mutation in the
ATXN3 gene causing variably sized CAG trinucleotide repeat expansions in the 10th exon, ranging
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from 60~87 repeats compared to 12~43 repeats in normal alleles[5]. The repeat expansions cause
ataxin-3 protein, the translated product, to have an abnormally long polyglutamine (polyQ) section.
The mutant protein abnormally aggregates in the brain stem and cerebellum via liquid-liquid phase
separation, causing neuronal dysfunction and loss[6]. Specifically, neuronal loss occurs for afferent
nerve fibers from and nuclei related to the spine, vestibular system, and pons, leading to an enlarged
fourth ventricle[7].

Currently, no effective cure has been developed for SCA3, and only supportive management is
available for patients to delay progressive symptoms[8]. One potential approach towards future drug
development is studying genetic regulators of expression of the ataxin-3 protein to determine genes
that can be up-regulated or down-regulated to reduce toxicity of the mutant protein.

However, the molecular mechanisms that lead to mutant ataxin-3 pathogenicity have not been fully
elucidated. Suggested mechanisms include nuclear localization of aggregates of the mutant protein[9],
impaired proteasome function[10], mitochondrial damage[11], and transcriptional changes[12].
Several different transcriptional dysregulation events have been shown in the brain of SCA3 model
mice by some previous research: Ramani et al. (2017) [13] found that Acy3 and Tnfrsf13c are up-
regulated in oligodendrocytes, which could be involved in a toxic gain-of-function mechanism;
Schuster etal. (2022) [14] identified 43 dysregulated genes that impaired oligodendrocyte maturation;
and Toonen et al. (2018) [12] showed dysregulation of Tmc3, Zfp488, Car2, and Chdh, which are
involved in the adrenergic and CREB signaling pathways. Overall, results from previous research
show that transcriptional dysregulation events in SCA3 may be related to oligodendrocyte function
and cell signaling events; however, large discrepancies exist in the current literature since conclusions
from similar research vary and no consensus has been established on the specific pathological
mechanism of the disease based on available research.

Previous research that studied transcriptional changes in the brain of SCA3 model mice adhered
to similar methods for data analysis, in which RNA-seq expression profiling data from high
throughput sequencing is collected and analyzed with bioinformatics techniques for studying
differential expression—namely edgeR[12], DESeq[13], and limma[14], which will be further
described in the Materials and Methods section. Then, the identified differentially expressed
transcripts are studied with protein analysis programs such as Ingenuity Pathway Analysis[15] to
determine the potential biological functions and involvement in biological pathways of the identified
genes to suggest potential pathological mechanisms.

Several potential causes in the method of data collection could account for the discrepancies in
previous research as described before. Firstly, mouse models of SCA3 often do not exhibit effective
disease phenotypes due to factors such as low expression levels of mutant protein, the difference
between the lifespan of mice and humans, and the lack of neural complexity of mice compared to
humans, which may lead to variations between different models. For this reason, an integrated
analysis of different mouse models may be significant for SCA3 research using mouse models[13].
Additionally, differences in differential expression analysis programs may account for the
discrepancies from similar research since the programs are based on different algorithms, which have
specific contexts for optimal performance. Thus, obtaining overlapping results from the same set of
data using different programs may reveal significant findings.

This study aims to compare gene expression data of SCA3 model mice from various datasets to
find DGE patterns that occur during different times in the lives of SCA3 model mice using
bioinformatics tools to determine the specific transcriptional dysregulation events that are involved
at different points in time in SCA3 pathogenesis. It is hypothesized that different genes would be
differentially expressed during different times of the lifetime of SCA3 model mice due to changes
during the progression of the disease. Thus, by analyzing differentially expressed genes during
different times in the lifetime of SCA3 mice, this study aims to elucidate potential involvement of
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differentially expressed genes in pathological mechanisms of SCA3 and determine potential
therapeutic sites.

2. Methodology
2.1. Data collection
2.1.1.Data selection

To study DGE in SCA3 model mice compared to WT mice at different ages, RNA -seq data from the
following datasets from Gene Expression Omnibus (GEO) will be analyzed: GSE145613,
GSE261670, and GSE107958. Information about these datasets is summarized in table 1. Two SCA3
mouse models are studied in these datasets: a novel ataxin-3 knock-in (KI) mouse model is used in
GSE145613, which contains 304 CAG/CAA repeats in both murine ataxin-3 alleles[16], and Q84, or
MJD84.2, transgenic mouse model is used in GSE261670 and GSE107958 and the transgene contains
84 CAG repeats in exon 10 of the human ATXN3 gene[17].

