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Polyglutamine (polyQ) spinocerebellar ataxias (SCAs) are the most prevalent subset
of SCAs and share the aberrant expansion of Q-encoding CAG repeats within the
coding sequences of disease-responsible genes as their common genetic cause.
These polyQ SCAs (SCA1, SCA2, SCA3, SCA6, SCA7, and SCA17) are inherited
neurodegenerative diseases characterized by the progressive atrophy of the cerebellum
and connected regions of the nervous system, which leads to loss of fine muscle
movement coordination. Upon the expansion of polyQ repeats, the mutated proteins
typically accumulate disproportionately in the neuronal nucleus, where they sequester
various target molecules, including transcription factors and other nuclear proteins.
However, it is not yet clearly understood how CAG repeat expansion takes place or
how expanded polyQ proteins accumulate in the nucleus. In this article, we review the
current knowledge on the molecular and cellular bases of nuclear proteotoxicity of polyQ
proteins in SCAs and present our perspectives on the remaining issues surrounding
these diseases.
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INTRODUCTION

Spinocerebellar ataxias (SCAs) are neurodegenerative diseases that cause progressive loss of
cerebellar neurons and connected regions of the nervous system, resulting in unsteady gait,
clumsiness, and dysarthria (Buijsen et al., 2019). With over 32 subtypes linked to differing age
of onset, toxic phenotype, and origin of disease, SCAs are neurodegenerative diseases that are
clinically and genetically heterogenous. Of these SCAs, polyglutamine (polyQ) SCAs (SCA1, SCA2,
SCA3, SCA6, SCA7, and SCA17) have emerged as the most common subtype (Paulson et al., 2017).
Their disease origins, identical to other polyQ diseases [Huntington’s disease (HD), dentatorubral
pallidoluysian atrophy (DRPLA), spinal and bulbar muscular atrophy, and X-linked 1 disease
(SMAX1/SBMA)], have been traced to the abnormal expansion of CAG repeats in the coding
region of disease-associated genes. A brief description of each polyQ SCA is presented in our table
below (Table 1).

Discrepancies in the affected neural regions, disease severity, and disease phenotype between
the polyQ SCAs are well described in a previous review (Buijsen et al., 2019). What is often
observed within the subtype (with the exception of polyQ SCA2), however, is the fact that
toxic polyQ proteins generated from abnormal CAG repeat expansion lead to their nuclear
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accumulation in the neuron. In a subset of polyQ SCA diseases
(SCA3, SCA6, and SCA7), polyQ-expanded SCA proteins
abnormally translocate from their original locations, such as
the cytoplasm or cytoplasmic membrane, into the nucleus upon
polyQ SCA-associated genetic mutations (Havel et al., 2009).
Strikingly, these nuclear polyQ SCA proteins sequester other
nuclear proteins, primarily including transcription factors (TFs),
thereby disrupting gene transcription. This disruption in gene
transcription causes perturbation of the intracellular homeostasis
and eventually leads to a variety of neuropathic phenotypes and
neuronal cell death.

Despite tremendous amounts of research that have directly
linked the cause of polyQ SCAs to a single expansion pattern
of genetic aberration, scientists have yet to produce drugs or
therapeutic treatments that robustly ameliorate the deteriorating
effects of these diseases. The current lack of effective treatment
may be attributed to the historical approach of mitigating polyQ
SCAs either by reducing the expression (or correcting the
misfolding) of polyQ proteins or by enhancing their degradation.
The theory behind such approaches is that a reduction
in accumulated polyQ proteins lessens their proteotoxicity
and provides therapeutic benefit to patients. Though this
idea has been widely explored, it remains unclear whether
strategies involving the reduction of toxic polyQ proteins are
therapeutically feasible given the current technical limitations in
gene therapy and in selective clearance of nuclear accumulated
toxic polyQ proteins. Researchers now face the challenge of
searching for an alternative curative approach to suppress the
disease-causing features of nuclear-accumulated polyQ SCA
proteins. Thus, it is essential to address fundamental questions,
including how CAG repeat expansion takes place, how expanded
polyQ SCA proteins accumulate in the nucleus, and how nuclear
polyQ SCA proteins form insoluble aggregates that escape
degradation. In this review, we summarize the currently available
answers to these questions and provide our perspectives on
the key issues surrounding polyQ SCAs to better handle the
challenges that these diseases present.

REPEAT INSTABILITY-INDUCED
ABNORMAL EXPANSION OF polyQ
REPEATS IN polyQ SCAs

As mentioned above, polyQ SCAs are caused by the expansion of
CAG trinucleotide repeats (TNRs) within the coding sequences of
disease-associated genomic loci. The abnormal genetic expansion
of repeated sequences as units is known as repeat instability,
a unique form of mutation that is associated with more than
40 neurological, neuromuscular, and neurodegenerative diseases
(Paulson, 2018). Although TNRs (which include CTG, CGG,
GAA, and CAG triplets) emerge as the most common repeat-
associated unit, other forms of repeat instability mutations,
such as pentanucleotides (ATTCT repeat expansion, SCA10) or
hexanucleotides (G4C2 repeat expansion, amyotrophic lateral
sclerosis), also exist (Everett and Wood, 2004; Paulson, 2018).
An important question worth addressing is how this repeat
instability occurs. Although a clear answer remains elusive,

accumulating evidence surrounding these questions helps us
understand the exact nature of repeat instability-induced
expansion of polyQ SCAs.

Structural Properties of DNA Associated
With TNR Expansion
The mechanism of repeat expansion can be potentially inferred
by the structural properties of DNA following expansion.
Expanded TNRs are intrinsically able to form non-B DNA
structural elements (Wells et al., 2005), which may abnormally
affect various nucleic acid-mediated cellular processes (including
DNA replication and repair, transcription, and chromatin
remodeling) and lead to repeat instability of expanded or
contracted TNRs (Usdin et al., 2015). For example, the hairpin
structure, formed by CAG repeats, is known as an inefficient
substrate for replicating DNA polymerases (Liu and Leffak, 2012)
and may contribute to the escape from DNA repair in yeast
(Moore et al., 1999). Accordingly, strand slippage and hairpin
formation within CAG repeats during DNA replication are
proposed to be associated with TNR expansion (Iyer et al., 2015).
Also, research points out that a stable RNA-DNA hybrid of the
CUG-CAG repeat in the R-loop stimulates genetic instability
(Lin et al., 2010) and that altered DNA methylation at CpG
sites (caused by deficiency of DNMT1) promotes CAG repeat
expansion (Dion et al., 2008).

Genetic Risk Factors Underlying TNR
Expansion Identified From Human
Patients
The mechanism of TNR expansion may be inferred from the
genetic risk factors with which it is associated. In a search for
these factors, analysis of single nucleotide polymorphisms (SNPs)
in SCA patients showed a significant association between DNA
repair genes, including FAN1, PMS2, and RRM2B, and the onset
of SCAs (Bettencourt et al., 2016). In addition, a genome-wide
association study revealed that genes associated with mismatch
repair, including MSH3, MLH1, and PMS1, modify age of onset
for HD (Genetic Modifiers of Huntington’s Disease Consortium,
2019). These findings suggest that common DNA repair pathways
influence TNR expansion (Jones et al., 2017; Massey and Jones,
2018; Yau et al., 2018).

