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Spinocerebellar ataxia type 2 (SCA2) is an autosomal dominant ataxia caused by
an expansion of CAG repeats in the exon 1 of the gene ATXN2, conferring a gain
of toxic function that triggers the appearance of the disease phenotype. SCA2 is
characterized by several symptoms including progressive gait ataxia and dysarthria, slow
saccadic eye movements, sleep disturbances, cognitive impairments, and psychological
dysfunctions such as insomnia and depression, among others. The available treatments
rely on palliative care, which mitigate some of the major symptoms but ultimately fail
to block the disease progression. This persistent lack of effective therapies led to the
development of several models in yeast, C. elegans, D. melanogaster, and mice to
serve as platforms for testing new therapeutic strategies and to accelerate the research
on the complex disease mechanisms. In this work, we review 4 transgenic and 1
knock-in mouse that exhibit a SCA2-related phenotype and discuss their usefulness in
addressing different scientific problems. The knock-in mice are extremely faithful to the
human disease, with late onset of symptoms and physiological levels of mutant ataxin-2,
while the other transgenic possess robust and well-characterized motor impairments
and neuropathological features. Furthermore, a new BAC model of SCA2 shows
promise to study the recently explored role of non-coding RNAs as a major pathogenic
mechanism in this devastating disorder. Focusing on specific aspects of the behavior and
neuropathology, as well as technical aspects, we provide a highly practical description
and comparison of all the models with the purpose of creating a useful resource for SCA2
researchers worldwide.

Keywords: mouse, spinocerebellar ataxia type 2, transgenic, knock-in, motor impairments, neuropathology

INTRODUCTION

Spinocerebellar ataxia type 2 (SCA2) belongs to a group of hereditary neurodegenerative diseases—
Polyglutamine (PolyQ) diseases—such as Huntington’s disease (HD), Spinal bulbar muscular
atrophy (SBMA), and several spinocerebellar ataxias (SCAs) (Fan et al., 2014). These disorders
share a common biological cause: an abnormal repetition of CAG triplets in the open reading
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frame of the causative genes. These triplet expansions encode
for an expanded polyglutamine tract in the respective proteins,
conferring a gain-of-function mutation that triggers the
appearance of the disease phenotype (Shao and Diamond, 2007;
Fan et al., 2014). In SCA2 patients, this expansion is found in
the exon 1 of the gene ATXN2, with a number of CAG repeats
above 31 (that can go up to 200), while the healthy individuals
usually possess between 13 and 31 repetitions (Magana et al.,
2013). This neurodegenerative disorder was first known as
Wadia-Swami type ataxia owed to the two Indian researchers
that first reported it (Wadia and Swami, 1971; Sinha, 2004). Later
on, it became known as SCA2, after the discovery of the disease
locus in chromosome 12 (Gispert et al., 1993). The study of this
disease assumes a central relevance in Hispano-American and
Indian populations, since it has been demonstrated to be the
most prevalent form of ataxia in Mexico, Holguin (Cuba) and
eastern India (Sinha, 2004; Alonso et al., 2007; Velazquez-Pérez
et al., 2011). However, the existence of large SCA2 families has
also been reported in the UK (Leggo et al., 1997; Giunti et al.,
1998) and Spain (Pujana et al., 1999; Infante et al., 2005), where
it is probably the most common SCA, and many other countries
such as Australia, Germany, Italy, and Brazil. Worldwide, it
is considered the second most common form of autosomal
dominant cerebellar ataxia, together with SCA6, with 15% of
total cases (Lastres-Becker et al., 2008b; Magaiia et al., 2013).
Before the identification of the ATXN2 mutation by three
different groups (Imbert et al., 1996; Pulst et al., 1996; Sanpei
et al, 1996), the diagnosis of this disease was based on
observations of its major symptoms, which have little variation
to the other SCAs. Thereby, SCA2 clinical manifestations include
a slow and progressive gait ataxia and dysarthria accompanied
by leg cramps, postural tremors, decreased muscle tone, and
decreased tendon reflexes (Pulst, 2015). These most often come
together with sleep disturbances and oculomotor dysfunctions
such as slow saccades (Biirk et al., 1996) and, in some individuals,
ophthalmoparesis (Lastres-Becker et al., 2008b; Pulst, 2015).
The symptoms are commonly triggered in the fourth decade
of life in an affected individual and they tend to worsen in a
progressive manner until the death of the patient (typically from
respiratory failure), which usually occurs within 21-25 years
after the onset of the disease phenotype (Klockgether et al,
1998; Lastres-Becker et al., 2008b). In most cases, the physical
manifestations come together with cognitive impairments like
fronto-executive dysfunction, altered short-term memory, lack of
attention (Biirk et al., 2003), and psychological dysfunctions that

Abbreviations: SCA2, Spinocerebellar ataxia type 2; PolyQ, Polyglutamine;
HD, Huntington’s disease; SBMA, Spinal bulbar muscular atrophy;
SCAs, Spinocerebellar ataxias; SCA6, Spinocerebellar ataxia type 6; SCAL,
Spinocerebellar ~ataxia type 1; MJD, Machado-Joseph disease; SCA3,
Spinocerebellar ataxia type 3; PCs, Purkinje cells; GCS, Granular cytoplasmic
staining; NNI, Neuronal nuclear inclusions; ALS, Amyotrophic lateral sclerosis;
CACNAIA, Calcium voltage-gated channel subunit alpha 1A; InsP3R1, Type 1
inositol 1,4,5-trisphosphate receptor; LTD, Long-term depression; iPSCs, Induced
pluripotent stem cells; RAN , Repeat-associated non-ATG translation; KO, Knock-
out; KI, Knock-in; Pcp2, Purkinje cell protein 2; cDNA, Complementary DNA;
BAC, Bacterial artificial chromosome; F-plasmid, Functional fertility plasmid;
SCA?7, Spinocerebellar ataxia type 7; SK2/3, Small-conductance, Ca** -activated
K™ channels Type 2/3; PD, Parkinson’s disease.

end up in insomnia, depression, and suicidal impulses, as it was
first uncovered by Reynaldo-Armindn (cited in Lastres-Becker
et al., 2008b). A more recent work by Lo et al. (2016) included
a follow-up of 64 SCA2 patients that revealed a strong prevalence
of clinically relevant depression (22% of all patients) and suicidal
ideation (almost 50%), similarly to other SCAs.

These symptoms are usually the result of a wide
neurodegenerative process, with a severe olivopontocerebellar
atrophy as its most striking characteristic, together with early
degeneration in the substantia nigra and basal ganglia (Estrada
et al, 1999). Other brain regions such as the cerebral frontal
lobes, brainstem, cranial nerves, and spinal cord also show
signs of degeneration (Estrada et al., 1999; Pang et al., 2002;
Ishida et al., 2011). Interestingly, in vivo brain MRI of 24 SCA2
patients has also revealed a significant atrophy of regions like the
pontine base, the middle cerebellar peduncles and the cerebellar
hemispheres, when compared with either healthy controls or
patients with SCA1 and Machado-Joseph disease (MJD/SCA3];
Biirk et al., 1996).

At the cellular level, there is a severe reduction in the number
of cerebellar Purkinje cells (PCs) as well as its arborization
(Estrada et al., 1999; Riib et al., 2013). The cells of the granular
layer of the cerebellum also suffer neuronal loss, together with
the brain stem and the substantia nigra, which might explain
the parkinsonism observed in some patients (Pulst, 2015).
This is a critical point, since SCA2 is the subtype of SCA
that is most commonly associated with levodopa-responsive
Parkinson’s disease (PD) and atypical parkinsonism worldwide
(Gwinn-Hardy et al., 2000; Shan et al., 2001; Park et al., 2015).
Also, recent studies have found degeneration in the striatum,
pallidum, and even the neocortex (Estrada et al., 1999; Seidel
et al,, 2012). In addition to this, several groups have presented
compelling evidence for the existence of nuclear and cytoplasmic
inclusions, stained with anti-ataxin-2, anti-expanded PolyQ
(1C2) and anti-ubiquitin antibodies, similarly to what happens in
other polyQ diseases (Koyano et al., 1999; Pang et al., 2002; Ishida
et al, 2011). All in all, this overall degeneration in the brains of
SCA2 patients goes far beyond the purely cerebellar alterations
that its name might imply and it ends up affecting the whole
brain.

DISEASE MECHANISMS OF SCA2

The ATXN2 gene has 25 exons that encode for a protein with
1152 amino acid residues, when it possesses 22 glutamines
(Scoles et al., 2012) and no sequence similarity to other polyQ
proteins apart from the glutamine-rich domain (Magana et al.,
2013). The expansion of this domain above the disease threshold
triggers a series of anomalies at the cellular level, presumably
several years before the onset of the symptoms. In the following
section, we summarize some of the proposed mechanisms for the
pathophysiology of SCA2, which are illustrated in Figure 1.

Aggregation

The aggregation of mutant polyQ proteins into cytoplasmic
and/or intranuclear inclusions in neurons is a hallmark of these
neurodegenerative diseases (Williams and Paulson, 2008; Bauer
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FIGURE 1 | Molecular mechanisms proposed to be involved in SCA2 pathogenesis. The anti-sense transcription of the ATXN2 gene gives origin to the
repeat-expanded ATXN2-AS, with the ability to form hairpin structures and induce toxicity. The sense transcription encodes to the polyQ-expanded ataxin-2 protein,
which assembles in insoluble, not always ubiquitinated cytoplasmic aggregates, and recruits other proteins like E3 ubiquitin ligases. Ultimately, the UPS might get
overburden, disturbing the neuronal protein turnover and engaging in aberrant proteolytic cleavage, with the formation of N-terminal PolyQ-containing toxic fragments.
Also, the mutated ataxin-2 decreases the ability of WT ataxin-2 to stabilize mRNAs and upregulate protein expression, resulting in transcriptional and translational
dysregulations. On the other hand, the expanded polyQ protein binds to receptors in the ER and promotes a significant increase in intracellular calcium and,
consequently, excitotoxicity, and enhanced LTD in cerebellar PCs. Finally, posttranslational modifications such as phosphorylation at specific residues might modulate
the toxicity of ataxin-2, and RAN translation can result in additional polyalanine and/or polyserine toxic proteins. Blue, solid line boxes represent well-studied disease
mechanisms, with extensive supporting evidence in SCA2. Black, dashed line boxes represent pathogenic mechanisms that are well established in other PolyQ

and Nukina, 2009; Takahashi et al., 2010). Nevertheless, the
actual contribution of these aggregates to neurodegeneration
has eluded the scientific community for many years, which
tried to disclose their role as either causal or protective for the
pathogenic process (Todd and Lim, 2013). Likewise, the mutant
ataxin-2 aggregation and its role in SCA2 pathophysiology is
also surrounded in controversy. A recent study tried to correlate
the two main types of aggregates—granular cytoplasmic staining
(GCS) and neuronal nuclear inclusions (NNI)—to the severity
in neurodegeneration, with some interesting results (Seidel et al.,
2016). Using post-mortem tissue from the brainstem of 5 SCA2

and 6 MJD patients, the authors found a significant positive
correlation between the presence of GCS and a more severe
neurodegeneration, while the NNI appeared to have a more
protective role, at least in the MJD cohort. Also, Koyano et al.
(2014) suggested that a cytoplasmic aggregation pattern of
mutant ataxin-2 is prevalent in early stages of SCA2, whereas
the presence of nuclear inclusions is related to a final stage.
According to these and other studies (Ueda et al.,, 2014), the
cytoplasmic ataxin-2 granules might be the first aggregated
species in SCA2, actively contributing to pathogenesis by
disrupting essential cell mechanisms. However, on an interesting
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note, the presence of aggregates in the cerebellar PCs remains
quite controversial, with only a few reports of non-ubiquitinated
cytoplasmic inclusions in mouse models (Huynh et al., 2000;
Damrath et al., 2012).