Table 1: Overview of information of datasets used in this study. All datasets collect data from the
cerebellum and most from the brainstem.

GEO Genotype of Sample size for Brain tissue of sample | Age of
Accession mouse model each genotype collection mice
WT 5 (for each age) 2 and 12
GSE145613 Ataxin-3 knock-in | 5 (for each age) Cerebellum months
WT 4-6 (for each age) .
GSE261670 Q84 transgenic 4-6 (for each age) Brainstem 4 months
WI 8 Brainstem and
GSE107958 | MID84.2 amsem a 17.5 months
. 6 cerebellum
transgenic

RNA-seq data generated from samples collected in the brainstem and cerebellum will be used,
since mutant ataxin-3 is found to cause the most significant pathological changes in these brain
regions. To study differentially expressed genes in SCA3 model mice in early, mid, and late stages
of the mice’s lifetime, samples collected from mice aged 2, 4, 12, and 17.5 months will be analyzed
separately.

2.1.2.Data pre-processing

RNA-seq data is organized in the form of an expression matrix in which rows indicate gene names
and columns indicate sample name (a convention required by DGE analysis programs). For clearing
data, duplicate values for gene names and null values for expression levels are removed to not
interfere with further data processing. Group information (i.e., WT or SCA3) is assigned to each
sample by aligning the expression matrix and a matrix containing group information for each sample.
Then, normalization of data is performed. Data is normalized using the trimmed mean of M-values
(TMM) method for analysis using edgeR[18]. TMM estimates scale factors from samples by
trimming away extreme log-fold changes via a trimmed mean, or a mean produced from removing a
fixed upper and lower percentage of the data. It can provide a more accurate representation of gene
expression levels and adjust for differences in library sizes between samples[19]. DESeq2 and limma
internally normalize data during analysis.
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2.2. Differential gene expression analysis

The DGE analysis programs edgeR, DESeq2, and limma are used to generate three lists of DEGs.
These methods are used to obtain separate DEG lists since different statistical methods usually yield
different lists. The Benjamini-Hochberg (BH) method[20] is then used for p-value adjustment; genes
with adjusted p-value < 0.05 are selected for DGE analysis.

Then, DGE analysis of the pre-processed data is performed using Generalized linear model (GLM)
likelihood ratio test in edgeR, GLM fit with negative binomial distribution in DESeq2, and linear
model fit in limma, all by contrasting data for SCA3 model mice against WT mice. In all 3 programs,
genes with adjusted p-value > 0.05 are considered unchanged, genes with log 2 fold-change < -1 are
considered to be down-regulated, and genes with log 2 fold-change > 1 are considered to be up-
regulated. The 3 programs produce 3 DEG lists; then, DEGs common to all three gene lists obtained
from the three methods are selected as a gene list.

2.3. Biological analysis

To gain biological insights into the selected DEGs, gene enrichment analysis is performed with
Database for Annotation, Visualization and Integrated Discovery (DAVID). It produces functional
annotations for a list of genes, showing information for gene ontology (GO) and biological pathways
of the enriched annotation terms, as well as providing functional annotation clustering to manifest the
most common annotations across a gene list[21]. Thus, the biological functions and pathways
commonly represented by DEGs will be elucidated, which will allow potential pathological
mechanisms to be suggested. Details about the functional annotations determined by DAVID will be
further researched via the Gene Ontology database[22].

3.  Results
3.1. DGE analysis of mice aged 2 months

Raw read counts data of samples collected from cerebellum of 5 WT and 5 knock-in SCA3 model
mice aged 2 months (from GEO accession: GSE145613) were analyzed. The raw counts data was
first pre-processed by transforming into CPM data.

Analysis with edgeR, DESeq2, and limma all determined no DEGs. This demonstrates that no
transcriptional dysregulation occurs during an early time in the development of SCA3 model mice
compared to WT mice of the same age, which is likely due to lack of disease phenotype during early
stages of development.

3.2. DGE analysis of mice aged 4 months

Transcripts Per Million (TPM) data of samples collected from brainstem of 5 WT and 4 Q84
transgenic model mice aged 4 months (from GEO accession: GSE261670) were analyzed. The
effective counts data and TPM data generated from kallisto were imported and pre-processed by
calculating gene-level offset to correct for differences in average transcript length between
samples[23].