Genetic Risk Factors Underlying TNR
Expansion Identified From Animal
Models
Alternatively, genetic studies in model systems may also identify
additional genetic factors associated with TNR expansion. For
example, genetic analysis of in vivo polyQ SCA models shows
the association between repeat instability, transcription-coupled
nucleotide excision repair (TC-NER), and regulators of DNA
repair. Interestingly, TC-NER, as opposed to mismatch repair,
is shown to promote TNR expansion; the knockout of XPA,
a component of TC-NER, in neuronal tissues of SCA1 model
mice reduces CAG TNRs (Hubert et al., 2011). Thus, given that
TC-NER and mismatch repair pathways are regulated through
separate routes (Hakem, 2008; Massey and Jones, 2018), the
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TABLE 1 | A list of polyQ SCAs with a brief description of each disease.

PolyQ
SCA
disease

Proteins CAG
repeats
(normal)

CAG
repeats

(disease)

Normal
subcellular
localization

Putative NLS/NES A brief description of the characteristic features of
proteotoxicity in each disease

SCA1 Ataxin1 6–39 >39 Predominantly
Nucleus, but both
Nucleus and
Cytoplasm in
Purkinje cells

1 NLS (Klement
et al., 1998)

Neurotoxicity of polyQ SCA1 is associated with its nuclear
accumulation, which is affected by the phosphorylation of
serine 776 near the NLS.

SCA2 Ataxin2 14–32 34–77 Cytoplasm – Intra-nuclear inclusion is considered absent in polyQ SCA2.

SCA3 Ataxin3 12–40 62–86 Predominantly
Cytoplasm

1 NLS (Tait et al.,
1998) 2 NES
(Antony et al.,

2009)

Also known as Machado-Joseph disease (MJD), polyQ SCA3 is
critically associated with nuclear proteotoxicity following the
expansion of polyQ repeats.

SCA6 CACNA1A 4–18 19–33 Membrane
associated

– The accumulation of polyQ SCA6 in nuclear inclusions are
associated with cell death. Only cleaved fragments translocate
into the nucleus.

SCA7 Ataxin7 4–35 37–306 Nucleus and
Cytoplasm

1 NLS (Kaytor
et al., 1999) 1 NES
(Taylor et al., 2006)

PolyQ SCA7 is critically associated with nuclear proteotoxicity
following the expansion of polyQ repeats.

SCA17 TBP 25–43 43–66 Nucleus – PolyQ expansion in polyQ SCA17 reduces its association with
DNA and induces DNA binding-independent neurotoxicity in the
nucleus.

opposing functional roles of DNA repair pathways in TNR
expansion implicate a potential presence of pathway-specific
perturbation in disease conditions.

In addition, adenosine 3′,5′-monophosphate response
element-binding protein (CREB) modulates CAG repeat
instability in a Drosophila SCA3 model (Jung and Bonini, 2007).
Furthermore, the interaction between essential DNA strand
break repair enzyme PNKP with mutant polyQ SCA3 leads to
persistent accumulation of DNA damage and chronic activation
of DNA damage response ATM signaling pathway (Gao et al.,
2015); this supports a direct link between mutant polyQ SCAs (at
least in polyQ SCA3) and DNA damage.

As mentioned earlier, the repeat instability is associated with
more than 40 diseases, some of which likely arise from common
genetic or molecular pathways. It is, therefore, reasonable to
hypothesize that therapeutic measures that intervene the aberrant
repeat expansion of disease-associated genes induced by repeat
instability may have broad application across many of the
abovementioned diseases, quite possibly beyond polyQ SCAs.

NUCLEAR ACCUMULATION OF
EXPANDED polyQ SCA PROTEINS AND
THEIR INTERACTIONS WITH NUCLEAR
PROTEINS

Most proteins carry out specific functions at defined intracellular
locations, signifying that an accurate knowledge of protein
localization to and within subcellular compartments is essential
to understand the function of proteins. In particular, the
nuclear import of proteins affects several key cellular processes,
including regulation of gene expression, signal transduction,
and cell cycle (Marfori et al., 2011). This indicates that

nuclear/cytoplasmic transport of proteins is tightly controlled in
properly functioning cells.

Nuclear transport occurs through the nuclear pore
complexes (NPCs), which are comprised of combinations
of approximately 30 different nucleoporins (NUPs) (Beck
and Hurt, 2017). For protein cargo bearing classical nuclear
localization signal (NLS) sequences, nuclear import is mediated
by the formation of an import complex between the cargo
and importin-α in the cytoplasm. Subsequently, importin-β
recognizes the complex and transports the importin-α-bound
cargo across the NPC in a process that involves the FG-
nucleoporin in NPCs (Lott and Cingolani, 2011). Proteins
smaller than 40 kDa may passively diffuse through NPCs
(Dingwall and Laskey, 1986).

An abnormal accumulation of mutated proteins in the
nucleus is consistently observed in most polyQ SCAs (with
the exception of SCA2). In SCA3, for example, SCA3 proteins
originally located at the cytoplasm are abnormally translocated
into the neuronal nucleus upon the abnormal expansion
of polyQ domain near the NLS (Bichelmeier et al., 2007).
Highlighting the importance of nuclear translocation of disease-
associated proteins in polyQ SCAs, reports indicate that the
reduction of polyQ expanded SCA3 and SCA6 proteins in the
nucleus through downregulation of protein import machinery
(karyopherin α3) alleviates the degenerating phenotype
induced by expanded SCA proteins in Drosophila and mouse
models (Tsou et al., 2015; Sowa et al., 2018). Although the
mechanism by which the preferential nuclear localization
of the toxic proteins occurs is not known, posttranslational
modification (including phosphorylation), and/or interaction
between NUPs and disease-associated expanded polyQ
may prompt the NLS-mediated nuclear translocation of a
subset of polyQ-expanded proteins (Mueller et al., 2009;
Weber et al., 2014).
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Potential Modes of Action (1): Increased
Nuclear Retention of polyQ SCAs
In cases of polyQ SCA proteins that originally reside in the
nucleus, the abnormal accumulation of mutated proteins is likely
related to the inadequate clearance of multimerized toxic proteins
(Figure 1). Multimerized polyQ proteins are degraded through
limited pathways once inside the nucleus. Autophagy, which is
responsible for degradation of comparably large-sized proteins
in the cytoplasm, is not available in the nucleus. This leaves
the ubiquitin-proteasome system (UPS) as the primary source of
protein clearance for multimerized polyQ SCA proteins in the
nucleus. In fact, E3 ubiquitin (ub) ligases, proteins responsible
for recognizing and recruiting target proteins for ubiquitination,
have gained steady attention in polyQ disease research as the
E3 ub ligases are reported to have modulating effects on polyQ
toxicity regardless of the subcellular location of E3 ub ligase
actions by promoting ubiquitination and degradation of polyQ
proteins in both cultured cells and transgenic animal models
(Bhat et al., 2014; Chhangani et al., 2014). A recent study, for
example, identified F-box gene FipoQ as a novel modifier of polyQ
toxicity, whereby the protein interacts with Cul1, a scaffolding
protein associated with the Cullin-RING ub ligase complexes, and
expanded polyQ proteins to ubiquitinate and degrade the latter
via the UPS pathway (Chen et al., 2019). Additionally, evidence
indicates that, in SCA7, SUMOylation, a reversible modification
that attaches a small ubiquitin-related SUMO protein, recruits
RNF4 ub ligase to tag mutated polyQ SCA7 proteins for UPS-
mediated degradation (Marinello et al., 2019). Even attempts
at engineering promyelocytic leukemia protein, an E3 ub ligase
enzyme, to reduce the levels of either the soluble misfolded form
of expanded SCA1 or its precipitated aggregate have produced
promising results for potential treatments of not only polyQ
SCA1, but also other polyQ disorders (Dhar et al., 2020).