Protein Recycling and Proteolytic Cleavage
Degradation of misfolded proteins typically occurs through two
distinct pathways: the ubiquitin proteasome system (UPS) or
autophagy. The dysfunction of the protein recycling pathways
is a much debated topic in neurodegenerative diseases and has
been extensively reviewed elsewhere (Berke and Paulson, 2003;
Ross and Pickart, 2004; Matsuda and Tanaka, 2010; Takalo et al.,
2013; Fecto et al., 2014; Cortes and La Spada, 2015). In SCA2,
it was recently proven that mutant ataxin-2 can be selectively
downregulated by FBXW8 (a subunit of an ubiquitin ligase
complex), and that both FBXW8 and PARK2 (E3 ubiquitin
ligase) are recruited to mutant ataxin-2 aggregates in cellular and
animal models (Damrath et al., 2012; Halbach et al., 2015). This
suggests a possible impairment in the UPS which, if perpetuated,
might result in toxicity and neurodegeneration. The malfunction
of the UPS can also result in increased cleavage of mutant
proteins into smaller, more toxic fragments, which have been
implicated in the pathogenesis of diverse neurodegenerative
traits involving abnormal protein accumulation (Li et al., 2010;
Matos et al., 2017). In SCA2, the artificial inhibition of the
UPS originated a 70 KDa fragment in cells transfected with
mutant ataxin-2, but not in those transfected with the WT form.
Also, a 42KDa fragment was detected in human post-mortem
brain samples, reactive to the polyQ-specific 1C2 antibody
(Huynh et al., 2000; Turnbull et al., 2004). Interestingly, this
fragment (presumably N-terminal, given the position of the
polyQ region) was detected both in a SCA2 patient and a cellular
model of the disease, but not in control samples. This might
suggest a link between mutant ataxin-2 proteolytic cleavage and
SCA2 pathogenesis.

Transcriptional and Translational

Dysregulation

The most studied function of ataxin-2 is the regulation of
translation and mRNA metabolism, as the very first efforts
to characterize this protein accumulated compelling evidence
toward this hypothesis. In fact, the first studies in yeast
successively identified direct interactors of ataxin-2, like the
poly(A)-binding protein 1 (PABP1) and the ataxin-2-binding
protein 1 (A2BP1 or RBFOX1), that are known regulators of
RNA metabolism (Mangus et al., 1998; Shibata et al., 2000). Since
then, ataxin-2 has been shown to primarily localize in the Golgi
apparatus (Huynh et al., 2003) and the endoplasmic reticulum
(ER; van de Loo et al., 2009) and demonstrated to bind directly to
the 3'UTRs of mRNAs, promoting their stability (Yokoshi et al.,
2014). More importantly, these studies provided evidence that
the PolyQ-expanded ataxin-2 caused cell death by disrupting the
Golgi complex (Huynh et al., 2003) and actively downregulated
the stabilizing effect of WT ataxin-2 in a PolyQ-length-dependent
manner, decreasing its ability to upregulate protein expression
(Yokoshi et al., 2014). So, in the global context of the disease, the
expanded polyQ tract can affect the protein turnover of the cell,

through a dysregulation of both synthesis (transcriptional and
translational dysfunction) and degradation (UPS impairment).
Considering the highly specialized and regulated functions of
establishing and maintaining synaptic activity, neurons are
particularly susceptible to alterations in protein turnover, which
apparently happen in SCA2. This crucial role of WT ataxin-2
in maintaining mRNA stability and regulating translation might
also explain the reason for ataxin-2 being associated with several
other neurodegenerative diseases like ALS, SCAl, and MJD
(Uchihara et al., 2001; Al-Ramahi et al., 2007; Lessing and Bonini,
2008; Elden et al., 2010; Ndbrega et al., 2015).

Calcium Dysregulation

The dysregulation of calcium signaling is found in many different
neurodegenerative traits, and its role in the pathophysiology
of these disorders has been the subject of many extensive
reviews (Chopra and Shakkottai, 2014; Egorova et al., 2015;
Meera et al, 2016). In SCA2 research, there is compelling
evidence of abnormal calcium signaling, to which the PCs seem
to be particularly susceptible, triggering the very first physical
symptoms of the disease (Kasumu and Bezprozvanny, 2012).
Indeed, in 2005 it was first reported that long, normal CAG
repeats in the calcium voltage-gated channel subunit alpha 1A
(CACNAIA) correlates with an earlier onset of symptoms in
SCA2 patients (Pulst et al., 2005). Also, not only does ataxin-
2 co-localize with the ER, which is the largest depository of
intracellular calcium (van de Loo et al., 2009) but its mutated,
expanded form binds to the C-terminal of the type 1 inositol
1,4,5-trisphosphate receptor (InsP3R1; Liu et al, 2009). This
interaction significantly increases the release of intracellular
calcium in primary PCs cultures from a SCA2 transgenic
mouse model, and increases their sensitivity to glutamate-
induced cell death (Liu et al., 2009). Interestingly, several in vivo
experiments that targeted the activity of intracellular calcium
receptors and calcium-activated potassium receptors alleviated
many of the symptoms of these mice, establishing calcium
dysregulation as a major mechanism of PC degeneration in SCA2
(Kasumu et al., 2012a,b; Liu et al., 2009). Finally, Kasumu and
Bezprozvanny proposed that the increase in intracellular calcium
mediated by expanded ataxin-2 intensifies cerebellar long-term
depression (LTD) in an attempt to control excitotoxicity, which
in turn triggers the first manifestations of ataxia (Kasumu
and Bezprozvanny, 2012). A similar calcium dysregulation
mechanism based on the same InsP3R1 receptor has also been
proposed for HD and MJD, two of the most common polyQ
disorders, suggesting that it might be a transversal mechanism
in this group of diseases (Tang et al., 2003; Chen et al., 2008).

RNA Toxicity

For several years, the main focus of research in polyQ diseases has
been the expanded polyQ tract of the affected proteins, and the
different toxic effects that it exerts in neurons. However, recent
studies have highlighted the contribution of non-coding RNA
molecules, such as anti-sense and long non-coding transcripts,
to the pathophysiology of polyQ and other neurodegenerative
disorders (Moseley et al., 2006; Ladd et al., 2007; de Mezer et al.,
2011). The mechanisms of RNA toxicity in neurodegeneration
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have been extensively reviewed elsewhere (Johnson et al., 2012;
Salta and De Strooper, 2012; Tan et al, 2012) and include
the sequestration of RNA-binding proteins, the production of
mutant repeat RNA molecules by anti-sense transcription and the
modulation of mutated genes by miRNAs. In SCA2, bidirectional
transcription of the ATXN2 gene has been recently reported, with
the production of a neurotoxic anti-sense transcript (ATXN2-AS)
as a consequence (Li et al., 2016). The supporting evidence is very
robust, with the expanded CUG-repeat RNA being detected in
the post-mortem cerebellum and cortex of SCA2 patients, human
fibroblasts, human induced pluripotent stem cells (iPSCs),
a BAC-transgenic mouse model and a lymphoblastoid cell
line. Moreover, the transfection with non-translatable mutant
ATXN2-AS, but not the WT ATXN2-AS, induced toxicity in SK-
M-NC cells and primary mouse cortical neurons, presumably
from the CUG-repeat tendency to form RNA hairpin structures
(Lietal., 2016).

Alternative Disease Mechanisms

The previously described mechanisms have substantial evidence
to support their role in the pathophysiology of SCA2. However,
other disease pathways have been well established for PolyQ
diseases, including other SCAs, that are also worthy of
mention despite their link to SCA2 remaining unclear. In
fact, many different studies showed that phosphorylation and
other posttranslational modifications of polyQ proteins might be
implicated in different aspects of pathogenesis, either decreasing
or enhancing neurodegeneration in HD, SCA1l, and MJD
(Humbert et al., 2002; Chen et al., 2003; Emamian et al., 2003;
Luo et al.,, 2005; Pennuto et al., 2009; Warby et al., 2009; Matos
et al., 2016). In SCA2, Turnbull and colleagues reported that
ataxin-2 is indeed phosphorylated in SY5Y cells, presumably
at the RXXSXP motif, similarly to ataxin-1 (Turnbull et al,
2004). Nevertheless, the impact of this modification in the
disease pathogenesis remains elusive. Finally, a new mechanism
for neurodegeneration was observed in SCA8, where it was
found that a non-ATG-translation (RAN) of the CAG expansion
resulted in polyserine and polyalanine proteins, apart from the
polyQ protein (Zu et al., 2011). This work has caused a turmoil
in the field of DNA repeat expansions disorders, with new non-
ATG proteins being reported in several neurodegenerative traits,
rendering the field far more complex than it was first considered
(Cleary and Ranum, 2014). In SCA2, this phenomenon was also
observed for the ATXN2 gene, although in lower levels compared
to canonical ATG translation and the study failed to detect
polyserine and polyalanine proteins (Scoles et al., 2015).

SCA2 MOUSE MODELS

During the last two decades, a number of cellular and animal
models of SCA2 have been developed to greatly contribute to
our understanding of this disease. Indeed, although they are
not the focus of this work, simple models like yeast, C. elegans
and D. melanogaster were among the very first models used
and have been crucial to infer on the ubiquitous functions
of ataxin-2, such as: the embryonic development (Kiehl et al,,
2000; Ciosk et al., 2004); the translation regulation and mRNA

metabolism (Mangus et al., 1998; Satterfield and Pallanck, 2006);
the regulation of circadian rhythms (Lim and Allada, 2013; Zhang
et al., 2013); and modulating the formation of stress granules
(Ralser et al., 2005). Likewise, the creation and characterization
of two murine KO models of ATXN2 have provided precious
new insights into the functions and pathways of this protein
(Kiehl et al., 2006; Lastres-Becker et al., 2008a; Huynh et al.,
2009; Fittschen et al., 2015; Halbach et al., 2016; Meierhofer
et al, 2016) including a putative role in insulin resistance
and obesity, which was validated in humans through Genome-
wide association studies (Auburger et al,, 2014). Finally, the
development of iPSCs lines from SCA2 patients was recently
reported, as well as CRISPR-Cas9 corrected isogenic iPSCs,
to serve as suitable controls. These lines represent a unique
opportunity to study the SCA2 disease mechanisms from actual
patient-derived neurons (Xia et al, 2013; Marthaler et al,
2016a,b).

The purpose of this work is to present a comprehensive
review on 5 mouse models of SCA2 that present behavioral
characteristics resembling the human condition. In fact, the
existing therapies for SCA2 rely basically on palliative care and
non-specific medication to alleviate the major symptoms, which
is inefficient to halt the disease progression. Thereby, in the
last two decades, several authors created transgenic and Knock-
in mice with the purpose of testing more effective therapeutic
strategies that might be translated into the clinic. We aim
to describe and compare each one of these models on the
basis of their motor impairments, neuropathology and age of
onset, and provide sustained examples of their usefulness in
subsequent studies. To the best of our knowledge, this type
of work has not been made for SCA2 and thereby it will
constitute a valuable and important tool for researchers to
choose the most adequate model addressing different scientific
questions.

The following models will be discussed chronologically
according to their publication year, consisting of 4 transgenic and
1 Knock-in (KI) mice: Q58 (Huynh et al.,, 2000); Q75 (Aguiar
et al., 2006); Q42KI (Damrath et al., 2012); Q127 (Hansen et al.,
2013); BAC-Q72 (Dansithong et al., 2015).

