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Abstract
Spinocerebellar ataxia type 17 (SCA17) is caused by polyglutamine (polyQ) expansion in the TATA box-binding protein (TBP),
which functions as a general transcription factor. Like other polyQ expansion-mediated diseases, SCA17 is characterized by late-
onset and selective neurodegeneration, despite the disease protein being ubiquitously expressed in the body. To date, the
pathogenesis of polyQ diseases is not fully understood, and there are no effective treatments for these devastating disorders.
The well-characterized function of TBP and typical neurodegeneration in SCA17 give us opportunities to understand how polyQ
expansion causes selective neurodegeneration and to develop effective therapeutics. In this review, we discuss the molecular
mechanisms behind SCA17, focusing on transcriptional dysregulation as its major cause. Mounting evidence suggests that
reversing transcriptional alterations induced by mutant TBP and reducing the expression of mutant TBP are promising strategies
to treat SCA17.
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Introduction

Polyglutamine (polyQ) diseases are a group of neurode-
generative disorders caused by CAG trinucleotide repeat
expansion that encodes an expanded polyQ tract in the
disease proteins [1]. Currently, we know of a total of
nine polyQ disorders: six spinocerebellar ataxias
(SCA), types 1, 2, 3, 6, 7, and 17; Huntington’s disease
(HD); dentatorubral-pallidoluysian atrophy (DRPLA);
and spinobulbar muscular atrophy [1]. Among these dis-
eases, SCA17 is the latest addition to the family. In
1999, Koide et al. first reported a 14-year-old Japanese
patient with unique neurologic symptoms associated with
de novo CAG/CAA repeat expansion in the gene
encoding the TATA box-binding protein (TBP) [2]. In
2001, this abnormal CAG/CAA expansion in the TBP
gene was verified in four Japanese pedigrees, leading

to a neurological disorder inherited in an autosomal
dominant manner; this was classified as SCA17, an ad-
ditional polyQ diseases [3].

Although most TBP mutations in SCA17 patients are
inherited as an autosomal dominant trait, de novo mutations
have also been reported [2, 4–6]. Repeat expansion in SCA17
is different from the pure expanded CAG tract, as it is
interrupted by CAA repeats that can stabilize the repeats for
transmission between generations; however, there are a few
reports of intergenerational instability in German and Italian
families [7, 8]. Previous studies have shown that the wild-type
alleles of TBP have 25 to 42 CAG/CAA repeats, whereas
most SCA17 alleles range between 46 and 55 CAG/CAA
repeats and are responsible for the classic adult-onset symp-
toms, including ataxia, dystonia, parkinsonism, choreic move-
ments, dementia, psychiatric abnormalities, and seizures [2, 3,
9, 10]. Brain magnetic resonance imaging (MRI) usually
shows marked cerebellar atrophy and degeneration, accompa-
nied by moderate and diffuse cortical and brainstem atrophy
[3, 10]. Repeats exceeding 62 CAG/CAA typically result in
juvenile-onset forms of the disease with different symptoms,
such as ataxia, intellectual deterioration, muscle weakness,
growth retardation, fast progression, and early death [2, 8,
11]. A few SCA17 cases, however, were recently found to
have 41 CAG/CAA repeats with partial or full clinical symp-
toms of SCA17 [12–16]. Therefore, 41 CAG/CAA trinucleo-
tide repeats may prove to be the critical threshold in SCA17
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[13]. Similar to other polyQ diseases, the length of the expand-
ed polyQ repeats in SCA17 is inversely correlated with the
age of onset and disease duration [2].

SCA17 Pathogenesis

TBP Protein Structure

Of all the polyQ diseases, SCA17 is caused by polyQ expan-
sion in a well-characterized transcription factor, TBP. The
TBP gene is located on chromosome 6q27 [2, 3, 6] and en-
codes an important general transcription initiation factor that
was first identified as a component of the transcription factor
IID (TFIID) complex [17]. In eukaryotes, transcription is car-
ried out by three different RNA polymerases (I, II, and III),
and TBP is recruited to RNA polymerase I, II, and III basal
promoter elements, which involves either its direct binding to
the TATA boxes in DNA or its protein-protein interactions in
the case of TATA-less promoters [18]. The critical function of
TBP in gene transcription is evidenced by the fact that TBP
knockout mouse embryos do not survive beyond the blasto-
cyst stage [19].