Although the UPS degrades monomerized protein groups
relatively well, a certain proportion of polyQ SCA proteins
exist in the nucleus in a multimerized form, which may be
degraded by the UPS in a slow or otherwise incomplete
manner. Because the multimerized proteins originate from
monomeric polyQ proteins in the cytoplasm, both the UPS and
autophagic processes may act to decrease the quantity of nuclear
multimerized forms of polyQ proteins by directly acting either on
cytoplasmic or on nucleic-residing monomeric polyQ proteins.
Thus, both autophagic processes and the UPS have the potential
to ameliorate toxic effects of expanded polyQ proteins. For
example, a study identified autophagy-promoting compounds
that reduce the levels of expanded polyglutamine proteins in
cultured cells (Zhang et al., 2007). Furthermore, treatment
of polyQ SCA3 patient-derived iPSC lines with rapamycin,
an autophagy inducer, resulted in increased degradation of
expanded SCA3 proteins (Ou et al., 2016). However, as autophagy
can only eliminate cytoplasmic mutant proteins, the autophagic
clearance of expanded polyQ proteins may be best suited for
SCA2 where toxic proteins accumulate in the cytoplasm.

The introduction of mutated polyQ SCA may also directly
disturb the UPS. Reports indicate that the overexpression of
polyQ SCA3 perturbs the function of the UPS, ultimately

FIGURE 1 | A schematic illustration showing two potential modes of action:
(1) increased nuclear retention and (2) increased nuclear import, leading to the
nuclear accumulation of polyQ SCA-associated toxic proteins.

leading to the abnormal increase in proteasome substrates
(Burnett et al., 2003). Expanded polyQ SCA may also
indirectly cause nuclear UPS malfunction by sequestering in
the cytoplasm key chaperones that translocate cargo molecules
to the nuclear UPS (Park et al., 2013). Although it remains
unclear whether this impairment occurs in the cytoplasm or
the nucleus, the data suggest that the expanded polyQ proteins
may overwhelm the UPS and jeopardize cellular homeostasis.
Likewise, if the abnormal expansion of polyQ proteins stimulate
multimerization and ultimately block proper UPS-mediated
clearance of monomeric polyQ proteins as was shown for polyQ
huntingtin in the cytoplasm (Schipper-Krom et al., 2012), the
nuclear accumulation of polyQ proteins may clog the proteasome
and lead to a vicious cycle that results in an increase in polyQ
proteins as well as other nuclear protein residues. In addition, a
recent report showed an interesting association between SCA3
function and autophagosome formation through its regulatory
effects on the level of beclin1 (Ashkenazi et al., 2017), a key
initiator of autophagy (Liang et al., 1999). The expansion of polyQ
in SCA3 decreased its deubiquitinase activity toward beclin1
and resulted in the decrease of beclin1 levels and impairment
of starvation-induced autophagy (Ashkenazi et al., 2017). These
impairments in UPS and autophagy induced by polyQ SCAs
may further increase the amount of expanded polyQ SCAs and
associated neuronal toxicity.

Potential Modes of Action (2): Increased
Nuclear Import of polyQ SCAs
For SCA3, SCA6 (cleaved protein only), and SCA7, where the
expanded polyQ SCA proteins abnormally translocate into the
nucleus, there are few known determinants that cause polyQ SCA
proteins to translocate into the nucleus. However, several disease-
associated features are suspected to be contributing factors.
The first is, as can be expected, the expansion of Q-repeat
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itself. However, the fact that the translocation to the nucleus
is not observed in SCA2 even with polyQ expansion (see
below for discussion) implies that the expansion of CAG repeat
is not sufficient for nuclear translocation. The second factor
is the cleavage of proteins. It is known that polyQ proteins
undergo proteolytic cleavage by specific proteases and that
cleaved proteins are more toxic and more likely to form nuclear
aggregates than full-length ones (Friedman et al., 2008). This
second factor may be associated with the protein size threshold
for free trafficking across nuclear pores: polyQ SCA proteins that
are small enough to freely diffuse across the nuclear envelope
may accumulate in the nucleus. Other factors, such as molecular
inducers, are not well characterized at this time, however, it is
important to point out that proteases associated with the direct
regulation of polyQ SCA3 cleavage have been reported to be
therapeutic in fly models (Jung et al., 2009).

Regarding the mechanism underpinning nuclear translocation
of polyQ SCAs, two major hypotheses can be made (Figure 1).
The first relates to the aberrant gain of function of new import
properties linked with expanded polyQ regions: the abnormal
expansion of polyQ proteins expose a hidden NLS domain
within their structure, which signals for nuclear import. It is also
possible that an unknown factor recognizes Q-expanded domains
and imports polyQ SCA proteins. However, the existence of an
unknown factor seems unlikely given that polyQ SCA2 remains
in the cytoplasm yet contains an expanded polyQ domain that
exerts the disease-causing toxicity. Evidence for the aberrant gain
of function is indeed scarce, leaving the following hypothesis
more likely. Although they contain an NLS domain, polyQ SCA
proteins SCA3 and SCA7 appear to initially localize primarily
in the cytoplasm. From this observation, it is conceivable that
these polyQ SCA proteins, in fact, shuttle between the nucleus
and cytoplasm though, for unknown reasons, primarily locate in
the cytoplasm. In other words, it is possible that, while shuttling,
expanded polyQ SCA proteins become unable to exit the nucleus,
effectively being trapped inside the nucleus. Consistent with
this idea, previous reports indicate that nuclear polyQ proteins
directly impair nuclear pores and/or machineries involved in
protein nuclear cytoplasmic transport (Cornett et al., 2005). Also,
the nucleus already has many potential Q-rich binding partners
that can readily interact with polyQ proteins. In addition,
the fragmented SCA6 proteins may be sufficiently small to
translocate into the nucleus via passive diffusion and then become
trapped in a similar manner to SCA3 and SCA7. The nuclear
accumulation of expanded polyQ SCA proteins may be caused
by abnormal entanglement with nuclear interacting proteins.