Q58

This is the first report of a mouse model of SCA2, where the
authors created a transgenic line that expresses a full length
version of the human ATXN2, with 58 CAGs (Huynh et al,
2000). This mutant gene is regulated by a heterologous promoter
(Purkinje cell protein 2—Pcp2) that directs the expression of the
transgene to the PCs of the mice. The authors used the hybrid
B6D2F1 as the genetic background for both the model and the
control group, which expresses the cDNA of the human ataxin-
2 with 22 glutamines (Q22). The most characterized mouse line
was the Q58-11, which incorporated three copies of the human
transgene, contrary to the Q22 lines, with just one copy.

The mice expressing the mutant ATXN2 exhibited clasping
at 32 weeks of age, contrary to the control group (Q22). Also,
the same animals showed a 19% reduction in the stride length
at 16 weeks of age, when compared with the control and
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the WT. Likewise, the rotarod test showed a significant worse
performance for the homozygous Q58 when comparing with the
control group and the W', with a smaller latency to fall (around
50%) at 16 weeks of age. These motor deficits were progressive,
with both the homozygous and the heterozygous Q58 showing
severe impairment at 26 weeks of age. There were no differences
detected between the Q22 lines and the WT, in any of the tests.
In a subsequent characterization done by Liu and co-workers
(Liu et al.,, 2009), a general lack of balance and coordination
was reported in the Q58 mice, as measured by the beamwalk
test, when comparing with WT mice. These differences became
significant at 32 weeks of age, including longer latencies to cross
the beam and an increased number of foot slips, which worsened
in a progressive manner with aging (Table 1).

The neuropathology in this model showed a decrease in the
immunoreactivity with Calbindin-28K—a marker for neuronal
dysfunction—at 4 weeks of age for the homozygous Q58.
Similarly to the motor dysfunction, the loss of Calbindin-28K
was progressive and worsened from 7 to 14 weeks. At 24-27
weeks of age, the authors also detected a significant loss of 50%
in the number of PCs in the mutant lines, contrasting with the
control lines that showed no signs of neuropathology at any
time point. In a different work (Kasumu et al., 2012b), the Q58
transgenic mice were further characterized and an abnormal
electrophysiological profile of these cells was reported at 24
weeks, worsening in a progressive manner with aging. This
profile includes a decrease in the number of firing PCs and a
reduced firing frequency of PCs in SCA2 mice, when compared
with the WT (Table 2).

Q75

Another model was developed in 2006, when Aguiar et al.
(2006) used the same methodology of pronuclear microinjection
to create a mouse model with a human full-length version of
ATXN2. The human gene was isolated from a Cuban patient with
75 CAG using RT-PCR and obtaining an amplicon of 4.477 Kb
corresponding to the cDNA of the ataxin-2 isoform 1. This
transgene was then expressed in the transgenic model under
the regulation of the self-human SCA2 promoter. This approach
allowed to obtain ubiquitous expression of the transgene across
the entire body of the animal, as it was detected at the transcript
level in the lungs, kidney, muscle tissue, brain and liver, and

at the protein level in the cerebellum. The authors used the
mouse hybrid strain B6D2F1 X OF1 as the genetic background
for this model, and as a control strain for the behavioral tests, WT
littermates. FO66, that integrated one or two copies of the SCA2
transgene, was the most characterized line.

An ataxic behavior was observed in the Q75 mice when
subjected to the rotarod assay. Indeed, a significant worse
performance by the heterozygous transgenic animals was
observed at 12 weeks, and by the homozygous at 6 weeks of age,
when compared with the WT (Table 1).

Interestingly, the neuropathology revealed that, despite the
ubiquitous expression throughout the body, only degeneration
of PCs is reported, suggesting a somewhat targeted effect
(Table 2).

Q42KI

In 2012 it was published the first and only report so far of a
knock-in mouse model of SCA2 (Damrath et al., 2012). In this
work, Damrath and colleagues used the basic concept of the
homologous recombination in embryonic stem cells to replace
the normal murine atxn2 gene with a mutagenized version with
42 CAG repeats. This mutant form is under the control of
the endogenous murine atxn2 promoter and was transmitted
stably to the progeny for over nine consecutive generations.
Moreover, the gene product was detected in the cortex and
cerebellum at the transcript and protein level, demonstrating that
the CAG expansion does not impair the atxn2 transcription and
translation. The C57BL/6 mice strain was used as the genetic
background and the WT littermates served as the controls for
behavioral and neuropathological analysis.

By analyzing the phenotype of these Knock-ins, two
interesting conclusions were drawn. First, as early as 1 week
of age was enough to detect a significant 19% reduction in the
weight of these animals as compared with the WT, a difference
that remained for their entire life. Secondly, the mutant mice
exhibited a very mild ataxic behavior: no differences were found
in the open field, grip or footprint analysis between the Knock-
ins and the WT. As for the accelerating rotarod, the differences
became significant only at 72 weeks of age, for the homozygous
mice (Table 1). On its turn, the heterozygous did not show any
impairment at all when compared with the WT, at any time point
analyzed.

TABLE 1 | Behavioral analysis of SCA2 mouse models.

Mouse Reduced body Onset Impairments Onset Anomalies Onset Clasping Onset Impairments in Onset
model weight (weeks) in rotarod (weeks) in footprint (weeks) (weeks) the beamwalk (weeks)
Q58 NA Yes 16 Yes 16 Yes 32 Yes 32
Q75 NA Yes 6 NA NA NA

Q42K Yes 1 Yes 72 NE NA NA

Q127 NA Yes 8 NA NA NA

BAC-Q72 Yes 8 Yes 16 NA NA NA

Behavioral hallmarks of the mouse models of SCA2. For each model, the symptoms/characteristics are included as existent (“Yes”), non-existent (“NE”), or Not available (“NA”), with the

corresponding age of onset.
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TABLE 2 | Neuropathology of SCA2 mouse models.

Model Neurodegeneration  Onset Neuronal Onset Ataxin-2 Onset Morphological Onset Electrophysiological = Onset
(weeks) loss (weeks) aggregates (weeks) alterations (weeks) dysfunctions (weeks)
Q58 Loss of calbindin-28K 4 Decreased 24 NoNls. NA Decrease in the number 24
immunoreactivity PCs number Cytoplasmic of firing PCs
microaggregates
Reduced firing
frequency of PCs
Q75 Loss of calbindin-28K 52 NA NA Loss of dendrites in 52 NA
immunoreactivity PCs. Shrinkage of cell
bodies in PCs
Q42KI NE NE No Nis. 56 NA NA
Cytoplasmic
insoluble
aggregates
Q127 NA Decreased 40  Perinuclear 4 Loss of molecular layer 12 Slower firing frequency 6
PCs number aggregates thickness of PCs
BAC-Q72 Loss of calbindin-28K 24 NE NA Shrinkage of dendritic NA
immunoreactivity trees in PCs

Neuropathological hallmarks of the mouse models of SCA2. For each model, a small description of its neuropathology and the corresponding age of onset is provided. Nis, Nuclear

inclusions; NA, Not available; NE, Non-existent.

The neuropathological assessment also revealed very mild and
late-onset alterations, consistent with the behavioral results. In
fact, the only perceptible alterations were cytoplasmic ataxin-
2-containing insoluble aggregates, identified in the PCs of the
Knock-in mice. These aggregates first became detectable at 56
weeks of age, and then at 96 weeks in much higher number. There
were no signs of neuronal loss, neurodegeneration or nuclear
inclusion bodies (Table 2).

Q127

Another transgenic mouse model was created in Hansen et al.
(2013) with a slightly different objective and thereby a distinct
approach. The purpose was to evaluate the electrophysiological
and gene expression changes in PCs in SCA2, and to correlate
those variations with the onset of the motor phenotype. With this
objective in mind, Hansen and co-workers created a model mice
with 127 CAG repeats under the Pcp2 promoter to try and obtain
a strong and targeted degeneration in the PCs as well as a robust
ataxic phenotype. The authors used the mouse strain B6D2F1 as
the genetic background for this model and, as a control strain for
the behavioral tests, WT littermates were used.

As early as 8 weeks was enough to show a motor dysfunction
in the accelerating rotarod in the transgenic mice, which
worsened in a progressive manner until 36 weeks of age. By this
time point, the latency to fall of the mutant animals showed
a significant reduction of 50% when compared with the WT
littermates (Table 1).

The neuropathology of the Q127 mice was also altered, with
the presence of ataxin-2 aggregates in the PCs at 4 weeks,
and increasing in number in subsequent time points. Another

important feature was the decrease in the molecular layer
thickness, which became significant at 12 weeks of age and
progressively aggravated, becoming over 60% reduced comparing
with the WT littermates. Neuronal loss was also observed in
the transgenic animals, at 40 weeks of age, with a reduction in
the number of PCs. Finally, the electrophysiological profile of
these cells also showed differences in the mutant animals, namely
a slower firing frequency that was significant at 6 weeks and
worsened with age (Table 2).

BAC-Q72

Finally, in 2015, Dansithong and co-workers developed the
most recent transgenic mouse model of SCA2 available, with
72 CAG repeats (Dansithong et al, 2015). This model was
created with Bacterial Artificial Chromosomes (BAC), which
are DNA constructs based on a functional fertility plasmid
(or F-plasmid). In recent years, these large-insert DNA clones
have been used to create transgenic animals mainly due to its
capacity to include an entire gene sequence, including non-
coding regions (Heintz, 2001; Van Keuren et al, 2009). As
for the genetic background, the authors used the FVB mouse
strain for both the model and the control group, which contains
the entire gene of the human ATXN2 with 22 CAGs (BAC-
Q22). Also, the BAC-Q72 and the BAC-Q22 integrated 4 and
10 copies of the corresponding transgenes, respectively, and
they are both regulated by the endogenous human promoter. In
conclusion, this strategy allowed obtaining ubiquitous expression
of the transgenes across the entire body of the animal, as it
was detected at the transcript level in the heart, liver, and
the entire central nervous system and at the protein level in

Frontiers in Neuroscience | www.frontiersin.org

December 2016 | Volume 10 | Article 572


http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Alves-Cruzeiro et al.

Mouse Models of Spinocerebellar Ataxia Type 2

the cerebellum. The most characterized mutant line was the
BAC-ATXN2-Q72.

Similarly to the Q42KI, both the BAC-Q72 and the BAC-Q22
also weighted significantly less than the W, starting at 8 weeks
of age and progressing until a 30% reduction when comparing
to the WT littermates. The transgenic with the mutant ataxin-
2 suffered impairments in the motor coordination, showing a
decreased latency to fall in the accelerating rotatod, which started
at 16 weeks of age and progressively worsened until the 36 weeks
(Table 1).

The neuropathological analysis also showed dysfunctions
in these BAC-Q72 mice, at 24 weeks, with shrinking of PCs
dendritic trees and loss of the calbindin and Pcp2 proteins in the
cerebellum (Table 2).

DISCUSSION

The development of mouse models that mimic the SCA2
phenotype was needed to: (a) facilitate the testing of new
therapeutic strategies, and (b) allow the study of the disease
progression in an animal that is biologically close to humans.
So far, 5 different mouse models have been created that
assume behavioral signs/symptoms found in human patients.

Considering the number and severity of the symptoms, their
age of onset, the neuropathological progression and the design
strategy itself, each one of these models can prove to be quite
useful when addressing different scientific questions. In Table 3,
we summarized the key features of each mice that we consider to
be either advantageous or not for different researching purposes,
putting together a global view of the available murine models of
SCA2.

The Q58 transgenic mice have a very well characterized and
progressive ataxic phenotype and neuropathology as its greatest
advantage. In fact, these mice exhibit not only a strong motor
impairment in the rotarod, but they are also the only described
model with anomalies in the footprint, beamwalk and clasping
when comparing with a control Q22 group (Table 1). These
behavioral tests are commonly considered by experts (Brooks and
Dunnett, 2009) to be strong indicators of motor incoordination,
lack of balance and an abnormal gait, which are key features
of the cerebellar ataxia described in human SCA2 patients
(Pulst, 2015). Besides that, they have a marked neuropathological
phenotype, with clear signs of neuronal dysfunction, neuronal
loss and cytoplasmic polyQ aggregates in PCs, all of which
were corroborated in post-mortem human tissue (Estrada et al.,
1999; Koyano et al, 1999; Huynh et al., 2000; Ishida et al.,

TABLE 3 | The major advantages and downsides of SCA2 mouse models.

