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Chapter 24
Molecular Dissection and Therapeutic 
Application of SCA1 Pathologies Revealed 
by Comprehensive Approaches

Hitoshi Okazawa and Hikari Tanaka

24.1  �Discovery of Novel SCA1 Pathologies by 
Comprehensive Analyses

Spinocerebellar ataxia type 1 (SCA1) is a neurodegenerative disease which mainly 
affects Purkinje cells in the cerebellum and motor neurons in the spinal cord. Since 
the discovery of causative gene, Ataxin-1 (Atxn1), more than 20 years ago, substan-
tial amount of knowledge about the mechanism has been accumulated. Identification 
of Atxn1-interacting factors such as capicua (CIC) (Lam et al., 2006) and RNA-
binding motif protein 17 (RBM17) as binding proteins to Atxn1 (Lim et al., 2008) 
indicates the involvement in transcription and splicing in the SCA1 pathology 
(Zoghbi & Orr, 2009).

Meanwhile, by employing comprehensive analyses, our group has identified key 
molecules that mediate functional dysregulation caused by mutant Atxn1 protein. 
First, by yeast two-hybrid screening, we found six clones that interact with polyglu-
tamine (polyQ) tract sequences. One of them was the already known molecule VCP 
(TERA/p97/VCP), and the others were novel genes such as PQBP1 (polyglutamine-
binding protein 1) (Imafuku et al., 1998; Waragai et al., 1999). Functions of PQBP1 
have been identified during the last 20  years by our group and other groups 
(Okazawa, 2018). PQBP1 is involved in transcriptional regulation, RNA splicing, 
RNA stress, and DNA damage repair (Waragai et al., 1999; Okazawa et al., 2002; 
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Kunde et  al., 2011; Mizuguchi et  al., 2014; Ito et al., 2015b; Wan et  al., 2015; 
Morchikh et al., 2017) and determines gene expression profiles related to neural 
stem cell proliferation, neuronal cilia, neurite extension, and synapse function 
(Ikeuchi et al., 2013; Ito et al., 2015b; Li et al., 2013; Okazawa et al., 2001; Okazawa 
et al., 2002; Wang et al., 2013; Waragai et al., 1999). Interaction of mutant Atxn1 
with PQBP1 basically impairs such multiple functions in neurons including Purkinje 
cells and spinal motor neurons (Fig. 24.1).

The discovery of HMGB1 (Qi et  al., 2007) and VCP (Imafuku et  al., BBRC 
1998; Waragai et al., Hum Mol Genet 1999) led to identifying that impairment of 
DNA damage repair is another key pathological event in SCA1 (Ito et al., 2015a; Qi 
et  al., 2007). Comprehensive proteome analysis revealed that HMGB1/2 were 
decreased in Purkinje cells of SCA1 model mice and that mutant Atxn1 interact 
with HMGB1/2 to impair the DNA damage repair function (Qi et  al., 2007). 
HMGB1/2 are known to regulate the unwinding or folding DNA structures, and 
their functional inhibition in nuclei of neurons leads to inhibition of nuclear 

Fig. 24.1  Function of PQBP1. PQBP1 regulates RNA transcription and splicing in nuclear body. 
And the interaction between mutant Atxn1 and PQBP1 represses transcription and splicing, which 
eventually leads to synapse dysfunction
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functions (Alessandra & Bianchi, 2003; Travers, 2003). As mentioned above, VCP 
was discovered as a binding protein to polyQ tract sequence (Imafuku et al., 1998). 
Several studies revealed involvement of VCP in DNA damage repair (Acs et al., 
2011; Meerang et al., 2011), and interaction of mutant Atxn1 with VCP also leads 
to impairment of DNA damage repair (Fujita et al., 2013).

24.2  �Gene Therapy of SCA1 with HMGB1

We performed a proteome analysis of soluble nuclear proteins from neurons 
expressing mutant polyQ protein and revealed that HMGB1/2 are decreased in cer-
ebellar neurons expressing mutant Atxn1, which is a mutation of the causative gene 
of SCA1 and in cerebral neurons expressing huntingtin (Htt), which is a mutation of 
the causative gene of Huntington’s disease (Qi et al., 2007). This result showed that 
HMGB1/2 proteins were commonly reduced in vulnerable neurons. In addition, 
similar reductions were observed in vulnerable neurons even before the onset 
of  transgenic mice (R6/2 mice) and knock-in mice (Atxn1-154Q/2Q-KI mice). 
HMGB1/2 are one of the most abundant proteins in the nucleus, and these are 
known as essential DNA structural proteins that unwind DNA from histone com-
plex or bent DNA (Alessandra & Bianchi, 2003; Travers, 2003).