Analysis with edgeR yields 29 DEGs, analysis with DESeq?2 yields 107 DEGs, and analysis with
limma yields 19 DEGs. Ultimately, 18 DEGs are commonly selected by all three programs. One of
the DEGs is the human ATXN3 gene and is thus removed from the list, resulting in a final gene list of
17 genes. Expression levels of the 5 up-regulated genes are shown in figure 1(a). As shown in the
figure, expression levels of these genes all show significant up-regulation in the brainstem of 4-
month-old Q84 transgenic SCA3 model mice compared to WT mice. Figure 1(b) shows expression
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levels of the 12 down-regulated genes. Expression levels of these genes all show significant up-
regulation in the brainstem of 4-month-old Q84 transgenic SCA3 model mice compared to WT mice,
with Car2 having the highest expression level in WT mice and the most significant down-regulation
in SCA3 model mice among all DEGs.
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Figure 1: (a) Bar plot of expression level of up-regulated DEGs in brainstem of 4-month-old Q84
transgenic SCA3 model mice and WT mice. (b) Bar plot of expression level of down-regulated DEGs
in brainstem of 4-month-old Q84 transgenic SCA3 model mice and WT mice. Bars show mean
expression level (in TPM) across all samples and error bars show standard error of the mean. “**”
indicates statistical significance at the level of adjusted p-value <0.05.

Results of gene enrichment analysis of the list of DEGs using DAVID are summarized in table 2.
As shown in the table, several DEGs have biological functions that contribute to maintaining the
normal functions of neurons, such as catecholamine biosynthesis, central nervous system myelination,
intermediate filament cytoskeleton organization, transmission of nerve impulses, and folate
biosynthesis. Cellular response to mechanical stimulus has the lowest p-value. Notably, two down-
regulated genes positively regulate oligodendrocyte function, suggesting that SCA3 pathogenesis
involves white matter changes.

Table 2: Functional annotations of DEGs obtained from “Functional Annotation Chart” from DAVID.
Terms with p-value < 0.05 are selected and important result is highlighted.

Gene names Term (s) p-value
1133, Mag, Plec cellular response to mechanical stimulus 0.00142
Dbh, Th catecholamine biosynthesis 0.00356
tyrosine metabolism 0.0444
Mag, Aspa central nervous system myelination 0.0115
Ppl, Plec intermediate filament cytoskeleton organization 0.0130
Dbh, Slc6a2 response to pain 0.0130
1133, Aspa positive regulation of oligodendrocyte differentiation 0.0174
Mag, Plec transmission of nerve impulse 0.0179

QOdpr, Th folate biosynthesis 0.0291
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3.3. DGE analysis of mice aged 12 months

Raw read counts data of samples collected from cerebellum of 5 WT and 5 knock-in SCA3 model
mice aged 12 months (from GEO accession: GSE145613) were analyzed. The raw counts data was
first pre-processed by transforming into CPM data.

Analysis with edgeR yields 22 DEGs, analysis with DESeq2 yields 17 DEGs, and analysis with
limma yields 161 DEGs. Ultimately, 10 DEGs are commonly selected by all three programs. Figure
2(a) shows expression levels of the 2 up-regulated genes, demonstrating that significant up-regulation
of genes occurs in the cerebellum of 12-month-old SCA3 model mice compared to WT mice.
Expression levels of the 8 down-regulated genes are shown in figure 2(b). As shown in the figure,
expression levels of these genes all show significant down-regulation in the cerebellum of 12-month-
old SCA3 model mice compared to WT mice, with expression level of Igfbp5 showing the most
significant change among all down-regulated genes.
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Figure 2: (a) Bar plot of expression level of up-regulated DEGs in cerebellum of 12-month-old SCA3
model mice and WT mice. (b) Bar plot of expression level of down-regulated DEGs in cerebellum of
12-month-old SCA3 model mice and WT mice.

Gene enrichment analysis of the list of genes as shown in table 3 using DAVID reveal several
findings. From table 3, it can be observed that down-regulated genes are involved in several pathways
that are critical for the maintenance of healthy neurons, including dendrite formation, positive
regulation of cytosolic calcium ion concentration, negative regulation of neuron apoptotic process,
long-term potentiation (LTP), and positive regulation of neuron projection development.

Table 3: Functional annotations of DEGs obtained from “Functional Annotation Chart” from DAVID.
Terms with p-value < 0.05 are selected and important result is highlighted.