Abnormal Interactions of Nuclear polyQ
SCAs With Essential Nuclear Proteins
Once expanded polyQ proteins accumulate in the nucleus, they
sequester various nuclear proteins and alter RNA homeostasis
(Chung et al., 2018). Interestingly, certain TFs containing
Q-rich domains in the non-pathological range, such as
CREB-binding protein (CBP) and TATA-binding protein (TBP)
(Sakahira et al., 2002), are frequently detected in the neuronal
inclusions, indicating that nuclear polyQ SCA proteins sequester

these often-essential nuclear proteins via polyQ-to-polyQ or
polyQ-to-Q-rich domain interactions, a previously established
coiled-coil–mediated mode of protein-to-protein interactions
(Schaefer et al., 2012). Though the exact structural properties
of polyQ multimers remain undetermined due to the technical
limitations in obtaining soluble samples required for X-ray
crystallography or conventional NMR studies, an accumulated
body of literature indicates that polyQ multimers form long
stretches of self-associating β-sheets (Bevivino and Loll, 2001;
Tanaka et al., 2001; Vitalis et al., 2009). Additionally, recent
work in fruit flies has demonstrated that polyQ multimers
can also form coiled-coil super secondary structures. This
coiled-coil structure was determined to play a major role in
sequestering other coiled-coil–bearing nuclear proteins, such as
FOXO (Kwon et al., 2018), suggesting that TFs are hijacked
by coiled-coil–bearing polyQ tracks. Although coiled-coil–
forming proteins normally have specificity in their structural
patterns, such as dimers, trimers, and tetramers (Grigoryan and
Keating, 2008), it remains unclear whether polyQ proteins form
specific patterns of coiled-coil structure with their interacting
partners. Further studies are required to understand the
nature of coiled-coil–mediated interactions between polyQ SCAs
and their targets.

Aggregation itself, however, may not be the main contributing
factor to polyQ toxicity. There are ongoing debates in the field
of polyQ disease as to whether or not insoluble aggregates
are, in fact, more toxic than soluble oligomers. In the case
of Huntington’s disease, soluble oligomers of polyQ-expanded
huntingtin engage more extensively with key proteins (Kim et al.,
2016). This implies that the aggregation of polyQ proteins into
an insoluble form is a cellular defense mechanism employed to
minimize the spread of the more damaging toxic effect of soluble
polyQ monomers/oligomers within the cell. Regardless of its
aggregation status, however, the presence of polyQ protein in the
nucleus alters RNA homeostasis by abnormally interacting with
nuclear proteins via polyQ-to-polyQ, coiled-coil-to-coiled-coil,
and non-specific modes of interactions that lead to the trapping
of TFs. Although it remains unclear how the structural properties
of polyQ proteins translate into the often-deleterious toxicity,
the abnormal interactions with essential nuclear proteins likely
play a key role in the pathological mechanism that disturbs the
state of the cell.

DISCUSSION

So far, we have reviewed current updates on the cell biological
mechanisms underpinning the polyQ expansion and nuclear
accumulation of disease-associated polyQ SCA proteins.
However, these mark only the beginning stages of the polyQ
SCA development as the accumulation of polyQ proteins
in the nucleus subsequently leads to a multitude of cellular
impairments, which ultimately cause neuronal cell death
characteristic of polyQ SCAs. The nature of broad interactions
of toxic proteins with various TFs implies a wide range of
deleterious cellular defects, including dendrite defects (Kweon
et al., 2017), caused by expanded polyQ proteins. These
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aberrations are observed in the cerebellum, brainstem, and spinal
tracts of polyQ SCA patients (Buijsen et al., 2019), most of which
are associated with nuclear accumulated polyQ proteins (with the
exception of polyQ SCA2). Dendrites, for example, form distinct
pathogenic patterns caused by specific alteration in the dendritic
F-actin structure and accompanied by reduced RNA granule
formation when nuclear polyQ SCA protein accumulation is
induced (Lee et al., 2011). Nuclear polyQ accumulation also
perturbs satellite organelles, such as Golgi outposts, that support
the dendrites by supplying local plasma membrane (Chung
et al., 2017). Neurons function with the support of myriad
complicated processes, the majority of which rely on appropriate
RNA homeostasis. Prolonged defects in RNA regulation lead to
malfunctioning neurons, which may characterize altered animal
behavior and cell death.

Due to the practical limitations surrounding the
characterization of pathogenic mechanisms of polyQ SCAs in
human patients, animal models overexpressing expanded polyQ
proteins are often used. These animal models, including fruit fly
(Long et al., 2014; Xu et al., 2015), mouse (Figiel et al., 2012), and
non-human primates (Tomioka et al., 2017), show brain atrophy
similar to that of human polyQ SCA patients. PolyQ diseases are
particularly amenable to modeling in a variety of animals because
the triggering event (i.e., repeat expansion and accumulation of
toxic polyQ proteins) is so clearly defined. A striking feature of
the polyQ disease model is that many mouse models for a subset
of polyQ SCAs that are accompanied by nuclear proteotoxicity
share common phenotypes. This phenomenon resembles the
situation in human patients in which many, but not all, SCA
disorders are clinically indistinguishable based on neurological
examination alone (Figiel et al., 2012). This observation led
to the hypothesis that all polyQ disorders accompanied by
nuclear proteotoxicity are, in fact, one disease that may have
a common treatment. However, this hopeful speculation is
complicated by human case reports indicating the existence of
disease subtype-specific features of polyQ SCAs. The specific
characteristics associated with each subtype of polyQ SCA is
documented in both a previous report (Buijsen et al., 2019) and
our table (Table 1).

Here, we present a model in which nuclear accumulation
of polyQ SCA proteins may explain the subtype-specific
characteristics of the diseases. Based on the fact that CAG
expansion occurs in subtype-specific genetic loci for each subtype
of polyQ SCA, our model involves each subtype of expanded
polyQ proteins having an affinity toward subtype-specific nuclear
proteins. Although all polyQ proteins have an expanded CAG
domain, regions that surround the polyQ repeat regions contain
subtype-specific flanking residues. These residues may also
exert toxicity by abnormally trapping their interacting partners

during multimerization of the mutated proteins. Therefore, the
differences in protein residues that flank the polyQ expanded
region might give rise to subtype-specific interactions with
nuclear proteins. More research elucidating the interacting
partners of nuclear polyQ proteins is needed to better understand
polyQ SCA diseases.

Although there are currently no known cures for polyQ SCAs,
there are some promising avenues worth exploring. Therapies
that target structural properties of polyQ SCAs may be useful in
ameliorating toxicity of disease-associated proteins. For example,
QBP1 is a peptide with selective affinity toward an expanded
form of polyQ repeats containing β-sheet structures and acts as
a structural inhibitor of polyQ protein multimerization (Nagai
et al., 2000). Interventions, such as QBP1, which target specific
structures associated with multimerization of disease-related
proteins are steadily gaining attention for their effectiveness
as therapeutic agents for neurodegenerative diseases, including
Alzheimer’s disease (Sievers et al., 2011). Although this strategy
of direct inhibition of toxic structural properties of polyQ
SCAs shows obvious therapeutic effects in model organisms
(mouse, Popiel et al., 2009; fruit fly, Nagai et al., 2003), we
believe the development of drugs that specifically lower nuclear
toxicity of polyQ SCA proteins either through blocking nuclear
translocation or by inhibiting repeat instability would greatly
complement the therapeutic strategy described above. It is
also worth pointing out that if, as we mentioned previously,
promoting the aggregation of polyQ proteins is, in fact, protective
for neurons, therapeutics to enhance the aggregation of polyQ
proteins and reduce the net toxicity of polyQ proteins would also
be potentially beneficial.