Mutant Ataxin-1 or huntingtin binds to HMGB1 and impairs the functions 
directly or promotes the degradation (Qi et  al., 2007). Due to the deficiency of 
HMGB1, nuclear and possibly cytoplasmic functions including DNA damage repair 
are impaired (Fig. 24.1) (Qi et al., 2007). Supplementation of HMGB1 suppressed 
neuronal cell death in Drosophila SCA1 model, in which mutant Atxn1 causes 
degeneration of photoreceptor cells of the complex eye (Qi et al., 2007).

Based on the results from Drosophila model, we moved to Atxn1-KI mouse 
model. We first mated HMGB1-Tg mice with Atxn1-KI mice of the same back-
ground C57BL/6 and generated double transgenic mice (Atxn1-KI;HMGB1 mice), 
and we tested their motor dysfunction and lifespan. In the rotarod test, SCA1 model 
mice showed motor dysfunction from 5 weeks of age, which continued to decline. 
On the other hand, in the double transgenic mouse, the shortened rotarod stay time 
was improved from 7 weeks of age, and the improvement was sustained at least 
until 21 weeks of age (Ito et al., 2015a). Nuclear DNA damage in Purkinje cells of 
the mutant Atxn1-KI mice was recovered in the double transgenic mouse. The 50% 
survival duration was extended from 217 days to 282 days (+30%), and the maxi-
mum survival duration was increased from 274 days to 360 days (Ito et al., 2015a).

Moreover, gene therapy using an adeno-associated virus (AAV) vector was effec-
tive. HMGB1 was widely and highly expressed in the cerebellar neurons especially 
in Purkinje cells by a single injection onto the cerebellum surface of 5-week-old 
SCA1 model mice. Similar to the results in the double transgenic mice, improve-
ment in motor function was observed at 9 and 13 weeks of age in the gene therapy 
experiment using the AAV vector. Furthermore, the lifespan of mutant Atxn1-KI 
mice was extended from 217 days to 365.5 days (nearly +70%), and the maximum 
was extended from 274 days to 448 days (Fig. 24.2) (Ito et al., 2015a). In addition, 
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it was revealed that HMGB1 also enhances mitochondrial DNA damage repair, sug-
gesting that HMGB1 suppresses neurodegeneration by repairing both nuclear and 
mitochondrial DNA (Ito et al., 2015a).

24.3  �Gene Therapy of SCA1 with RpA1

In addition to the proteome analysis revealing the role of HMGB1/2 in SCA1 pathol-
ogy, we found from multiple omics analyses that other molecules such as TERA/
VCP/p97 and Ku70 involved in DNA damage repair are functionally impaired in 
polyglutamine disease (Enokido et al., 2010; Fujita et al., 2013; Qi et al., 2007). These 
proteins are basically involved in non-homologous end joining of DNA double-strand 
break repair among various types of DNA damage repair. Therefore, we further asked 
which type of DNA damage repair most significantly contributes to the SCA1 pathol-
ogy (Barclay et al., 2014). From gene screens with Drosophila SCA1 models, we 
identified that RpA1, a protective protein for naked single-strand DNA in various 
types of DNA damage, has the largest therapeutic effect on the lifespan-shortening by 
mutant Atxn1 expression in motor neurons (Barclay et al., 2014). Furthermore, an 
immunoprecipitation (IP) assay revealed that RpA1 binds to Ataxin-1 and mutant 
Ataxin-1 binds to RpA1 more strongly (Barclay et al., 2014).

Fig. 24.2  Gene therapy of HMGB1 in SCA1 model mice. HMGB1 is decreased in Purkinje cells 
and other neurons of mutant Atxn1-KI mice and also human patients. AAV-HMGB1 gene therapy 
recovers the deficiency of HMGB1 and elongates the lifespan of the model mice. Similar 
approaches can be used to recover deficiency of other target molecules
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Therefore, we developed gene therapy of mutant Atxn1-KI mice with AAV-
RpA1 at the timing of onset, which induced significant improvement of motor func-
tion lasting over 50 weeks after injection (Taniguchi et al., 2016). DNA double-strand 
break, which is the final outcome of various forms of DNA damage, was also ame-
liorated in cerebellar neurons, and the abnormal patterns of gene expression were 
also partially corrected (Taniguchi et al., 2016).