Mouse models Representative line Advantages

Disadvantages

Q58 Q58-11 Robust, well-characterized behavioral impairments and Unable to study other brain regions: targeted expression
neuropathology; to PCs;
Suitable to study PCs dysfunction; Non-physiological expression levels of
ataxin-2—overexpression;
Practical for research into new therapeutic strategies; Pronuclear injection: random integration;
Q75 FO66 Ubiquitous expression of mutant ataxin-2; Pronuclear injection: random integration;
Integrated only 1 or 2 copies of the transgene; Lack of control transgenic line;
Early onset of symptoms and robust motor No other symptom besides motor incoordination;
impairment—practical in testing for new therapies;
Q42 Kl CAG42 Very faithful to the human condition in terms of Mild ataxia phenotype and neuropathology with late
physiological expression levels and age of onset; onset of symptoms;
Ideal to study early differential gene expression levels; Unpractical for testing new therapies that alleviate
symptoms;
Potential to find disease biomarkers;
Targeted insertion;
Q127 ATXN2Q127 Very robust impairments in behavior and neuropathology Unable to study other brain regions: targeted expression
with early onset of symptoms; to PCs;
Suitable to study electrophysiological dysfunctions in PCs Decreased faithfulness to the human disease;
and testing new therapies;
Pronuclear injection: random integration;
BAC-Q72 BAC-ATXN2-Q72 The entire gene (introns included) was inserted into the No other symptoms besides motor incoordination;

mouse genome: suitable to study RNA-related

mechanisms;

Ubiquitous expression of mutant ataxin-2;

Mild neuropathology;

The major advantages and disadvantages of SCA2 mouse models. For each mutant mouse line, the most notorious upsides and downsides are given to facilitate the choice of the

most adequate model addressing different biological questions.
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2011). Interestingly, electrophysiological impairments in Q58
PCs have also been reported, nearly concomitant with the
onset of behavioral anomalies, suggesting that the burst firing
of these neurons is directly linked with the ataxic symptoms
(Kasumu et al., 2012b). These behavioral and neuropathological
traits are common to several SCAs, as it was evidenced by
similar results in mouse models of SCA1 (Burright et al., 1995),
MJD (Chou et al., 2008; Torashima et al., 2008), or SCA7
(Garden et al,, 2002). The diversity of the Q58 phenotype and
its extensive characterization make this mouse model quite
practical to study the effect of new therapeutic strategies in
different aspects of the SCA2 phenotype, as it was demonstrated
already by some interesting works: Liu et al. (2009) treated the
Q58 mice with a pharmacological inhibitor of the Ryanodine
receptor, successfully improving the performance of the mutant
animals in the beamwalk and the rotarod, and establishing
this receptor as a potential therapeutic target for SCA2; Chang
et al. (2011), rescued some of the Q58 motor symptoms by
injecting these mice intravenously with human mesenchymal
stem cells; Kasumu et al. (2012a) used a selective modulator of
the SK2/3 channels, administered orally, to alleviate the motor
dysfunctions of this model, achieving a significant improvement
in the beamwalk and accelerated rotarod; on a different work,
Kasumu et al. (2012b) relied on a phosphatase, delivered
by adeno-associated viruses, to inhibit the 1,4,5-triphosphate
receptor-mediated calcium release. This strategy was successful
in preventing the PC dysfunction and rescuing some of the motor
impairments of transgenic mice. Nevertheless, there are some
issues worth of notice in this model. First, it uses a heterologous
promoter that, unlike the human patients that have expression
of mutant ATXN2 across the whole body, directs the expression
exclusively to the PCs. This feature, although useful for the
study of cerebellar dysfunctions like protein aggregation in PCs,
hamper the analysis of other brain regions and non-cerebellar
symptoms such as Parkinsonism and ALS-related degeneration
of motor neurons (Shan et al., 2001; Furtado et al., 2004; Elden
et al,, 2010). Second, the method of pronuclear injection by
which this model was generated results in the integration of the
transgene in a random location of the genome, which might
be disrupting the function of endogenous genes. Finally, the
three Q58 founder mice integrated two, three or four copies
of the transgene, leading to non-physiological levels of ataxin-2
expression.

Unlike the Q58, the Q75 model exhibits expression of the
transgene across the whole body, as it was detected at the
transcript level in the lungs, kidney, brain, liver, and skeletal
muscle of the mice, and at the protein level in the cerebellum.
This renders the model more faithful to the human condition,
since ataxin-2 is ubiquitously expressed throughout the entire
human body (Imbert et al., 1996; Pulst et al., 1996; Sanpei et al.,
1996). This feature should allow to study different brain regions
and their contributions to the pathophysiology of the disease,
although no reports were found of such studies. Moreover, the
transgenic mice display a severe motor impairment, with an
earlier onset of those symptoms than any other model, which
makes them less expensive and time-consuming to test new
therapies and evaluate its effect in an ataxic phenotype. The major

disadvantages lie with the method of pronuclear injection that
promotes random integration, and also to the lack of a transgenic
animal line with wild-type ATXN?2, to serve as a suitable control.
Although the motor incoordination is quite severe, there is no
information available of any other motor behavior (Table 1) and
the neuropathology is not as well-characterized as in the Q127 or
in the Q58 (Table 2).

Contrasting with every other model, the Q42KI mice present
a faint and late-onset phenotype, probably due to the reduced
number of CAGs. Indeed, although these mice display a reduced
body weight starting in the first week of age, the behavioral
symptoms appear at 72 weeks, with a mild impairment in motor
coordination, and only for the homozygous animals (Table 1).
Likewise, the only neuropathological hallmarks detected were
the presence of cytoplasmic ataxin-2 aggregates, at 56 weeks
(Table 2). An early-onset and fast-progressive ataxia are usually
preferable when testing new therapeutic strategies or drugs, for
which reason the Q42KI are impractical for this purpose. Also,
the heterozygous Q42KI did not show any motor impairments
when compared with the WT, contrary to what happens in
human SCA2 patients. Notwithstanding this, the faithfulness
of these mice to the human condition is unparalleled by any
other model available: physiological levels of expression, targeted
insertion, and a late onset of the symptoms. In fact, transgenic
mice represent an overexpression paradigm that explains the
earlier onset and severer phenotype, but their modeling is limited
to the very last stages of SCA2, disregarding the long pre-
symptomatic stage of the human condition. Thereby, the Q42KI
surges as the best model to study the early molecular mechanisms
involved in the pathology of SCA2. The authors of this work
did exactly that, by performing a genome-wide transcriptomic
analysis in the cerebellum, brain stem, and liver of the Knock-in
and the WT mice, and identifying one gene—Cyp4al4, involved
in cholesterol biosynthesis—differentially expressed in the liver
at 24 weeks of age. In a subsequent study, Halbach et al. (2016)
investigated the cerebellar transcriptome of these Q42KI, finding
downregulated expression levels of two genes involved in calcium
homeostasis: Atp2a2 and Itprl, which were also downregulated
in SCA2 KO mice (Lastres-Becker et al., 2008a). These works
might pave the way to identify new disease biomarkers and also
strengthen the hypothesis that deranged calcium signaling is a
key mechanism in the PCs degeneration found in the transgenic
models (Liu et al., 2009).

The Q127 transgenic shows a very robust, early-onset, and
well-characterized phenotype. Indeed, the expression of ATXN2
containing a high number of CAG repeats with a PC-specific
promoter allowed to obtain a severe dysfunction in the motor
coordination of these mice, which can be observed as early as at
8 weeks of age. Likewise, several aspects of the neuropathology
have been well studied, with a significant decrease in the number
of PCs, perinuclear aggregates and a decrease in the molecular
layer thickness, assembling a range of features that are frequently
found in human patient’s data (Estrada et al., 1999; Koyano
et al., 1999; Huynh et al, 2000). Furthermore, the diversity
of the phenotype and its early-onset make this model quite
practical for testing new therapeutic strategies and assessing its
effect in ataxia. The Q127 mice also offer a good opportunity
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to study the SCA2-related neuronal dysfunction of PCs with
more detail, as the authors reported severe anomalies in the
electrophysiological profile of these cells, with a 75% reduction
in the firing frequency compared to WT mice. The biggest
disadvantage of this model, to our understanding, lies with
aspects that confer a lower biological relevance when comparing
with the Q42KI or the BAC-Q72. Indeed, the most frequent
disease alleles of SCA2 contain between 37 and 41 CAG repeats
(Geschwind et al., 1997; Pulst, 2015) with only exceptional cases
reporting >100 CAG repeat alleles (Babovic-Vuksanovic et al.,
1998; Paciorkowski et al., 2011). Together with the targeted
expression to the PCs, these transgenic mice are not as faithful
to the human condition and actually model a very late stage
of SCA2. The likely insertional mutagenesis derived from the
method of pronuclear injection and the lack of a transgenic
animal line with wild-type ATXN?2, to serve as a suitable control,
might also be considered as downsides to this model.

Finally, the most recent transgenic model of SCA2 presents
a new approach, which is the use of the Bacterial Artificial
Chromosomes to insert the mutant ATXN2 transgene. This
strategy has been used to create some very robust models of
disease (Gray et al., 2008; Li et al, 2009) and its advantages
include the insertion of the entire gene sequence into the
host genome. This feature allows to study the contribution of
normal splicing events and the regulation by non-coding regions
of ATXN2 to the pathophysiology of the disease, as recently
demonstrated by Li et al. (2016). In this work, the authors
successfully identified the ATXN2-AS transcript in cortex and
cerebellum of the BAC-Q72, a non-coding and expanded RNA
with toxic properties whose expression was corroborated in
numerous sources of human samples. This would have been
impossible in any other transgenic mouse model that uses
cDNA to express the mutant ataxin-2. In fact, considering
the increasing relevance given to RNA-related mechanisms of
toxicity in neurodegenerative diseases, the BAC-Q72 is the
most adequate model to study these phenomena in SCA2
(Johnson et al., 2012; Tan et al,, 2012; Cleary and Ranum, 2013;
Ramaswami et al., 2013). Besides this, the mice also displayed a
moderate ataxic phenotype at 16 weeks, with impairments in the
accelerated rotarod, which worsened in a progressive manner. As

REFERENCES

Aguiar, J., Fernandez, J., Aguilar, A., Mendoza, Y., Vazquez, M., Sudrez, J., et al.
(2006). Ubiquitous expression of human SCA2 gene under the regulation
of the SCA2 self promoter cause specific Purkinje cell degeneration in
transgenic mice. Neurosci. Lett. 392, 202-206. doi: 10.1016/j.neulet.2005.
09.020

Alonso, E., Martinez-Ruano, L., De Biase, I., Mader, C., Ochoa, A., Yescas, P., et al.
(2007). Distinct distribution of autosomal dominant spinocerebellar ataxia in
the Mexican population. Mov. Disord. 22, 1050-1053. doi: 10.1002/mds.21470

Al-Ramahi, I, Pérez, A. M., Lim, J., Zhang, M., Sorensen, R. de Haro,
M., (2007). expanded Ataxin-1-induced
neurodegeneration in a Drosophila model of SCAl. PLoS Genet. 3:e234.
doi: 10.1371/journal.pgen.0030234

Auburger, G., Gispert, S., Lahut, S., Omiir, O., Damrath, E., Heck, M., et al. (2014).
12q24 locus association with type 1 diabetes: SH2B3 or ATXN2? World J.
Diabetes 5, 316-327. doi: 10.4239/wjd.v5.i3.316

et al dAtaxin-2 mediates

disadvantages, we refer to the mild neuropathology, consisting
in a slight dysfunction of PCs, which make it less appealing to
evaluate the effect of potential therapies in disease progression.