TBP consists of a variable N-terminal domain and a highly
conserved C-terminal domain [18]. Whereas the N-terminal
domain is variable in many species, the polyQ tract is well
conserved in vertebrates, although the repeat numbers vary in
different species [18, 20, 21]. Many studies suggest the C-
terminal core domain contains a large DNA-binding domain
that interacts with DNA and that the N-terminal domain mod-
ulates the DNA-binding activity [21, 22]. More evidence has
suggested that distinct subregions surrounding the polyQ tract
synergistically promote the formation of the TBP-DNA com-
plex [22, 23]. Such a function provides a molecular basis for
the idea that expanded polyQ repeats could cause conforma-
tional changes in TBP and dysregulate its transcriptional
activity.

TBP Accumulation and Toxicity

It is well known that polyQ expansion causes proteins to
misfold and to form neuronal intranuclear inclusions (NIIs)
or aggregates, a common pathological hallmark of polyQ dis-
eases [24]. Autopsied brains from patients with SCA17
showed TBP and NIIs accumulated in the Purkinje cell layer,
cerebral cortex, neostriatum and hippocampal CA1, and
subiculum [3, 25]. Studies in a number of SCA17 animal
models expressing different polyQ lengths of TBP, including
transgenic and knock-in rodent models, as well as a
Drosophila melanogaster model, also showed the age-
dependent accumulation of mutant TBP aggregates in neuro-
nal nuclei and pronounced cerebellar degeneration, especially
Purkinje cell death [26–29]. In TBP transgenic mouse models,

both full-length TBP with pathologic polyQ tracts (71Q and
105Q) and truncated mutant TBP without the DNA-binding
domain were found to form visible nuclear aggregates in a
way reminiscent of transfected TBP in cultured cells [28,
30]. In SCA17 knock-in mice, when one copy of the mutant
TBP with 105Q is expressed at the endogenous level, either
selectively in neuronal cells or ubiquitously in all cells, mutant
TBP was largely diffuse in various brain regions and formed
small aggregates in the nucleus [26, 31]. The different extents
of TBP aggregates in transgenic mouse models that overex-
press mutant TBP and TBP knock-in mice suggest that TBP
aggregate formation is dependent on the expression level of
TBP. Consistently, transgenic TBP mice show more severe
phenotypes and earlier death than TBP knock-in mice [28,
31]. Also, the severity of phenotypes of TBP transgenic mice
appear to be dependent on the length of the CAG repeat. For
example, transgenic TBP-71Qmice begin to die at 11.5 weeks
of age, whereas some TBP-105Q-F mice died as early as
9 weeks [28]. As expected, TBP knock-in mice that express
mutant TBP with 105Q at the endogenous level start to die at
the age of 6–7 months [31].

It is noteworthy that transgenic SCA17 mice expressing
mutant TBP fragments lacking an intact C-terminal DNA-
binding domain showed much more severe neurological
symptoms, dying as early as 3 weeks [28]. This truncated
mutant TBP forms aggregates more readily than full-length
mutant TBP in transfected cells [28]. This phenomenon sug-
gests that mutant TBP can induce neurotoxicity without bind-
ing to DNA and that truncated TBP is more toxic than full-
length TBP [30]. Thus, like other polyQ proteins, mutant TBP
exhibits its toxicity to different extents as determined by CAG
repeat length, expression level, and the context of the mutant
proteins.

Accumulation of mutant TBP in the brain is age-depen-
dent, which also supports the theory that the age-dependent
decrease in clearing misfolded proteins accounts for the accu-
mulation of polyQ proteins in aged brains [32]. Using condi-
tional expression of mutant TBP in SCA17 knock-in mice at
different ages, Yang et al. reported that older SCA17 mice
experienced earlier neurological symptom onset and more se-
vere Purkinje cell degeneration [32]. This study also revealed
age-related decreases in Hsc70 and chaperone activity in
mouse brains, with broad implications for the age-dependent
accumulation of polyQ proteins and associated toxicity.