24.4  �Gene Therapy with PQBP1

Though we have not examined the effect of AAV-PQBP1 on mutant Atxn1-KI 
model mice, we have unexpectedly experienced the examination in Alzheimer’s 
disease (AD) mouse models (Tanaka et al., 2018). We reached to the conclusion that 
PQBP1 is also involved in the AD pathology as follows. First, we performed com-
prehensive phosphoproteome analysis and revealed that SRRM2 phosphorylation 
occurs at the earliest stage before extracellular Abeta aggregation (Tagawa et al., 
2015). The phosphorylation of SRRM2 inhibits its interaction with a chaperone 
protein TCP1alpha and prevents nuclear translocation of SRRM2 (Tanaka et  al., 
2018). Given that SRRM2 functions as a scaffold protein in the nucleus, the major 
target of SRRM2 scaffolding PQBP1 was decreased in the nucleus. The reduction 
of PQBP1 in the nucleus disturbs proper splicing of synapse-related hnRNA and 
decreases their mRNA (Ito et al., 2015b), which is just like neurons in patients of 
Renpenning syndrome (Kalscheuer et  al., 2003; Lenski et  al., 2004; Lubs et  al., 
2006; Okazawa, 2018; Stevenson et al., 2005). Therefore, we performed gene ther-
apy against AD model mice with AAV-PQBP1 and found the rescue of phenotypes 
as expected (Tanaka et al., 2018). The similar approach will be feasible in therapeu-
tics for the SCA1 pathology.

24.5  �Developmental Pathology of SCA1

Previous studies have accumulated a great deal of knowledge about pathological 
conditions caused by gene mutations. However, the relationship between timing and 
the major pathology is still not unclear, which slows down the progress of disease-
modifying therapy. In a previous study, we discovered transcriptional repression-
induced atypical cell death (TRIAD) due to RNA polymerase II inhibition and 
identified a molecule YAPdeltaC that regulates TRIAD (Hoshino et al., 2006). To 
elucidate the function of YAPdeltaC in SCA1, we used the Tet-ON system for 
YAPdeltaC expression and examined how the time-specific expression of YAPdeltaC 
affects the symptoms and survival of Ataxin-1-KI mice. Unexpectedly, expression 
of YAPdeltaC during development remarkably extended the lifespan, while the 
expression of YAPdeltaC from adulthood (from 8  weeks old) was less effective 
(Fujita et al., 2017).
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We revealed that YAPdeltaC is a transcriptional co-factor that enhances RORalpha 
function that regulates gene expression in cerebellar neurons during development 
collaborating with normal Ataxin-1. On the other hand, mutant Ataxin-1 inhibits the 
interaction between YAPdeltaC and RORalpha and inhibits gene expression required 
for maturation of cerebellar neurons (Fujita et al., 2017). These results indicate the 
role of mutant Atxn1 during the development and the developmental pathology 
influencing the adult pathology beyond a long time interval.

24.6  �Future Prospects

Various comprehensive analyses of our group unraveled novel pathologies of SCA1 
such as impairments of DNA damage repair (HMGB1, Ku70, VCP, RpA1, PQBP1) 
and RNA splicing (PQBP1) and transcription (HMGB1, PQBP1, YAP/YAPdeltaC). 
A single gene mutation of Atxn1 leads to phenotypes via multiple pathways, which 
might be “gain of function” or “loss of function.” From the viewpoint of mutant 
Atxn1, it could be described as “gain of function” when mutant Atxn1 deprives 
some target proteins to inclusion body. However, it could be also described as “loss 
of function” from the aspect of normal Atxn1. For instance, normal Atxn1 have 
physiological interaction with YAP/YAPdeltaC or PQBP1 in transcription and splic-
ing regulation. Therefore, prevention of these target proteins from the functional 
complex by mutant Atxn1 is similar to loss of function of normal Atxn1.

Recently gene-based therapies like gene therapy, antisense oligonucleotide, and 
genome editing are developing rapidly. Basically, gene-based therapies are classified 
into two types, upregulation and downregulation of the target gene. Antisense oligo-
nucleotide, therefore, is used for knockdown of mutant Atxn1. However, it has an 
unexpected pitfall that depletion of Atxn1 might increase the risk of Alzheimer’s dis-
ease (Crespo-Barreto et al., 2010; Matilla et al., 1998; Suh et al., 2019), and the concern 
of off-target effect cannot be completely excluded. Actually, currently ongoing clinical 
trials of antisense therapy targeting selectively mutant Htt mRNA might accelerate 
brain atrophy of Huntington’s disease patients judging from their ventricular size at 
clinical trial phase 2 (Supplementary Results of ref. (Suh et al., 2019) (Tabrizi et al., 
2019). Therefore, upregulating the target whose activity is lost in the pathology of 
SCA1 might be safer for human patients than downregulating the causative gene.
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