AUTHOR CONTRIBUTIONS

DL, Y-IL, Y-SL, and SL conceptualized the theme of the review
and wrote the manuscript together.

FUNDING

This work was supported by Basic Science Research Program
through the National Research Foundation of Korea,
funded by the Ministry of Science and Information and
Communications Technology (ICT) (2018R1A2B6001607 and
2019R1A4A1024278 to SL, 2017R1A2B4004299 to Y-SL); the
Development of Platform Technology for Innovative Medical
Measurements Program from the Korea Research Institute of
Standards and Science Grant KRISS-2019-GP2019-0018 (to SL);
and DGIST (20-BT-06 to Y-IL).

REFERENCES
Antony, P. M., Mantele, S., Mollenkopf, P., Boy, J., Kehlenbach, R. H., Riess,

O., et al. (2009). Identification and functional dissection of localization
signals within ataxin-3. Neurobiol. Dis. 36, 280–292. doi: 10.1016/j.nbd.2009.
07.020

Ashkenazi, A., Bento, C. F., Ricketts, T., Vicinanza, M., Siddiqi, F., Pavel, M., et al.
(2017). Polyglutamine tracts regulate beclin 1-dependent autophagy. Nature
545, 108–111. doi: 10.1038/nature22078

Beck, M., and Hurt, E. (2017). The nuclear pore complex: understanding its
function through structural insight. Nat. Rev. Mol. Cell Bio. 18, 73–89. doi:
10.1038/nrm.2016.147

Frontiers in Neuroscience | www.frontiersin.org 6 June 2020 | Volume 14 | Article 489

https://doi.org/10.1016/j.nbd.2009.07.020
https://doi.org/10.1016/j.nbd.2009.07.020
https://doi.org/10.1038/nature22078
https://doi.org/10.1038/nrm.2016.147
https://doi.org/10.1038/nrm.2016.147
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00489 June 4, 2020 Time: 17:51 # 7

Lee et al. Nuclear Proteotoxicity in polyQ SCAs

Bettencourt, C., Hensman-Moss, D., Flower, M., Wiethoff, S., Brice, A., Goizet,
C., et al. (2016). DNA repair pathways underlie a common genetic mechanism
modulating onset in Polyglutamine Diseases. Ann. Neurol. 79, 983–990. doi:
10.1002/ana.24656

Bevivino, A. E., and Loll, P. J. (2001). An expanded glutamine repeat destabilizes
native ataxin-3 structure and mediates formation of parallel beta -fibrils. Proc.
Natl. Acad. Sci. U.S.A. 98, 11955–11960. doi: 10.1073/pnas.211305198

Bhat, K. P., Yan, S., Wang, C. E., Li, S., and Li, X. J. (2014). Differential
ubiquitination and degradation of huntingtin fragments modulated by
ubiquitin-protein ligase E3A. Proc. Natl. Acad. Sci. U.S.A. 111, 5706–5711.
doi: 10.1073/pnas.1402215111

Bichelmeier, U., Schmidt, T., Hubener, J., Boy, J., Ruttiger, L., Habig, K., et al.
(2007). Nuclear localization of ataxin-3 is required for the manifestation of
symptoms in SCA3: in vivo evidence. J. Neurosci. 27, 7418–7428. doi: 10.1523/
JNEUROSCI.4540-06.2007

Buijsen, R. A. M., Toonen, L. J. A., Gardiner, S. L., and van Roon-Mom, W. M. C.
(2019). Genetics, mechanisms, and therapeutic progress in polyglutamine
spinocerebellar ataxias. Neurotherapeutics 16, 263–286. doi: 10.1007/s13311-
018-00696-y

Burnett, B., Li, F., and Pittman, R. N. (2003). The polyglutamine neurodegenerative
protein ataxin-3 binds polyubiquitylated proteins and has ubiquitin protease
activity. Hum. Mol. Genet. 12, 3195–3205. doi: 10.1093/hmg/ddg344

Chen, Z. S., Wong, A. K. Y., Cheng, T. C., Koon, A. C., and Chan, H. Y. E.
(2019). FipoQ/FBXO33, a Cullin-1-based ubiquitin ligase complex component
modulates ubiquitination and solubility of polyglutamine disease protein.
J. Neurochem. 149, 781–798. doi: 10.1111/jnc.14669

Chhangani, D., Nukina, N., Kurosawa, M., Amanullah, A., Joshi, V., Upadhyay,
A., et al. (2014). Mahogunin ring finger 1 suppresses misfolded polyglutamine
aggregation and cytotoxicity. Biochim. Biophys. Acta 1842, 1472–1484. doi:
10.1016/j.bbadis.2014.04.014

Chung, C. G., Kwon, M. J., Jeon, K. H., Hyeon, D. Y., Han, M. H., Park, J. H.,
et al. (2017). Golgi outpost synthesis impaired by toxic polyglutamine proteins
contributes to dendritic pathology in neurons. Cell Rep. 20, 356–369. doi: 10.
1016/j.celrep.2017.06.059

Chung, C. G., Lee, H., and Lee, S. B. (2018). Mechanisms of protein toxicity in
neurodegenerative diseases. Cell Mol. Life. Sci. 75, 3159–3180. doi: 10.1007/
s00018-018-2854-4

Cornett, J., Cao, F. K., Wang, C. E., Ross, C. A., Bates, G. P., Li, S. H., et al. (2005).
Polyglutamine expansion of huntingtin impairs its nuclear export. Nat. Genet.
37, 198–204. doi: 10.1038/ng1503

Dhar, N., Arsiwala, A., Murali, S., and Kane, R. S. (2020). ”Trim”ming PolyQ
proteins with engineered PML. Biotechnol. Bioeng. 117, 362–371. doi: 10.1002/
bit.27220

Dingwall, C., and Laskey, R. A. (1986). Protein import into the cell nucleus. Annu
Rev Cell Biol. 2, 367–390.

Dion, V., Lin, Y., Hubert, L., Waterland, R. A., and Wilson, J. H. (2008). Dnmt1
deficiency promotes CAG repeat expansion in the mouse germline. Hum. Mol.
Genet. 17, 1306–1317. doi: 10.1093/hmg/ddn019

Everett, C. M., and Wood, N. W. (2004). Trinucleotide repeats and
neurodegenerative disease. Brain 127, 2385–2405.