Expression of mutant TBP appears to lead to two important
consequences. One is the formation of nuclear aggregates or
inclusions (NIIs); the other is the reduction of endogenous
normal TBP [26, 28, 31]. For NIIs, their roles remain to be
defined, as both toxic and beneficial effects of NIIs have been
reported [33–36]. Despite the undefined role of NIIs, the ap-
pearance of NIIs reflects the accumulation of mutant polyQ
proteins and is correlated with disease progression. The reduc-
tion of endogenous normal TBP in SCA17mice is interesting.

Q. Liu et al.1098



It is quite likely that the expression level of TBP is vitally
important for its critical function, such that its expression
has to be tightly regulated. Mutant TBP with an expanded
polyQ repeat is still able to function as a transcription factor
[30, 31]. Mutant TBP is possibly more stable than normal
TBP, meaning its accumulation in aged neurons may trigger
intracellular self-regulation to further reduce the level of nor-
mal TBP. As a result of decreased expression of normal TBP,
loss of function of normal TBP could potentially contribute to
SCA17 pathogenesis (Fig. 1).

SCA17 Animal Models

Pathology in SCA17 Animal Models

Generation of SCA17 animal models that express mutant TBP
with different polyQ repeat lengths allowed for the investiga-
tion of polyQ repeat-dependent pathology (Table 1). SCA17
animal models, including mice and rats that carry expanded
CAG repeats in the TBP gene, recapitulate the Purkinje cell

degeneration seen in patients with SCA17 [27, 28, 37, 39].
Consistently, motor dysfunction and abnormal gait were
found in these transgenic SCA17 animals. Compared to other
brain regions, Purkinje cells in the cerebellum appear to be
primarily affected in SCA17 rodent models.

One significant concern about using transgenic mouse
models to study SCA17 pathogenesis is the ectopic overex-
pression of mutant TBP controlled by exogenous promoters
[28], as this transgenic overexpression of polyQ proteins may
lead to phenotypes that do not exist in patients, in whom only
one copy of mutant TBP is expressed. A SCA17 knock-in
mouse model was therefore next generated using the Cre-
loxP technique, which allows for tissue- and time-specific
expression of mutant TBP [31, 32]. In the knock-in mouse
model, the mouse TBP exon 2 was replaced by human TBP
exon 2 carrying 105 CAGs [26]. When mutant TBP’s expres-
sion is restricted to neurons, the knock-in mouse model had
similar but later-onset and milder phenotypes compared with
transgenic mouse models [26]; however, when mutant TBP is
ubiquitously expressed via germline transmission, mutant
TBP was found to preferentially accumulate in the nuclei of

TBP

(CAACAG)n

Transcriptional
dysregulation TrkA signaling

Notch signalingMuscle function
Chaperone system
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Fig. 1 The pathogenesis of SCA17. PolyQ expansion alters the
association of TBP with transcription factors in the nucleus. Mutant
TBP binds less to XBP1 and MyoD, affecting the formation of
transcriptional complexes or their association with the DNA promoter

and leading to transcriptional dysregulation. Mutant TBP can also bind
more tightly to the transcription factors (NF-Y, TFIIB, RBP-J/Su (H),
SP1), thereby sequestering them and interrupting their transcriptional
functions
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neuronal and muscle cells and yielded polyQ length-
dependent toxic effects in the brain and muscle tissues [31].
SCA17 knock-in mice that express mutant TBP with 105Q
ubiquitously throughout the whole body first show striking
muscle degeneration at 3 months of age, characterized by
muscle fragmentation and multiple internalized or centralized
nuclei, a marker of regeneration after degeneration of muscle
cells [31]. Furthermore, electron microscopy examination re-
vealed disorganized muscle fibers, Z-band disruption, sarco-
mere destruction, and enlarged mitochondria [31]. The more
rigorous evidence for the primary effects of mutant TBP in
muscles is that conditional SCA17 knock-in mice selectively
expressing mutant TBP in muscle cells also showed muscle
phenotypes similar to TBP-105Q KI mice. Both SCA17
knock-in mouse models display nuclear aggregates, age-
dependent body weight loss, movement abnormalities, and
early death [31].