To summarize, all the mouse models of SCA2 have advantages
and disadvantages, but they have all proven very useful to
the understanding of this terrible neurodegenerative condition.
Indeed, the Q42KI allows studying the very early molecular
mechanisms of pathogenesis with the potential to identify new
disease biomarkers, while the transgenic models (Q58, Q75,
and Q127) might lack some physiological relevance, but possess
robust phenotypes and early onset of symptoms. This makes
them highly practical for testing new therapeutic strategies,
allowing its assessment in various aspects of behavior and
neuropathology in a less expensive and time-consuming manner.
Finally, the most recent transgenic mice (BAC-Q72) show
promise in studying new emerging RNA-related mechanisms of
SCA2 pathology. On a final note, ATXN2 has been shown to
take part in various other neurodegenerative diseases besides
SCA2, such as ALS, SCA1, MJD, and PD, revealing an intrinsic
cascade of pathways regulated by this gene (Al-Ramahi et al,
2007; Lessing and Bonini, 2008; Elden et al., 2010; Nébrega et al.,
2015; Nkiliza et al., 2016; Sen et al., 2016). The available mouse
models of SCA2 are insufficient to explore these new lines of
research, highlighting the urgency of developing new ones that
model the neurodegeneration of dopaminergic midbrain neurons
and motor neurons, affected in PD and ALS.

AUTHOR CONTRIBUTIONS

CN—idealized the paper, co-wrote the manuscript, and made
a scientific review; JA—made the bibliographic review and co-
wrote the paper; LM—co-wrote the paper; LP—made a scientific
review of the manuscript.

FUNDING

The work in the author’s laboratories is funded by Foundation
for Science and Technology, Portugal, by the French Muscular
Dystrophy Association, France, and by the National Ataxia
Foundation, USA.

Babovic-Vuksanovic, D., Snow, K., Patterson, M. C., and Michels, V. V. (1998).
Spinocerebellar ataxia type 2 (SCA 2) in an infant with extreme CAG repeat
expansion. Am. J. Med. Genet. 79, 383-387.

Bauer, P. O., and Nukina, N. (2009). The pathogenic mechanisms of polyglutamine
diseases and current therapeutic strategies. J. Neurochem. 110, 1737-1765.
doi: 10.1111/j.1471-4159.2009.06302.x

Berke, S. J., and Paulson, H. L. (2003). Protein aggregation and the ubiquitin
proteasome pathway: gaining the UPPer hand on neurodegeneration.
Curr.  Opin. Genet. Dev. 13, 253-261. doi: 10.1016/S0959-437X(03)
00053-4

Brooks, S. P., and Dunnett, S. B. (2009). Tests to assess motor phenotype
in mice: a user’s guide. Nat. Rev. Neurosci. 10, 519-529. doi: 10.1038/
nrn2652

Biirk, K., Abele, M., Fetter, M., Dichgans, J., Skalej, M., Laccone, F., et al.
(1996). Autosomal dominant cerebellar ataxia type I clinical features and
MRI in families with SCA1, SCA2 and SCA3. Brain 119(Pt 5), 1497-1505.
doi: 10.1093/brain/119.5.1497

Frontiers in Neuroscience | www.frontiersin.org

10

December 2016 | Volume 10 | Article 572


https://doi.org/10.1016/j.neulet.2005.09.020
https://doi.org/10.1002/mds.21470
https://doi.org/10.1371/journal.pgen.0030234
https://doi.org/10.4239/wjd.v5.i3.316
https://doi.org/10.1111/j.1471-4159.2009.06302.x
https://doi.org/10.1016/S0959-437X(03)00053-4
https://doi.org/10.1038/nrn2652
https://doi.org/10.1093/brain/119.5.1497
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Alves-Cruzeiro et al.

Mouse Models of Spinocerebellar Ataxia Type 2

Biirk, K., Globas, C., Bosch, S., Klockgether, T., Ziihlke, C., Daum, L, et al. (2003).
Cognitive deficits in spinocerebellar ataxia type 1, 2, and 3. J. Neurol. 250,
207-211. doi: 10.1007/s00415-003-0976-5

Burright, E. N., Clark, H. B, Servadio, A., Matilla, T., Feddersen, R. M., Yunis,
W. S, et al. (1995). SCAI transgenic mice: a model for neurodegeneration
caused by an expanded CAG trinucleotide repeat. Cell 82, 937-948.
doi: 10.1016/0092-8674(95)90273-2

Chang, Y.-K., Chen, M.-H., Chiang, Y.-H., Chen, Y.-F., Ma, W.-H., Tseng, C.-
Y., et al. (2011). Mesenchymal stem cell transplantation ameliorates motor
function deterioration of spinocerebellar ataxia by rescuing cerebellar Purkinje
cells. J. Biomed. Sci. 18:54. doi: 10.1186/1423-0127-18-54

Chen, H.-K., Fernandez-Funez, P., Acevedo, S. F., Lam, Y. C., Kaytor, M. D,
Fernandez, M. H., et al. (2003). Interaction of Akt-phosphorylated ataxin-1
with 14-3-3 mediates neurodegeneration in spinocerebellar ataxia type 1. Cell
113, 457-468. doi: 10.1016/S0092-8674(03)00349-0

Chen, X., Tang, T.-S., Tu, H, Nelson, O., Pook, M., Hammer, R, et al
(2008). Deranged calcium signaling and neurodegeneration in spinocerebellar
ataxia type 3. J. Neurosci. 28, 12713-12724. doi: 10.1523/JNEUROSCI.3909-
08.2008

Chopra, R., and Shakkottai, V. G. (2014). The role for alterations
in neuronal activity in the pathogenesis of polyglutamine repeat
disorders. Neurotherapeutics 11, 751-763. doi: 10.1007/s13311-014-
0289-7

Chou, A.-H., Yeh, T.-H., Ouyang, P., Chen, Y.-L., Chen, S.-Y., and Wang, H.-
L. (2008). Polyglutamine-expanded ataxin-3 causes cerebellar dysfunction of
SCA3 transgenic mice by inducing transcriptional dysregulation. Neurobiol.
Dis. 31, 89-101. doi: 10.1016/j.nbd.2008.03.011

Ciosk, R., DePalma, M., and Priess, J. R. (2004). ATX-2, the C. elegans ortholog
of ataxin 2, functions in translational regulation in the germline. Development
131, 4831-4841. doi: 10.1242/dev.01352

Cleary, J. D., and Ranum, L. P. W. (2013). Repeat-associated non-ATG
(RAN) translation in neurological disease. Hum. Mol. Genet. 22, R45-R51.
doi: 10.1093/hmg/ddt371

Cleary, J. D., and Ranum, L. P. (2014). Repeat associated non-ATG (RAN)
translation: new starts in microsatellite expansion disorders. Curr. Opin. Genet.
Dev. 26, 6-15. doi: 10.1016/j.gde.2014.03.002

Cortes, C. J., and La Spada, A. R. (2015). Autophagy in polyglutamine disease:
Imposing order on disorder or contributing to the chaos? Mol. Cell. Neurosci.
66, 53-61. doi: 10.1016/j.mcn.2015.03.010

Damrath, E., Heck, M. V., Gispert, S., Azizov, M., Nowock, J., Seifried, C.,
et al. (2012). ATXN2-CAG42 sequesters PABPCI into insolubility and induces
FBXWS8 in cerebellum of old ataxic knock-in mice. PLoS Genet. 8:21002920.
doi: 10.1371/journal.pgen.1002920

Dansithong, W., Paul, S., Figueroa, K. P., Rinehart, M. D. Wiest, S,
Pflieger, L. T., et al. (2015). Ataxin-2 regulates RGS8 translation in
a new BAC-SCA2 transgenic mouse model. PLoS Genet. 11:¢1005182.
doi: 10.1371/journal.pgen.1005182

de Mezer, M., Wojciechowska, M., Napierala, M., Sobczak, K., and Krzyzosiak,
W.J. (2011). Mutant CAG repeats of Huntingtin transcript fold into hairpins,
form nuclear foci and are targets for RNA interference. Nucleic Acids Res. 39,
3852-3863. doi: 10.1093/nar/gkq1323

Egorova, P., Popugaeva, E., and Bezprozvanny, I. (2015). Disturbed calcium
signaling in spinocerebellar ataxias and Alzheimer’s disease. Semin. Cell Dev.
Biol. 40, 127-133. doi: 10.1016/j.semcdb.2015.03.010

Elden, A. C., Kim, H.-J.,, Hart, M. P., Chen-Plotkin, A. S., Johnson, B.
S., Fang, X, et al. (2010). Ataxin-2 intermediate-length polyglutamine
expansions are associated with increased risk for ALS. Nature 466, 1069-1075.
doi: 10.1038/nature09320

Emamian, E. S., Kaytor, M. D, Duvick, L. A, Zu, T, Tousey, S. K,
Zoghbi, H. Y., et al. (2003). Serine 776 of ataxin-1 is critical for
polyglutamine-induced disease in SCA1 transgenic mice. Neuron 38, 375-387.
doi: 10.1016/S0896-6273(03)00258-7

Estrada, R., Galarraga, J., Orozco, G., Nodarse, A., and Auburger, G. (1999).
Spinocerebellar ataxia 2 (SCA2): morphometric analyses in 11 autopsies. Acta
Neuropathol. 97, 306-310. doi: 10.1007/s004010050989

Fan, H.-C,, Ho, L.-L, Chi, C.-S., Chen, S.-]., Peng, G.-S., Chan, T.-M,, et al. (2014).
Polyglutamine (PolyQ) diseases: genetics to treatments. Cell Transplant. 23,
441-458. doi: 10.3727/096368914X678454

Fecto, F., Esengul, Y., Siddique, T., Gestwicki, J., Garza, D., Ding, M., et al.
(2014). Protein recycling pathways in neurodegenerative diseases. Alzheimers
Res. Ther. 6,13. doi: 10.1186/alzrt243

Fittschen, M., Lastres-Becker, 1., Halbach, M. V., Damrath, E., Gispert, S.,
Azizov, M., et al. (2015). Genetic ablation of ataxin-2 increases several global
translation factors in their transcript abundance but decreases translation rate.
Neurogenetics 16, 181-192. doi: 10.1007/s10048-015-0441-5

Furtado, S., Payami, H., Lockhart, P. J., Hanson, M., Nutt, J. G., Singleton,
A. A, et al. (2004). Profile of families with parkinsonism-predominant
spinocerebellar ataxia type 2 (SCA2). Mov. Disord. 19, 622-629.
doi: 10.1002/mds.20074

Garden, G. A, Libby, R. T., Fu, Y.-H., Kinoshita, Y., Huang, J., Possin, D. E,,
etal. (2002). Polyglutamine-expanded ataxin-7 promotes non-cell-autonomous
purkinje cell degeneration and displays proteolytic cleavage in ataxic transgenic
mice. J. Neurosci. 22, 4897-4905.

Geschwind, D. H., Perlman, S., Figueroa, C. P., Treiman, L. J., and Pulst, S. M.
(1997). The prevalence and wide clinical spectrum of the spinocerebellar ataxia
type 2 trinucleotide repeat in patients with autosomal dominant cerebellar
ataxia. Am. J. Hum. Genet. 60, 842-850.