Figiel, M., Szlachcic, W. J., Switonski, P. M., Gabka, A., and Krzyzosiak, W. J.
(2012). Mouse models of polyglutamine diseases: review and data table. Part
I. Mol. Neurobiol. 46, 393–429. doi: 10.1007/s12035-012-8315-4

Friedman, M. J., Wang, C. E., Li, X. J., and Li, S. H. (2008). Polyglutamine
expansion reduces the association of TATA-binding protein with DNA and
induces DNA binding-independent neurotoxicity. J. Biol. Chem. 283, 8283–
8290. doi: 10.1074/jbc.M709674200

Gao, R., Liu, Y., Silva-Fernandes, A., Fang, X., Paulucci-Holthauzen, A., Chatterjee,
A., et al. (2015). Inactivation of PNKP by mutant ATXN3 triggers apoptosis
by activating the DNA damage-response pathway in SCA3. PLoS Genet.
11:e1004834. doi: 10.1371/journal.pgen.1004834

Genetic Modifiers of Huntington’s Disease Consortium (2019). CAG repeat not
polyglutamine length determines timing of Huntington’s disease onset.Cell 178,
887.e14–900.e14. doi: 10.1016/j.cell.2019.06.036

Grigoryan, G., and Keating, A. E. (2008). Structural specificity in coiled-coil
interactions. Curr. Opin. Struct. Biol. 18, 477–483. doi: 10.1016/j.sbi.2008.04.
008

Hakem, R. (2008). DNA-damage repair; the good, the bad, and the ugly. EMBO J.
27, 589–605. doi: 10.1038/emboj.2008.15

Havel, L. S., Li, S., and Li, X. J. (2009). Nuclear accumulation of polyglutamine
disease proteins and neuropathology. Mol. Brain 2:21. doi: 10.1186/1756-6606-
2-21

Hubert, L., Lin, Y. F., Dion, V., and Wilson, J. H. (2011). Xpa deficiency reduces
CAG trinucleotide repeat instability in neuronal tissues in a mouse model of
SCA1. Hum. Mol. Genet. 20, 4822–4830. doi: 10.1093/hmg/ddr421

Iyer, R. R., Pluciennik, A., Napierala, M., and Wells, R. D. (2015). DNA triplet
repeat expansion and mismatch repair. Ann. Rev. Biochem. 84, 199–226. doi:
10.1146/annurev-biochem-060614-034010

Jones, L., Houlden, H., and Tabrizi, S. J. (2017). DNA repair in the trinucleotide
repeat disorders. Lancet Neurol. 16, 88–96. doi: 10.1016/S1474-4422(16)
30350-7

Jung, J., and Bonini, N. (2007). CREB-binding protein modulates repeat instability
in a Drosophila model for polyQ disease. Science 315, 1857–1859. doi: 10.1126/
science.1139517

Jung, J., Xu, K. X., Lessing, D., and Bonini, N. M. (2009). Preventing Ataxin-3
protein cleavage mitigates degeneration in a Drosophila model of SCA3. Hum.
Mol. Genet. 18, 4843–4852. doi: 10.1093/hmg/ddp456

Kaytor, M. D., Duvick, L. A., Skinner, P. J., Koob, M. D., Ranum, L. P., and Orr,
H. T. (1999). Nuclear localization of the spinocerebellar ataxia type 7 protein,
ataxin-7. Hum. Mol. Genet. 8, 1657–1664. doi: 10.1093/hmg/8.9.1657

Kim, Y. E., Hosp, F., Frottin, F., Ge, H., Mann, M., Hayer-Hartl, M., et al. (2016).
Soluble oligomers of PolyQ-Expanded huntingtin target a multiplicity of key
cellular factors. Mol. Cell 63, 951–964. doi: 10.1016/j.molcel.2016.07.022

Klement, I. A., Skinner, P. J., Kaytor, M. D., Yi, H., Hersch, S. M., Clark, H. B., et al.
(1998). Ataxin-1 nuclear localization and aggregation: role in polyglutamine-
induced disease in SCA1 transgenic mice. Cell 95, 41–53. doi: 10.1016/s0092-
8674(00)81781-x

Kweon, J. H., Kim, S., and Lee, S. B. (2017). The cellular basis of dendrite pathology
in neurodegenerative diseases. Bmb Rep. 50, 5–11. doi: 10.5483/bmbrep.2017.
50.1.131

Kwon, M. J., Han, M. H., Bagley, J. A., Hyeon, D. Y., Ko, B. S., Lee, Y. M., et al.
(2018). Coiled-coil structure-dependent interactions between polyQ proteins
and Foxo lead to dendrite pathology and behavioral defects. Proc. Natl. Acad.
Sci. U.S.A. 115, E10748–E10757. doi: 10.1073/pnas.1807206115

Lee, S. B., Bagley, J. A., Lee, H. Y., Jan, L. Y., and Jan, Y. N. (2011). Pathogenic
polyglutamine proteins cause dendrite defects associated with specific actin
cytoskeletal alterations in Drosophila. Proc. Natl. Acad. Sci. U.S.A. 108, 16795–
16800. doi: 10.1073/pnas.1113573108

Liang, X. H., Jackson, S., Seaman, M., Brown, K., Kempkes, B., Hibshoosh, H., et al.
(1999). Induction of autophagy and inhibition of tumorigenesis by beclin 1.
Nature 402, 672–676. doi: 10.1038/45257

Lin, Y. F., Dent, S. Y. R., Wilson, J. H., Wells, R. D., and Napierala, M. (2010). R
loops stimulate genetic instability of CTG center dot CAG repeats. Proc. Natl.
Acad. Sci. U.S.A. 107, 692–697. doi: 10.1073/pnas.0909740107

Liu, G. Q., and Leffak, M. (2012). Instability of (CTG)(n)center dot(CAG)(n)
trinucleotide repeats and DNA synthesis. Cell Biosci. 2:7. doi: 10.1186/2045-
3701-2-7

Long, Z., Tang, B., and Jiang, H. (2014). Alleviating neurodegeneration in
Drosophila models of PolyQ diseases. Cerebellum Ataxias 1:9. doi: 10.1186/
2053-8871-1-9

Lott, K., and Cingolani, G. (2011). The importin beta binding domain as a master
regulator of nucleocytoplasmic transport. Bba Mol. Cell Res. 1813, 1578–1592.
doi: 10.1016/j.bbamcr.2010.10.012

Marfori, M., Mynott, A., Ellis, J. J., Mehdi, A. M., Saunders, N. F., Curmi, P. M.,
et al. (2011). Molecular basis for specificity of nuclear import and prediction
of nuclear localization. Biochim. Biophys. Acta 1813, 1562–1577. doi: 10.1016/j.
bbamcr.2010.10.013

Marinello, M., Werner, A., Giannone, M., Tahiri, K., Alves, S., Tesson, C., et al.
(2019). SUMOylation by SUMO2 is implicated in the degradation of misfolded
ataxin-7 via RNF4 in SCA7 models. Dis. Model Mech. 12:dmm036145. doi:
10.1242/dmm.036145

Massey, T. H., and Jones, L. (2018). The central role of DNA damage and repair
in CAG repeat diseases. Dis. Model Mech. 11:dmm031930. doi: 10.1242/dmm.
031930