The striking muscle degeneration highlights the impor-
tance of polyQ protein toxicity in peripheral tissues.
Mounting evidence also indicates that expanded polyQ pro-
teins can affect muscle function in spinal and bulbar muscular
atrophy (SBMA), Huntington’s disease (HD), and
dentatorubral-pallidoluysian atrophy (DRPLA) [40]. It should
be noted that the muscle atrophy phenotype occurs in SCA17
mice that express mutant TBP with a large repeat in muscle
cells. Other transgenic SCA17 mice without this peripheral
phenotype could be because mutant TBP with a large polyQ
repeat was not expressed in their muscle cells. There have,
however, been no reports of muscle atrophy or related symp-
toms in adult-onset SCA17 patients who carry polyQ repeats
shorter than 55 glutamines. The unique phenotype in the pe-
ripheral tissues caused by mutant TBP with 105Q may repre-
sent symptoms and pathology in juvenile patients with larger
polyQ repeats, whose symptoms are distinct from those seen
in adult-onset patients [8]. Despite the rarity of SCA17 cases
and lack of muscle biopsy studies of juvenile SCA17 patients,
two cases of juvenile-onset SCA17 patients carrying 63Q or
66Q of TBPwere found to have gait abnormalities and muscle
weakness at age 13 or younger, and the muscle weakness was
characterized as impaired laryngeal and sphincter muscle
function leading to dysphagia, dysarthria, and difficulty walk-
ing [2, 8]. Thus, both neurodegeneration and muscle atrophy
in SCA17 mice clearly demonstrate cell type- and polyQ re-
peat length-dependent pathology in polyQ diseases.

Transcriptional Alterations

Because TBP is a general transcription factor that plays im-
portant roles in mediating transcription by all three nuclear
RNA polymerases [41], the primary mechanism of pathogen-
esis in SCA17 was thought to be altered transcription by the
expanded polyQ repeat in TBP. Different disease models, in-
cluding cells [42], Drosophila [29], and rodents [26–28, 30,

31], have provided valuable information for our understand-
ing of SCA17 pathogenesis. In vitro studies suggest that N-
terminal polyQ expansion may change the conformation of
TBP to affect its DNA-binding ability [23, 30]. It is well
known that the abnormal interaction of mutant polyQ proteins
with various transcription factors can cause transcriptional
dysregulation [43]. Expanded polyQ tracts enhanced the in-
teraction of TBP with the general transcription factor IIB
(TFIIB), and immunofluorescent results showed the
colocalization of TFIIB with nuclear TBP aggregates in the
cerebellum of TBP-105Q mice [28]. For example, TFIIB was
sequestered to the TBP inclusions, reducing TFIIB occupancy
of the Hspb1 promoter and leading to downregulation of
HSPB1, a small heat shock protein. Decreased HSPB1 ex-
pression inhibited neurite outgrowth, whereas overexpression
of HSPB1 or TFIIB could alleviate neuronal defects [28].

In a conditional knock-in mouse model expressing TBP-
105Q selectively in neuronal cells, which exhibit age-
dependent and progressive neurological phenotypes, mutant
TBP binds more tightly to the transcription factor nuclear
factor Y (NF-Y), a master regulator of the chaperone system
[26]. NF-Y is also colocalized with nuclear TBP inclusions,
suggesting that mutant TBP could sequester NF-Y to impair
NF-Y-mediated expression of chaperones, such as Hsp70,
Hsp25, and HspA5 [26].

In a cellular model of SCA17, TBP-105Q-expressing cells
showed a greater decrease in viability and greater damaged
neurite outgrowth [42]. Soluble mutant TBP bound more SP1
and inhibited its activity on the expression of TrkA, a nerve
growth factor receptor. Decreased expression of TrkA was
found in both the cerebellum of SCA17 mice and TBP-
105Q cells [42]. In a transgenic Drosophila model of
SCA17 expressing mutant human TBP with 80Q tracts,
(hTBP80Q), a transcription factor, RBP-J/Su(H), which con-
tains Q/N-rich domains, interacted more efficiently with mu-
tant TBP than wild-type TBP [29]. RBP-J/Su(H) participates
in Notch signaling, and dysfunction of RBP-J/Su(H) contrib-
uted to hTBP80Q-induced phenotypes, including progressive
retinal degeneration, late-onset locomotor impairment, and
early mortality [29].