Gene names Term (s) p-value
Ptk2b, Rasd?2, Igfbp5  positive regulation of protein kinase B signaling 0.00109
Clstn2. Ptk2b, Crirl long-‘term synaptic potentiatiqn o . 0.0482
positive regulation of cytosolic calcium ion concentration 0.0428
negative regulation of neuron apoptotic process 0.0466
Ptk2b, Crhrl response to hypoxia 0.0497
cell surface receptor signaling pathway 0.0484

Ptk2b, Plk5 positive regulation of neuron projection development 0.0432
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Additionally, a one-tailed ANOVA test was performed to determine if gene expression is affected
by age in both SCA3 and WT mice using data from GSE145613, to ensure that the change in age
from 2 months to 12 months for the same type of mouse model is not a factor that affects DGE . For
WT mice, one-tailed ANOVA test determines that age is not correlated with gene expression with p-
value > 0.05. However, for SCA3 mice, the same test determines that age is correlated with gene
expression with p-value < 0.05.

3.4. DGE analysis of mice aged 17.5 months

Counts-per-million (CPM) data of samples collected from brainstem of 8 WT and 6 transgenic SCA3
model mice aged 17.5 months in GEO accession “GSE107958” were analyzed.

Analysis with edgeR yields 12 DEGs, analysis with DESeq2 yields 15 DEGs, and analysis with
limma yields 18 DEGs. Ultimately, 5 DEGs are commonly selected by all three programs. As shown
in figure 3, the expression levels of all DEGs in the brainstem of SCA3 model mice show significant
up-regulation compared to their expression levels in the brainstem of WT mice.

—

Expression level (CPM)

SCA3 WT SCA3 WT SCA3 wT

o
-
v” “ I I
. SCA SCA3 wT SCA3 wT SCA
Smocl Tme3

Chdl Ruf43 Zfp488

Figure 3: Bar plot of expression level of the DEGs in brainstem of 17.5-month-old SCA3 model mice
and WT mice.

Gene enrichment analysis of the list of genes as shown in table 4 using DAVID reveal no shared
functional annotations between 2 or more DEGs. The key biological functions of DEGs as determined
by DAVID are summarized in table 4.

Table 4: Functional annotations of DEGs obtained from “Functional Annotation Chart” from DAVID.
Terms with p-value < 0.05 are selected and important result is highlighted.

Gene names Functional annotation

Chdh mitochondrial autophagy; glycine, serine and threonine metabolism
Rnf43 Whnt signalling pathway; zinc-finger protein transmembrane domain
Smocl cell differentiation

Tmc3 ion transmembrane transport

positive regulation of oligodendrocyte differentiation; neurogenesis; positive

ZJp488 regulation of myelination
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4. Discussions

Different patterns in transcriptional dysregulation are observed in early, mid, and late times in the
lifetime of SCA3 mice, revealing changes in disease progression over time.

No DEG was determined for SCA3 model mice with age of 2 months. This may be due to low
expression levels of the disease protein in early developmental stages of SCA3 model mice, which is
the case for KI disease model as shown by Ramani et al. (2017) [13]. Thus, transcriptional
dysregulation does not occur during early stages of SCA3 pathogenesis, which agrees with the
conclusion by Wiatr et al. (2019) [24].

DEGs identified in the brainstem of 4-month-old Q84 transgenic SCA3 model mice show that
transcriptional changes begin to occur and hence disease phenotype begins to develop at this age. The
identified DEGs partake in various biological processes, with many of them being responsible for
normal neuronal functions. Differential expression of Mag and Aspa may cause changes in central
nervous system myelination and differential expression of Mag and Plec may disrupt the transmission
of nerve impulses, which would both impede the transmission of electric signals in the neuron,
agreeing with clinical findings that neuronal dysfunction is a major SCA3 disease phenotype[25].
Moreover, transcriptional changes might also lead to changes in intermediate filament cytoskeleton
organization and folate biosynthesis, which can further affect healthy neuronal function since
intermediate filament organization is essential for the structural rearrangement and signaling
regulation in neurons[26] and folate plays a role in central nervous system repair[27]. Additionally,
differential expression of Dbh and Th may lead to changes in catecholamine biosynthesis, which may
be correlated with the development of depression in SCA3 patients, which is a known SCA3 disease
symptom[28]. Also, transcriptional dysregulation of Dbk and Slc6a?2 affects response to pain, which
could potentially explain for feelings of pain in SCA3 patients[28]. Notably, down-regulation of 7/33
and Aspa would reduce oligodendrocyte differentiation, which agrees with the findings by Ramani et
al. (2017) [13] and Schuster et al. (2022) [15] that impaired oligodendrocyte maturation is caused by
early transcriptional changes in the brain of SCA3 model mice, which leads to white matter
dysfunction via a toxic gain-of-function mechanism. The genes identified in this study, //33 and 4spa,
were not identified in the previous studies and thus are of interest of research. Moreover, differential
expression also affects cellular response to mechanical stimuli and tyrosine metabolism; however,
how these biological changes relate to the development of SCA3 phenotype would require further
investigation.