Frontiers in Neuroscience | www.frontiersin.org 7 June 2020 | Volume 14 | Article 489

https://doi.org/10.1002/ana.24656
https://doi.org/10.1002/ana.24656
https://doi.org/10.1073/pnas.211305198
https://doi.org/10.1073/pnas.1402215111
https://doi.org/10.1523/JNEUROSCI.4540-06.2007
https://doi.org/10.1523/JNEUROSCI.4540-06.2007
https://doi.org/10.1007/s13311-018-00696-y
https://doi.org/10.1007/s13311-018-00696-y
https://doi.org/10.1093/hmg/ddg344
https://doi.org/10.1111/jnc.14669
https://doi.org/10.1016/j.bbadis.2014.04.014
https://doi.org/10.1016/j.bbadis.2014.04.014
https://doi.org/10.1016/j.celrep.2017.06.059
https://doi.org/10.1016/j.celrep.2017.06.059
https://doi.org/10.1007/s00018-018-2854-4
https://doi.org/10.1007/s00018-018-2854-4
https://doi.org/10.1038/ng1503
https://doi.org/10.1002/bit.27220
https://doi.org/10.1002/bit.27220
https://doi.org/10.1093/hmg/ddn019
https://doi.org/10.1007/s12035-012-8315-4
https://doi.org/10.1074/jbc.M709674200
https://doi.org/10.1371/journal.pgen.1004834
https://doi.org/10.1016/j.cell.2019.06.036
https://doi.org/10.1016/j.sbi.2008.04.008
https://doi.org/10.1016/j.sbi.2008.04.008
https://doi.org/10.1038/emboj.2008.15
https://doi.org/10.1186/1756-6606-2-21
https://doi.org/10.1186/1756-6606-2-21
https://doi.org/10.1093/hmg/ddr421
https://doi.org/10.1146/annurev-biochem-060614-034010
https://doi.org/10.1146/annurev-biochem-060614-034010
https://doi.org/10.1016/S1474-4422(16)30350-7
https://doi.org/10.1016/S1474-4422(16)30350-7
https://doi.org/10.1126/science.1139517
https://doi.org/10.1126/science.1139517
https://doi.org/10.1093/hmg/ddp456
https://doi.org/10.1093/hmg/8.9.1657
https://doi.org/10.1016/j.molcel.2016.07.022
https://doi.org/10.1016/s0092-8674(00)81781-x
https://doi.org/10.1016/s0092-8674(00)81781-x
https://doi.org/10.5483/bmbrep.2017.50.1.131
https://doi.org/10.5483/bmbrep.2017.50.1.131
https://doi.org/10.1073/pnas.1807206115
https://doi.org/10.1073/pnas.1113573108
https://doi.org/10.1038/45257
https://doi.org/10.1073/pnas.0909740107
https://doi.org/10.1186/2045-3701-2-7
https://doi.org/10.1186/2045-3701-2-7
https://doi.org/10.1186/2053-8871-1-9
https://doi.org/10.1186/2053-8871-1-9
https://doi.org/10.1016/j.bbamcr.2010.10.012
https://doi.org/10.1016/j.bbamcr.2010.10.013
https://doi.org/10.1016/j.bbamcr.2010.10.013
https://doi.org/10.1242/dmm.036145
https://doi.org/10.1242/dmm.036145
https://doi.org/10.1242/dmm.031930
https://doi.org/10.1242/dmm.031930
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00489 June 4, 2020 Time: 17:51 # 8

Lee et al. Nuclear Proteotoxicity in polyQ SCAs

Moore, H., Greenwell, P. W., Liu, C. P., Arnheim, N., and Petes, T. D. (1999).
Triplet repeats form secondary structures that escape DNA repair in yeast. Proc.
Natl. Acad. Sci. U.S.A. 96, 1504–1509. doi: 10.1073/pnas.96.4.1504

Mueller, T., Breuer, P., Schmitt, I., Walter, J., Evert, B. O., and Wullner, U. (2009).
CK2-dependent phosphorylation determines cellular localization and stability
of ataxin-3. Hum. Mol. Genet. 18, 3334–3343. doi: 10.1093/hmg/ddp274

Nagai, Y., Fujikake, N., Ohno, K., Higashiyama, H., Popiel, H. A., Rahadian, J., et al.
(2003). Prevention of polyglutamine oligomerization and neurodegeneration by
the peptide inhibitor QBP1 in Drosophila. Hum. Mol. Genet. 12, 1253–1259.
doi: 10.1093/hmg/ddg144

Nagai, Y., Tucker, T., Ren, H., Kenan, D. J., Henderson, B. S., Keene, J. D., et al.
(2000). Inhibition of polyglutamine protein aggregation and cell death by novel
peptides identified by phage display screening. J. Biol. Chem. 275, 10437–10442.
doi: 10.1074/jbc.275.14.10437

Ou, Z., Luo, M., Niu, X., Chen, Y., Xie, Y., He, W., et al. (2016). autophagy
promoted the degradation of mutant ATXN3 in neurally differentiated
spinocerebellar ataxia-3 human induced pluripotent stem cells. Biomed Res. Int.
2016:6701793. doi: 10.1155/2016/6701793

Park, S. H., Kukushkin, Y., Gupta, R., Chen, T., Konagai, A., Hipp, M. S., et al.
(2013). PolyQ proteins interfere with nuclear degradation of cytosolic proteins
by sequestering the Sis1p chaperone. Cell 154, 134–145. doi: 10.1016/j.cell.2013.
06.003

Paulson, H. (2018). Repeat expansion diseases. Handb. Clin. Neurol. 147, 105–123.
doi: 10.1016/B978-0-444-63233-3.00009-9

Paulson, H. L., Shakkottai, V. G., Clark, H. B., and Orr, H. T. (2017). Polyglutamine
spinocerebellar ataxias - from genes to potential treatments. Nat. Rev. Neurosci.
18, 613–626. doi: 10.1038/nrn.2017.92

Popiel, H. A., Nagai, Y., Fujikake, N., and Toda, T. (2009). Delivery of the aggregate
inhibitor peptide QBP1 into the mouse brain using PTDs and its therapeutic
effect on polyglutamine disease mice. Neurosci. Lett. 449, 87–92. doi: 10.1016/j.
neulet.2008.06.015

Sakahira, H., Breuer, P., Hayer-Hartl, M. K., and Hartl, F. U. (2002). Molecular
chaperones as modulators of polyglutamine protein aggregation and toxicity.
Proc. Natl. Acad. Sci. U.S.A. 99(Suppl. 4), 16412–16418. doi: 10.1073/pnas.
182426899

Schaefer, M. H., Wanker, E. E., and Andrade-Navarro, M. A. (2012). Evolution
and function of CAG/polyglutamine repeats in protein-protein interaction
networks. Nucleic Acids Res. 40, 4273–4287. doi: 10.1093/nar/gks011