Gispert, S., Twells, R., Orozco, G., Brice, A., Weber, J., Heredero, L., et al.
(1993). Chromosomal assignment of the second locus for autosomal dominant
cerebellar ataxia (SCA2) to chromosome 12q23-24.1. Nat. Genet. 4, 295-299.
doi: 10.1038/ng0793-295

Giunti, P., Sabbadini, G., Sweeney, M. G., Davis, M. B., Veneziano, L., Mantuano,
E., et al. (1998). The role of the SCA2 trinucleotide repeat expansion in 89
autosomal dominant cerebellar ataxia families. Frequency, clinical and genetic
correlates. Brain 121(Pt 3), 459-467. doi: 10.1093/brain/121.3.459

Gray, M., Shirasaki, D. L, Cepeda, C., Andre, V. M., Wilburn, B., Lu, X.-H.,
etal. (2008). Full-length human mutant huntingtin with a stable polyglutamine
repeat can elicit progressive and selective neuropathogenesis in BACHD mice.
J. Neurosci. 28, 6182-6195. doi: 10.1523/JNEUROSCI.0857-08.2008

Gwinn-Hardy, K., Chen, J. Y., Liu, H. C,, Liu, T. Y., Boss, M., Seltzer, W., et al.
(2000). Spinocerebellar ataxia type 2 with parkinsonism in ethnic Chinese.
Neurology 55, 800-805. doi: 10.1212/WNL.55.6.800

Halbach, M. V., Gispert, S., Stehning, T., Damrath, E., Walter, M., and
Auburger, G. (2016). Atxn2 knockout and CAG42-Knock-in cerebellum shows
similarly dysregulated expression in calcium homeostasis pathway. Cerebellum.
doi: 10.1007/s12311-016-0762-4. [Epub ahead of print].

Halbach, M. V., Stehning, T., Damrath, E., Jendrach, M., $en, N. E., Basak, A.
N, et al. (2015). Both ubiquitin ligases FBXW8 and PARK2 are sequestrated
into insolubility by ATXN2 PolyQ expansions, but only FBXW8 expression
is dysregulated. PLoS ONE 10:¢0121089. doi: 10.1371/journal.pone.01
21089

Hansen, S. T., Meera, P., Otis, T. S., and Pulst, S. M. (2013). Changes in Purkinje
cell firing and gene expression precede behavioral pathology in a mouse model
of SCA2. Hum. Mol. Genet. 22, 271-283. doi: 10.1093/hmg/dds427

Heintz, N. (2001). BAC to the future: the use of bac transgenic mice for
neuroscience research. Nat. Rev. Neurosci. 2, 861-870. doi: 10.1038/351
04049

Humbert, S., Bryson, E. A., Cordelieres, F. P., Connors, N. C, Datta, S. R,
Finkbeiner, S., et al. (2002). The IGF-1/Akt pathway is neuroprotective in
Huntington’s disease and involves Huntingtin phosphorylation by Akt. Dev.
Cell 2, 831-837. doi: 10.1016/51534-5807(02)00188-0

Huynh, D. P., Figueroa, K., Hoang, N., and Pulst, S. M. (2000). Nuclear
localization or inclusion body formation of ataxin-2 are not necessary for
SCA2 pathogenesis in mouse or human. Nat. Genet. 26, 44-50. doi: 10.1038/
79162

Huynh, D. P., Maalouf, M., Silva, A. J., Schweizer, F. E., and Pulst, S. M. (2009).
Dissociated fear and spatial learning in mice with deficiency of ataxin-2. PLoS
ONE 4:e6235. doi: 10.1371/journal.pone.0006235

Huynh, D. P., Yang, H.-T., Vakharia, H., Nguyen, D., and Pulst, S. M. (2003).
Expansion of the polyQ repeat in ataxin-2 alters its Golgi localization, disrupts
the Golgi complex and causes cell death. Hum. Mol. Genet. 12, 1485-1496.
doi: 10.1093/hmg/ddgl175

Imbert, G., Saudou, F., Yvert, G., Devys, D., Trottier, Y., Garnier, . M., et al.
(1996). Cloning of the gene for spinocerebellar ataxia 2 reveals a locus with
high sensitivity to expanded CAG/glutamine repeats. Nat. Genet. 14, 285-291.
doi: 10.1038/ng1196-285

Frontiers in Neuroscience | www.frontiersin.org

11

December 2016 | Volume 10 | Article 572


https://doi.org/10.1007/s00415-003-0976-5
https://doi.org/10.1016/0092-8674(95)90273-2
https://doi.org/10.1186/1423-0127-18-54
https://doi.org/10.1016/S0092-8674(03)00349-0
https://doi.org/10.1523/JNEUROSCI.3909-08.2008
https://doi.org/10.1007/s13311-014-0289-7
https://doi.org/10.1016/j.nbd.2008.03.011
https://doi.org/10.1242/dev.01352
https://doi.org/10.1093/hmg/ddt371
https://doi.org/10.1016/j.gde.2014.03.002
https://doi.org/10.1016/j.mcn.2015.03.010
https://doi.org/10.1371/journal.pgen.1002920
https://doi.org/10.1371/journal.pgen.1005182
https://doi.org/10.1093/nar/gkq1323
https://doi.org/10.1016/j.semcdb.2015.03.010
https://doi.org/10.1038/nature09320
https://doi.org/10.1016/S0896-6273(03)00258-7
https://doi.org/10.1007/s004010050989
https://doi.org/10.3727/096368914X678454
https://doi.org/10.1186/alzrt243
https://doi.org/10.1007/s10048-015-0441-5
https://doi.org/10.1002/mds.20074
https://doi.org/10.1038/ng0793-295
https://doi.org/10.1093/brain/121.3.459
https://doi.org/10.1523/JNEUROSCI.0857-08.2008
https://doi.org/10.1212/WNL.55.6.800
https://doi.org/10.1007/s12311-016-0762-4
https://doi.org/10.1371/journal.pone.0121089
https://doi.org/10.1093/hmg/dds427
https://doi.org/10.1038/35104049
https://doi.org/10.1016/S1534-5807(02)00188-0
https://doi.org/10.1038/79162
https://doi.org/10.1371/journal.pone.0006235
https://doi.org/10.1093/hmg/ddg175
https://doi.org/10.1038/ng1196-285
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Alves-Cruzeiro et al.

Mouse Models of Spinocerebellar Ataxia Type 2

Infante, J., Combarros, O., Volpini, V., Corral, J., Llorca, J., and Berciano, J.
(2005). Autosomal dominant cerebellar ataxias in Spain: molecular and clinical
correlations, prevalence estimation and survival analysis. Acta Neurol. Scand.
111, 391-399. doi: 10.1111/j.1600-0404.2005.00400.x

Ishida, C., Komai, K., Yonezawa, K., Sakajiri, K.-I., Nitta, E., Kawashima, A., et al.
(2011). An autopsy case of an aged patient with spinocerebellar ataxia type 2.
Neuropathology 31, 510-518. doi: 10.1111/j.1440-1789.2010.01176.x

Johnson, R., Noble, W. Tartaglia, G. G., and Buckley, N. J. (2012).
Neurodegeneration as an RNA disorder. Prog. Neurobiol. 99, 293-315.
doi: 10.1016/j.pneurobio.2012.09.006

Kasumu, A., and Bezprozvanny, I. (2012). Deranged calcium signaling in Purkinje
cells and pathogenesis in spinocerebellar ataxia 2 (SCA2) and other ataxias.
Cerebellum 11, 630-639. doi: 10.1007/s12311-010-0182-9

Kasumu, A. W., Hougaard, C., Rode, F., Jacobsen, T. A., Sabatier, J. M., Eriksen, B.
L., et al. (2012a). Selective positive modulator of calcium-activated potassium
channels exerts beneficial effects in a mouse model of spinocerebellar ataxia
type 2. Chem. Biol. 19, 1340-1353. doi: 10.1016/j.chembiol.2012.07.013

Kasumu, A. W., Liang, X., Egorova, P., Vorontsova, D., and Bezprozvanny,
1. (2012b). Chronic suppression of inositol 1,4,5-triphosphate receptor-
mediated calcium signaling in cerebellar purkinje cells alleviates pathological
phenotype in spinocerebellar ataxia 2 mice. J. Neurosci. 32, 12786-12796.
doi: 10.1523/JNEUROSCI.1643-12.2012

Kiehl, T.-R., Nechiporuk, A., Figueroa, K. P., Keating, M. T., Huynh, D.
P., and Pulst, S.-M. (2006). Generation and characterization of Sca2
(ataxin-2) knockout mice. Biochem. Biophys. Res. Commun. 339, 17-24.
doi: 10.1016/j.bbrc.2005.10.186

Kiehl, T. R,, Shibata, H., and Pulst, S. M. (2000). The ortholog of human ataxin-2
is essential for early embryonic patterning in C. elegans. J. Mol. Neurosci. 15,
231-241. doi: 10.1385/JMN:15:3:231

Klockgether, T., Lidtke, R., Kramer, B., Abele, M., Biirk, K., Schéls, L., et al. (1998).
The natural history of degenerative ataxia: a retrospective study in 466 patients.
Brain 121(Pt 4), 589-600. doi: 10.1093/brain/121.4.589

Koyano, S., Uchihara, T., Fujigasaki, H., Nakamura, A., Yagishita, S., and Iwabuchi,
K. (1999). Neuronal intranuclear inclusions in spinocerebellar ataxia type
2: triple-labeling immunofluorescent study. Neurosci. Lett. 273, 117-120.
doi: 10.1016/S0304-3940(99)00656-4

Koyano, S., Yagishita, S., Kuroiwa, Y., Tanaka, F., and Uchihara, T. (2014).
Neuropathological staging of spinocerebellar ataxia type 2 by semiquantitative
1C2-positive neuron typing. Nuclear translocation of cytoplasmic 1C2
underlies disease progression of spinocerebellar ataxia type 2. Brain Pathol. 24,
599-606. doi: 10.1111/bpa.12146

Ladd, P. D., Smith, L. E., Rabaia, N. A., Moore, J. M., Georges, S. A., Hansen, R. S.,
et al. (2007). An antisense transcript spanning the CGG repeat region of FMR1
is upregulated in premutation carriers but silenced in full mutation individuals.
Hum. Mol. Genet. 16, 3174-3187. doi: 10.1093/hmg/ddm293

Lastres-Becker, I, Brodesser, S., Liitjohann, D., Azizov, M., Buchmann, ],
Hintermann, E., et al. (2008a). Insulin receptor and lipid metabolism
pathology in ataxin-2 knock-out mice. Hum. Mol. Genet. 17, 1465-1481.
doi: 10.1093/hmg/ddn035

Lastres-Becker, I, Riib, U., and Auburger, G. (2008b). Spinocerebellar ataxia 2
(SCA2). Cerebellum 7, 115-124. doi: 10.1007/s12311-008-0019-y

Leggo, J., Dalton, A., Morrison, P. J., Dodge, A., Connarty, M., Kotze, M. ], et al.
(1997). Analysis of spinocerebellar ataxia types 1, 2, 3, and 6, dentatorubral-
pallidoluysian atrophy, and Friedreich’s ataxia genes in spinocerebellar ataxia
patients in the UK. J. Med. Genet. 34, 982-985. doi: 10.1136/jmg.34.12.982

Lessing, D., and Bonini, N. M. (2008). Polyglutamine genes interact to modulate
the severity and progression of neurodegeneration in Drosophila. PLoS Biol.
6:€29. doi: 10.1371/journal.pbio.0060029

Li, P. P, Sun, X,, Xia, G., Arbez, N., Paul, S., Zhu, S., et al. (2016). ATXN2-AS, a
gene antisense to ATXN2, is associated with spinocerebellar ataxia type 2 and
amyotrophic lateral sclerosis. Ann. Neurol. 80, 600-615. doi: 10.1002/ana.24761