Several DEGs were identified in the cerebellum of 12-month-old SCA3 model mice, revealing
transcriptional dysregulation events that contribute to pathogenesis during this stage of disease
progression. Down-regulation of several genes that have normal functions related to processes that
contribute to maintaining healthy neurons are observed, suggesting that impaired neuronal functions
and potential neuronal loss likely occur during this stage of the disease. Down-regulation of Ptk2b,
Crhrl, and Clstn2 may reduce cytosolic calcium ion concentration, enhance neuron apoptotic process,
disrupt the formation of LTP, and impair response to hypoxia. Additionally, down-regulation of Ptk2b
and Plk5 may reduce development of neuron projection. These biological changes in the neuron
caused by differential expression of specific genes all interfere with normal neuronal functions,
eventually leading to neuronal loss and death as observed in the SCA3 disease phenotype.
Additionally, down-regulation of Ptk2b, Rasd2, and Igfbp5 may lead to reduced protein kinase B
signaling, causing impairment to cell-to-cell signaling.

Moreover, transcriptional changes in the brainstem and cerebellum of 17.5-month-old SCA3
model mice compare to WT mice reveal pathological changes that are different from those observed
in SCA3 model mice of earlier ages. Interestingly, up-regulation of transcription is more common in
SCA3 model mice of 17.5 months of age compared to those of 12 months of age, showing differences
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in transcriptional dysregulation patterns during different stages in disease progression. Up-regulation
of Chdh causes up-regulation of mitochondrial autophagy, which supports the findings by Yu et al.
(2009) [11] that mitochondrial damage is a SCA3 disease phenotype. Up-regulation of Rnf43 and
Smocl would cause changes to Wnt signalling pathway and cell differentiation, and the specific
effects of differential expression of these two genes on disease phenotype require further research.
Up-regulation of 7mc3 may disrupt transport of ions across cell membranes of neurons, causing
changes in intracellular and extracellular ion concentration that can impede the formation of electrical
signals in neurons. Zfp488, which is up-regulated in the brainstem of 17.5 month old SCA3 model
mice compared to WT mice, is responsible for positive regulation of oligodendrocyte differentiation,
neurogenesis, and DNA methylation; thus, transcriptional dysregulation of this genes could lead to
changes in white matter formation and gene expression. Up-regulation of Zfp488 up-regulates
oligodendrocyte maturation compared to in 4-month-old mice when down-regulated genes down-
regulates oligodendrocyte maturation; further research is required to determine why this change in
white matter formation occurs as the mice age.

Certain limitations exist for this study. The datasets used in this study have relatively low sample
sizes, which causes each of them to have low statistical power, which is manifested in how sometimes
results obtained using different DGE analysis programs from the same set of data disagree with each
other and that some programs may produce an abnormally large list of DEGs. The SCA3 mouse
models differ slightly from each other in that they are produced with different methods (i.e.,
transgenic or knock-in) and the number of CAG expansion repeats in the ATXN3 gene differ slightly
in different mouse models, which could lead to slight variations in the expression of the disease
protein or the extent of neurodegeneration of disease phenotype. Additionally, result from the
ANOVA test for 2 and 12 months old SCA3 mice unexpectedly reveals that gene expression is
correlated with age, indicating that age is a confounding variable which diminishes the validity of
DGE analysis results.

5. Conclusion

In conclusion, transcriptional dysregulation during early and middle stages of disease progression in
SCA3 model mice mainly leads to impairment of neuronal functions and potential neuronal loss and
death, while differential expression during late stage of the disease doesn’t directly affect neuron
functions and have more extended effects in the brain instead. For future research, white matter
changes that occur over time in mice and human with SCA3 disease and the role of cell signaling and
metabolic pathways in SCA3 pathogenesis can be investigated to further elucidate processes involved
in SCA3 pathogenesis. Moreover, DEGs identified in this study can provide potential therapeutic
possibilities. For example, certain disease phenotypes may be ameliorated by reducing the expression
level of some up-regulated genes via RNA interference[29] or by increasing the expression level of
some down-regulated genes via inhibition of mRNA-destabilizing factors or RNA interference
pathways[30].
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Appendix

This GitHub repository contains all the necessary information and files to reproduce results for this
paper: https://github.com/zhihan2710/Pioneer-project.git.
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