Schipper-Krom, S., Juenemann, K., and Reits, E. A. (2012). The ubiquitin-
proteasome system in huntington’s disease: are proteasomes impaired.
Initiators of disease, or coming to the rescue? Biochem. Res. Int. 2012:837015.
doi: 10.1155/2012/837015

Sievers, S. A., Karanicolas, J., Chang, H. W., Zhao, A., Jiang, L., Zirafi, O., et al.
(2011). Structure-based design of non-natural amino-acid inhibitors of amyloid
fibril formation. Nature 475, 96–100. doi: 10.1038/nature10154

Sowa, A. S., Martin, E., Martins, I. M., Schmidt, J., Depping, R., Weber, J. J.,
et al. (2018). Karyopherin alpha-3 is a key protein in the pathogenesis of
spinocerebellar ataxia type 3 controlling the nuclear localization of ataxin-3.
Proc. Natl. Acad. Sci. U.S.A. 115, E2624–E2633. doi: 10.1073/pnas.1716071115

Tait, D., Riccio, M., Sittler, A., Scherzinger, E., Santi, S., Ognibene, A., et al. (1998).
Ataxin-3 is transported into the nucleus and associates with the nuclear matrix.
Hum. Mol. Genet. 7, 991–997. doi: 10.1093/hmg/7.6.991

Tanaka, M., Morishima, I., Akagi, T., Hashikawa, T., and Nukina, N. (2001).
Intra- and intermolecular beta-pleated sheet formation in glutamine-repeat
inserted myoglobin as a model for polyglutamine diseases. J. Biol. Chem. 276,
45470–45475. doi: 10.1074/jbc.M107502200

Taylor, J., Grote, S. K., Xia, J., Vandelft, M., Graczyk, J., Ellerby, L. M., et al. (2006).
Ataxin-7 can export from the nucleus via a conserved exportin-dependent
signal. J. Biol. Chem. 281, 2730–2739. doi: 10.1074/jbc.M506751200

Tomioka, I., Ishibashi, H., Minakawa, E. N., Motohashi, H. H., Takayama, O.,
Saito, Y., et al. (2017). Transgenic monkey model of the polyglutamine diseases
recapitulating progressive neurological symptoms. eNeuro 4:ENEURO.0250-
16.2017 . doi: 10.1523/ENEURO.0250-16.2017

Tsou, W. L., Hosking, R. R., Burr, A. A., Sutton, J. R., Ouyang, M., Du, X.,
et al. (2015). DnaJ-1 and karyopherin alpha3 suppress degeneration in a
new Drosophila model of spinocerebellar ataxia type 6. Hum. Mol. Genet. 24,
4385–4396. doi: 10.1093/hmg/ddv174

Usdin, K., House, N. C., and Freudenreich, C. H. (2015). Repeat instability during
DNA repair: Insights from model systems. Crit. Rev. Biochem. Mol. Biol. 50,
142–167. doi: 10.3109/10409238.2014.999192

Vitalis, A., Lyle, N., and Pappu, R. V. (2009). Thermodynamics of beta-sheet
formation in polyglutamine. Biophys. J. 97, 303–311. doi: 10.1016/j.bpj.2009.05.
003

Weber, J. J., Sowa, A. S., Binder, T., and Hubener, J. (2014). From pathways to
targets: understanding the mechanisms behind polyglutamine disease. Biomed
Res. Int. 2014:701758. doi: 10.1155/2014/701758

Wells, R. D., Dere, R., Hebert, M. L., Napierala, M., and Son, L. S. (2005). Advances
in mechanisms of genetic instability related to hereditary neurological diseases.
Nucleic Acids Res. 33, 3785–3798. doi: 10.1093/nar/gki697

Xu, Z., Tito, A. J., Rui, Y. N., and Zhang, S. (2015). Studying polyglutamine diseases
in Drosophila. Exp. Neurol. 274, 25–41. doi: 10.1016/j.expneurol.2015.08.002

Yau, W. Y., O’Connor, E., Sullivan, R., Akijian, L., and Wood, N. W. (2018). DNA
repair in trinucleotide repeat ataxias. Febs J. 285, 3669–3682. doi: 10.1111/febs.
14644

Zhang, L., Yu, J., Pan, H., Hu, P., Hao, Y., Cai, W., et al. (2007). Small molecule
regulators of autophagy identified by an image-based high-throughput screen.
Proc. Natl. Acad. Sci. U.S.A. 104, 19023–19028. doi: 10.1073/pnas.0709695104

Conflict of Interest: 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 © 2020 Lee, Lee, Lee and Lee. 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) and the copyright owner(s) 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 8 June 2020 | Volume 14 | Article 489

https://doi.org/10.1073/pnas.96.4.1504
https://doi.org/10.1093/hmg/ddp274
https://doi.org/10.1093/hmg/ddg144
https://doi.org/10.1074/jbc.275.14.10437
https://doi.org/10.1155/2016/6701793
https://doi.org/10.1016/j.cell.2013.06.003
https://doi.org/10.1016/j.cell.2013.06.003
https://doi.org/10.1016/B978-0-444-63233-3.00009-9
https://doi.org/10.1038/nrn.2017.92
https://doi.org/10.1016/j.neulet.2008.06.015
https://doi.org/10.1016/j.neulet.2008.06.015
https://doi.org/10.1073/pnas.182426899
https://doi.org/10.1073/pnas.182426899
https://doi.org/10.1093/nar/gks011
https://doi.org/10.1155/2012/837015
https://doi.org/10.1038/nature10154
https://doi.org/10.1073/pnas.1716071115
https://doi.org/10.1093/hmg/7.6.991
https://doi.org/10.1074/jbc.M107502200
https://doi.org/10.1074/jbc.M506751200
https://doi.org/10.1523/ENEURO.0250-16.2017
https://doi.org/10.1093/hmg/ddv174
https://doi.org/10.3109/10409238.2014.999192
https://doi.org/10.1016/j.bpj.2009.05.003
https://doi.org/10.1016/j.bpj.2009.05.003
https://doi.org/10.1155/2014/701758
https://doi.org/10.1093/nar/gki697
https://doi.org/10.1016/j.expneurol.2015.08.002
https://doi.org/10.1111/febs.14644
https://doi.org/10.1111/febs.14644
https://doi.org/10.1073/pnas.0709695104
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/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	The Mechanisms of Nuclear Proteotoxicity in Polyglutamine Spinocerebellar Ataxias
	Introduction
	Repeat Instability-Induced Abnormal Expansion of polyQ Repeats in polyQ SCAs
	Structural Properties of DNA Associated With TNR Expansion
	Genetic Risk Factors Underlying TNR Expansion Identified From Human Patients
	Genetic Risk Factors Underlying TNR Expansion Identified From Animal Models

	Nuclear Accumulation of Expanded polyQ Sca Proteins and Their Interactions With Nuclear Proteins
	Potential Modes of Action (1): Increased Nuclear Retention of polyQ SCAs
	Potential Modes of Action (2): Increased Nuclear Import of polyQ SCAs
	Abnormal Interactions of Nuclear polyQ SCAs With Essential Nuclear Proteins

	Discussion
	Author Contributions
	Funding
	References