Li, X., Wang, C.-E., Huang, S., Xu, X,, Li, X.-J., Li, H,, et al. (2010). Inhibiting
the ubiquitin-proteasome system leads to preferential accumulation of toxic
N-terminal mutant huntingtin fragments. Hum. Mol. Genet. 19, 2445-2455.
doi: 10.1093/hmg/ddq127

Li, Y., Liu, W., Oo, T. F., Wang, L., Tang, Y., Jackson-Lewis, V., et al. (2009).
Mutant LRRK2(R1441G) BAC transgenic mice recapitulate cardinal features
of Parkinson’s disease. Nat. Neurosci. 12, 826-828. doi: 10.1038/nn.2349

Lim, C., and Allada, R. (2013). ATAXIN-2 activates PERIOD translation
to sustain circadian rhythms in Drosophila. Science 340, 875-879.
doi: 10.1126/science.1234785

Liu, J., Tang, T.-S., Tu, H., Nelson, O., Herndon, E., Huynh, D. P, et al
(2009). Deranged calcium signaling and neurodegeneration in spinocerebellar
ataxia type 2. J. Neurosci. 29, 9148-9162. doi: 10.1523/JNEUROSCI.0660-
09.2009

Lo, R. Y., Figueroa, K. P, Pulst, S. M., Perlman, S., Wilmot, G., Gomez,
C., et al. (2016). Depression and clinical progression in spinocerebellar
ataxias. Parkinsonism Relat. Disord. 22, 87-92. doi: 10.1016/j.parkreldis.2015.
11.021

Luo, S., Vacher, C., Davies, J. E.,, and Rubinsztein, D. C. (2005). Cdk5
phosphorylation of huntingtin cleavage by caspases:
implications for mutant huntingtin toxicity. J. Cell Biol. 169, 647-656.
doi: 10.1083/jcb.200412071

Magana, J. J., Velazquez-Pérez, L., and Cisneros, B. (2013). Spinocerebellar
ataxia type 2: clinical presentation, molecular mechanisms, and therapeutic
perspectives. Mol. Neurobiol. 47, 90-104. doi: 10.1007/s12035-012-
8348-8

Mangus, D. A., Amrani, N.,, and Jacobson, A. (1998). Pbplp, a factor
interacting with Saccharomyces cerevisiae poly(A)-binding protein, regulates
polyadenylation. Mol. Cell. Biol. 18, 7383-7396. doi: 10.1128/MCB.18.
12.7383

Marthaler, A. G., Schmid, B., Tubsuwan, A., Poulsen, U. B., Hyttel, P., Nielsen,
T. T., et al. (2016a). Generation of spinocerebellar ataxia type 2 patient-
derived iPSC line H266. Stem Cell Res. 16, 166-169. doi: 10.1016/j.scr.2015.
12.029

Marthaler, A. G., Tubsuwan, A., Schmid, B., Poulsen, U. B., Engelbrecht, A. F.,
Mau-Holzmann, U. A, et al. (2016b). Generation of an isogenic, gene-corrected
control cell line of the spinocerebellar ataxia type 2 patient-derived iPSC line
H266. Stem Cell Res. 16, 202-205. doi: 10.1016/j.scr.2015.12.048

Matos, C. A., de Almeida, L. P., and Nobrega, C. (2017). Proteolytic cleavage
of polyglutamine disease-causing proteins: revisiting the toxic fragment
hypothesis. Curr. Pharm. Des. 23.

Matos, C. A., Nobrega, C., Louros, S. R., Almeida, B., Ferreiro, E., Valero, J., et al.
(2016). Ataxin-3 phosphorylation decreases neuronal defects in spinocerebellar
ataxia type 3 models. J. Cell Biol. 212, 465-480. doi: 10.1083/jcb.2015
06025

Matsuda, N., and Tanaka, K. (2010). Does impairment of the ubiquitin-
proteasome system or the autophagy-lysosome pathway predispose individuals
to neurodegenerative disorders such as Parkinson’s disease? J. Alzheimers Dis.
19, 1-9. doi: 10.3233/JAD-2010-1231

Meera, P., Pulst, S. M., and Otis, T. S. (2016). Cellular and circuit mechanisms
underlying spinocerebellar ataxias. J. Physiol. (Lond). 594, 4653-4660.
doi: 10.1113/JP271897

Meierhofer, D., Halbach, M., Aden, N. E., Gispert, S., and Auburger, G.
(2016). Ataxin-2 (Atxn2)-knock-out mice show branched chain amino acids
and fatty acids pathway alterations. Mol. Cell. Proteomics 15, 1728-1739.
doi: 10.1074/mcp.M115.056770

Moseley, M. L., Zu, T., Ikeda, Y., Gao, W., Mosemiller, A. K., Daughters, R. S.,
et al. (2006). Bidirectional expression of CUG and CAG expansion transcripts
and intranuclear polyglutamine inclusions in spinocerebellar ataxia type 8. Nat.
Genet. 38, 758-769. doi: 10.1038/ng1827

Nkiliza, A., Mutez, E., Simonin, C., Leprétre, F., Duflot, A., Figeac, M., et al. (2016).
RNA-binding disturbances as a continuum from spinocerebellar ataxia type
2 to Parkinson disease. Neurobiol. Dis. 96, 312-322. doi: 10.1016/j.nbd.2016.
09.014

Nobrega, C., Carmo-Silva, S., Albuquerque, D., Vasconcelos-Ferreira,
A., Vijayakumar, U.-G., Mendonga, L., et al. (2015). Re-establishing
ataxin-2 downregulates translation of mutant ataxin-3 and alleviates
Machado-Joseph disease. 138, 3537-3554. doi: 10.1093/brain/
awv298

Paciorkowski, A. R., Shafrir, Y., Hrivnak, J., Patterson, M. C., Tennison,
M. B, Clark, H. B., et al. (2011). Massive expansion of SCA2 with
autonomic dysfunction, retinitis pigmentosa, and infantile spasms. Neurology
77,1055-1060. doi: 10.1212/WNL.0b013e31822e5627

Pang, J. T., Giunti, P., Chamberlain, S., An, S. F., Vitaliani, R., Scaravilli,
T., et al. (2002). Neuronal intranuclear inclusions in SCA2: a genetic,

reduces its

Brain

Frontiers in Neuroscience | www.frontiersin.org

12

December 2016 | Volume 10 | Article 572


https://doi.org/10.1111/j.1600-0404.2005.00400.x
https://doi.org/10.1111/j.1440-1789.2010.01176.x
https://doi.org/10.1016/j.pneurobio.2012.09.006
https://doi.org/10.1007/s12311-010-0182-9
https://doi.org/10.1016/j.chembiol.2012.07.013
https://doi.org/10.1523/JNEUROSCI.1643-12.2012
https://doi.org/10.1016/j.bbrc.2005.10.186
https://doi.org/10.1385/JMN:15:3:231
https://doi.org/10.1093/brain/121.4.589
https://doi.org/10.1016/S0304-3940(99)00656-4
https://doi.org/10.1111/bpa.12146
https://doi.org/10.1093/hmg/ddm293
https://doi.org/10.1093/hmg/ddn035
https://doi.org/10.1007/s12311-008-0019-y
https://doi.org/10.1136/jmg.34.12.982
https://doi.org/10.1371/journal.pbio.0060029
https://doi.org/10.1002/ana.24761
https://doi.org/10.1093/hmg/ddq127
https://doi.org/10.1038/nn.2349
https://doi.org/10.1126/science.1234785
https://doi.org/10.1523/JNEUROSCI.0660-09.2009
https://doi.org/10.1016/j.parkreldis.2015.11.021
https://doi.org/10.1083/jcb.200412071
https://doi.org/10.1007/s12035-012-8348-8
https://doi.org/10.1128/MCB.18.12.7383
https://doi.org/10.1016/j.scr.2015.12.029
https://doi.org/10.1016/j.scr.2015.12.048
https://doi.org/10.1083/jcb.201506025
https://doi.org/10.3233/JAD-2010-1231
https://doi.org/10.1113/JP271897
https://doi.org/10.1074/mcp.M115.056770
https://doi.org/10.1038/ng1827
https://doi.org/10.1016/j.nbd.2016.09.014
https://doi.org/10.1093/brain/awv298
https://doi.org/10.1212/WNL.0b013e31822e5627
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Alves-Cruzeiro et al.

Mouse Models of Spinocerebellar Ataxia Type 2

morphological and immunohistochemical study of two cases. Brain 125,
656-663. doi: 10.1093/brain/awf060

Park, H., Kim, H.-J.,, Jeon, B. S., Park, H., Kim, H.-J.,, and Jeon, B. S.
(2015). Parkinsonism in Spinocerebellar Ataxia. Biomed. Res. Int. 2015, 1-11.
doi: 10.1155/2015/125273

Pennuto, M., Palazzolo, 1., and Poletti, A. (2009). Post-translational modifications
of expanded polyglutamine proteins: impact on neurotoxicity. Hum. Mol.
Genet. 18, R40-R47. doi: 10.1093/hmg/ddn412

Pujana, M. A, Corral, J., Gratacos, M., Combarros, O., Berciano, J., Genis, D.,
et al. (1999). Spinocerebellar ataxias in Spanish patients: genetic analysis of
familial and sporadic cases. The ataxia study group. Hum. Genet. 104, 516-522.
doi: 10.1007/5004399900163

Pulst, S. M. (2015). In GeneReviews®, eds R. A. Pagon, M. P. Adam, H. H.
Ardinger, S. E. Wallace, A. Amemiya, L. J. Bean et al. (Accessed June 17, 2015).

Pulst, S. M., Nechiporuk, A., Nechiporuk, T., Gispert, S., Chen, X. N,
Lopes-Cendes, L, et al. (1996). Moderate expansion of a normally biallelic
trinucleotide repeat in spinocerebellar ataxia type 2. Nat. Genet. 14, 269-276.
doi: 10.1038/ng1196-269

Pulst, S.-M., Santos, N., Wang, D., Yang, H., Huynh, D., Velazquez, L.,
et al. (2005). Spinocerebellar ataxia type 2: polyQ repeat variation in the
CACNAIA calcium channel modifies age of onset. Brain 128, 2297-2303.
doi: 10.1093/brain/awh586

Ralser, M., Albrecht, M., Nonhoff, U., Lengauer, T., Lehrach, H., and Krobitsch,
S. (2005). An integrative approach to gain insights into the cellular function
of human ataxin-2. J. Mol. Biol. 346, 203-214. doi: 10.1016/j.jmb.2004.
11.024

Ramaswami, M., Taylor, J. P., and Parker, R. (2013). Altered ribostasis:
RNA-protein granules in degenerative disorders. Cell 154, 727-736.
doi: 10.1016/j.cell.2013.07.038

Ross, C. A., and Pickart, C. M. (2004). The ubiquitin-proteasome pathway in
Parkinson’s disease and other neurodegenerative diseases. Trends Cell Biol. 14,
703-711. doi: 10.1016/j.tcb.2004.10.006

Riib, U., Schéls, L., Paulson, H., Auburger, G., Kermer, P., Jen, J. C,, et al. (2013).
Clinical features, neurogenetics and neuropathology of the polyglutamine
spinocerebellar ataxias type 1, 2, 3, 6 and 7. Prog. Neurobiol. 104, 38-66.
doi: 10.1016/j.pneurobio.2013.01.001

Salta, E., and De Strooper, B. (2012). Non-coding RNAs with essential
roles in neurodegenerative disorders. 11, 189-200.
doi: 10.1016/S1474-4422(11)70286-1

Sanpei, K., Takano, H., Igarashi, S., Sato, T., Oyake, M., Sasaki, H., et al.
(1996). Identification of the spinocerebellar ataxia type 2 gene using a direct
identification of repeat expansion and cloning technique, DIRECT. Nat. Genet.
14, 277-284. doi: 10.1038/ng1196-277

Satterfield, T. F., and Pallanck, L. J. (2006). Ataxin-2 and its Drosophila
homolog, ATX2, physically assemble with polyribosomes. Hum. Mol. Genet.
15, 2523-2532. doi: 10.1093/hmg/dd1173

Scoles, D. R, Ho, M. H. T., Dansithong, W., Pflieger, L. T., Petersen, L.
W., Thai, K. K, et al. (2015). Repeat associated non-AUG translation
(RAN translation) dependent on sequence downstream of the ATXN2
CAG repeat. PLoS ONE 10:0128769. doi: 10.1371/journal.pone.
0128769

Scoles, D. R,, Pflieger, L. T., Thai, K. K., Hansen, S. T., Dansithong, W., and Pulst,
S.-M. (2012). ETSI regulates the expression of ATXN2. Hum. Mol. Genet. 21,
5048-5065. doi: 10.1093/hmg/dds349

Seidel, K., Siswanto, S., Brunt, E. R. P., den Dunnen, W., Korf, H.-W., and Riib, U.
(2012). Brain pathology of spinocerebellar ataxias. Acta Neuropathol. 124, 1-21.
doi: 10.1007/s00401-012-1000-x

Seidel, K., Siswanto, S., Fredrich, M., Bouzrou, M., den Dunnen, W. F. A., Ozerden,
L, et al. (2016). On the distribution of intranuclear and cytoplasmic aggregates
in the brainstem of patients with spinocerebellar ataxia type 2 and 3. Brain
Pathol. doi: 10.1111/bpa.12412. [Epub ahead of print].

Sen, N. E,, Drost, J., Gispert, S., Torres-Odio, S., Damrath, E., Klinkenberg, M.,
et al. (2016). Search for SCA2 blood RNA biomarkers highlights Ataxin-2 as
strong modifier of the mitochondrial factor PINK1 levels. Neurobiol. Dis. 96,
115-126. doi: 10.1016/j.nbd.2016.09.002

Shan, D. E,, Soong, B. W., Sun, C. M,, Lee, S. J., Liao, K. K,, and Liu, R. S.
(2001). Spinocerebellar ataxia type 2 presenting as familial levodopa-responsive
parkinsonism. Ann. Neurol. 50, 812-815. doi: 10.1002/ana.10055

Lancet  Neurol.

Shao, J., and Diamond, M. L. (2007). Polyglutamine diseases: emerging concepts
in pathogenesis and therapy. Hum. Mol. Genet. 16 Spec No, R115-R123.
doi: 10.1093/hmg/ddm213

Shibata, H., Huynh, D. P., and Pulst, S. M. (2000). A novel protein with RNA-
binding motifs interacts with ataxin-2. Hum. Mol. Genet. 9, 1303-1313.
doi: 10.1093/hmg/9.9.1303

Sinha, K. K. (2004). Autosomal dominant cerebellar ataxia: SCA2 is the most
frequent mutation in eastern India. J. Neurol. Neurosurg. Psychiatry 75,
448-452. doi: 10.1136/jnnp.2002.004895

Takahashi, T., Katada, S., and Onodera, O. (2010). Polyglutamine diseases: where
does toxicity come from? what is toxicity? where are we going? J. Mol. Cell Biol.
2, 180-191. doi: 10.1093/jmcb/mjq005

Takalo, M., Salminen, A., Soininen, H., Hiltunen, M., and Haapasalo, A.
(2013). Protein aggregation and degradation mechanisms in neurodegenerative
diseases. Am. J. Neurodegener. Dis. 2, 1-14.

Tan, H., Xu, Z., and Jin, P. (2012). Role of noncoding RNAs in trinucleotide
repeat neurodegenerative  disorders.  Exp. 235, 469-475.
doi: 10.1016/j.expneurol.2012.01.019

Tang, T.-S., Tu, H., Chan, E. Y. W., Maximov, A., Wang, Z., Wellington, C. L.,
et al. (2003). Huntingtin and huntingtin-associated protein 1 influence
neuronal calcium signaling mediated by inositol-(1,4,5) triphosphate
receptor type 1. Neuron 39, 227-239. doi: 10.1016/S0896-6273(03)
00366-0

Todd, T. W., and Lim, J. (2013). Aggregation formation in the polyglutamine
diseases: protection at a cost? Mol. Cells 36, 185-194. doi: 10.1007/s10059-
013-0167-x

Torashima, T. Koyama, C. lizuka, A. Mitsumura, K., Takayama, K,
Yanagi, S., et al. (2008). Lentivector-mediated rescue from cerebellar ataxia
in a mouse model of spinocerebellar ataxia. EMBO Rep. 9, 393-399.
doi: 10.1038/embor.2008.31

Turnbull, V. ], Storey, E., Tarlac, V., Walsh, R., Stefani, D., Clark, R., et al. (2004).
Different ataxin-2 antibodies display different immunoreactive profiles. Brain
Res. 1027, 103-116. doi: 10.1016/j.brainres.2004.08.044

Uchihara, T., Fujigasaki, H., Koyano, S., Nakamura, A., Yagishita, S., and
Iwabuchi, K. (2001). Non-expanded polyglutamine proteins in intranuclear
inclusions of hereditary ataxias—triple-labeling immunofluorescence study.
Acta Neuropathol. 102, 149-152. doi: 10.1007/s004010100364

Ueda, M., Li, S., Itoh, M., Hayakawa-Yano, Y., Wang, M., Hayakawa,
M., et al. (2014). Polyglutamine expansion disturbs the endoplasmic
reticulum formation, leading to caspase-7 activation through Bax.
Biochem. Biophys. Res. Commun. 443, 1232-1238. doi: 10.1016/j.bbrc.2013.
12.114

van de Loo, S., Eich, F., Nonis, D., Auburger, G., and Nowock, J. (2009). Ataxin-
2 associates with rough endoplasmic reticulum. Exp. Neurol. 215, 110-118.
doi: 10.1016/j.expneurol.2008.09.020

Van Keuren, M. L., Gavrilina, G. B., Filipiak, W. E., Zeidler, M. G., and
Saunders, T. L. (2009). Generating transgenic mice from bacterial
artificial chromosomes: transgenesis efficiency, integration and expression

Transgenic  Res. 18, 769-785. doi: 10.1007/s11248-009-

Neurol.

outcomes.
9271-2

Veldzquez-Pérez, L., Rodriguez-Labrada, R., Garcia-Rodriguez, J. C., Almaguer-
Mederos, L. E., Cruz-Marifio, T., and Laffita-Mesa, J. M. (2011). A
comprehensive review of spinocerebellar ataxia type 2 in Cuba. Cerebellum 10,
184-198. doi: 10.1007/s12311-011-0265-2

Wadia, N. H., and Swami, R. K. (1971). A new form of heredo-familial
spinocerebellar degeneration with slow eye movements (nine families). Brain
94, 359-374. doi: 10.1093/brain/94.2.359

Warby, S. C., Doty, C. N, Graham, R. K., Shively, J., Singaraja, R. R,
and Hayden, M. R. (2009). Phosphorylation of huntingtin reduces the
accumulation of its nuclear fragments. Mol. Cell. Neurosci. 40, 121-127.
doi: 10.1016/j.mcn.2008.09.007

Williams, A. J., and Paulson, H. L. (2008). Polyglutamine neurodegeneration:
protein misfolding revisited. Trends Neurosci. 31, 521-528. doi: 10.1016/j.tins.
2008.07.004

Xia, G., Santostefano, K., Hamazaki, T., Liu, J., Subramony, S. H., Terada,
N., et al. (2013). Generation of human-induced pluripotent stem cells to
model spinocerebellar ataxia type 2 in vitro. J. Mol. Neurosci. 51, 237-248.
doi: 10.1007/s12031-012-9930-2

Frontiers in Neuroscience | www.frontiersin.org

13

December 2016 | Volume 10 | Article 572


https://doi.org/10.1093/brain/awf060
https://doi.org/10.1155/2015/125273
https://doi.org/10.1093/hmg/ddn412
https://doi.org/10.1007/s004399900163
https://doi.org/10.1038/ng1196-269
https://doi.org/10.1093/brain/awh586
https://doi.org/10.1016/j.jmb.2004.11.024
https://doi.org/10.1016/j.cell.2013.07.038
https://doi.org/10.1016/j.tcb.2004.10.006
https://doi.org/10.1016/j.pneurobio.2013.01.001
https://doi.org/10.1016/S1474-4422(11)70286-1
https://doi.org/10.1038/ng1196-277
https://doi.org/10.1093/hmg/ddl173
https://doi.org/10.1371/journal.pone.0128769
https://doi.org/10.1093/hmg/dds349
https://doi.org/10.1007/s00401-012-1000-x
https://doi.org/10.1111/bpa.12412
https://doi.org/10.1016/j.nbd.2016.09.002
https://doi.org/10.1002/ana.10055
https://doi.org/10.1093/hmg/ddm213
https://doi.org/10.1093/hmg/9.9.1303
https://doi.org/10.1136/jnnp.2002.004895
https://doi.org/10.1093/jmcb/mjq005
https://doi.org/10.1016/j.expneurol.2012.01.019
https://doi.org/10.1016/S0896-6273(03)00366-0
https://doi.org/10.1007/s10059-013-0167-x
https://doi.org/10.1038/embor.2008.31
https://doi.org/10.1016/j.brainres.2004.08.044
https://doi.org/10.1007/s004010100364
https://doi.org/10.1016/j.bbrc.2013.12.114
https://doi.org/10.1016/j.expneurol.2008.09.020
https://doi.org/10.1007/s11248-009-9271-2
https://doi.org/10.1007/s12311-011-0265-2
https://doi.org/10.1093/brain/94.2.359
https://doi.org/10.1016/j.mcn.2008.09.007
https://doi.org/10.1016/j.tins.2008.07.004
https://doi.org/10.1007/s12031-012-9930-2
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Alves-Cruzeiro et al.

Mouse Models of Spinocerebellar Ataxia Type 2

Yokoshi, M., Li, Q., Yamamoto, M., Okada, H., Suzuki, Y., and Kawahara,
Y. (2014). Direct binding of Ataxin-2 to distinct elements in 3’ UTRs
promotes mRNA stability and protein expression. Mol. Cell 55, 186-198.
doi: 10.1016/j.molcel.2014.05.022

Zhang, Y., Ling, J., Yuan, C., Dubruille, R., and Emery, P. (2013). A role for
Drosophila ATX2 in activation of PER translation and circadian behavior.
Science 340, 879-882. doi: 10.1126/science.1234746

Zu, T., Gibbens, B., Doty, N. S., Gomes-Pereira, M., Huguet, A., Stone, M.
D., et al. (2011). Non-ATG-initiated translation directed by microsatellite
expansions. Proc. Natl. Acad. Sci. U.S.A. 108, 260-265. doi: 10.1073/pnas.
1013343108

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Alves-Cruzeiro, Mendonga, Pereira de Almeida and Nobrega.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neuroscience | www.frontiersin.org

14

December 2016 | Volume 10 | Article 572


https://doi.org/10.1016/j.molcel.2014.05.022
https://doi.org/10.1126/science.1234746
https://doi.org/10.1073/pnas.1013343108
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

	Motor Dysfunctions and Neuropathology in Mouse Models of Spinocerebellar Ataxia Type 2: A Comprehensive Review
	Introduction
	Disease Mechanisms of SCA2
	Aggregation
	Protein Recycling and Proteolytic Cleavage
	Transcriptional and Translational Dysregulation
	Calcium Dysregulation
	RNA Toxicity
	Alternative Disease Mechanisms

	SCA2 Mouse Models
	Q58
	Q75
	Q42ki
	Q127
	Bac-Q72
	Discussion
	Author Contributions
	Funding
	References