The enhanced interaction of mutant TBP with other tran-
scription factors may sequester them from their functional
locations and interrupt their normal transcriptional functions
to mediate gain-of-toxic-function. The transcriptional dysreg-
ulation can also be caused by loss of function of TBP due to
expanded polyQ repeats, which is well evidenced by reduced
transcription of MANF in SCA17 KI mice [32]. MANF is an
ER stress-inducible protein enriched in Purkinje cells, and
there is an ER stress response element in the promoter region
of MANF that can be recognized by transcriptional factor
XBP1 during ER stress. TBP and XBP1 are reported to be
present in the same transcriptional complex to mediate the
expression of MANF [44] but mutant TBP has a decreased
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association with XBP1, therefore resulting in the decreased
expression of MANF [32].

In terms of muscle atrophy, this phenotype seems to be
caused by reduced expression of muscle-specific genes in
SCA17 knock-in mice. TBP is reported to interact with
MyoD, a muscle-specific transcription factor, to stabilize its
binding to the DNA promoter. In SCA17 KI mice, a reduced
association of mutant TBP with MyoD leads to decreased
protein levels of MyoD by promoting its degradation.
Meanwhile, the decreased interaction also affected the associ-
ation ofMyoDwith the DNA promoter to reduce its transcrip-
tional activity. These effects synergistically resulted in re-
duced muscle-specific gene expression, as well as muscle de-
generation [31]. Strikingly, the larger polyQ repeat of TBP
caused a greater reduction in the association of TBP with
MyoD. Consistently, when comparing muscle histology after
injecting virus expressing TBP with different polyQ repeats,
the larger polyQ repeat showed more severe muscle degener-
ation, indicating that muscle atrophy phenotypes are depen-
dent on the length of the polyQ repeat [31].

Taken together, because TBP binds DNA and a variety of
transcription factors, polyQ expansion in TBP is likely to af-
fect its association with DNA and transcription factors. The
gene transcriptional dysregulation outcome is dependent on
the polyQ repeat length in TBP, cell type-specific transcription
factors associated with TBP, and DNA promoter regions that
can recruit TBP and its interacting proteins. In addition to this
complexity of TBP-mediated gene transcription, the cell type-
dependent capacity to turn over or remove misfolded TBP
could also contribute to cell type-specific pathology in
SCA17.

Therapeutics

Studies of the pathogenesis of SCA17 using cellular and ani-
mal models have indicated that the transcriptional dysregula-
tion caused by mutant TBP is the key pathological event.
Based on this, there are at least two therapeutic strategies for
SCA17. One is to reverse the transcriptional alterations in-
duced bymutant TBP, and the other is to reduce levels of toxic
mutant TBP.

Reverse Transcriptional Alterations

Transcriptional dysregulation in SCA17 is due largely to the
misfolding of mutant TBP with an expanded polyQ repeat.
Prevention or reduction of this misfolding is therefore presum-
ably beneficial to alleviate mutant TBP toxicity. The chaper-
one system, which can refold proteins correctly, is reported to
alleviate mutant TBP-induced neuronal defects [28]. Another
study found that NC009-1, an indole compound, could reduce
polyQ aggregation and promote neurite outgrowth in a
SCA17 cell model by upregulating HSPB1 expression [45].

Furthermore, NC009-1 could reduce polyQ aggregation in
Purkinje cells and ameliorated behavioral deficits in SCA17
transgenic mice [45]. There are also some other drugs that can
alleviate mutant TBP-induced neurotoxicity by increasing the
levels of NFYA or Hsp70 [46, 47]. Increasing the expression
of specific molecular chaperones or quality control ubiquitin
ligases are expected to help protein folding and have been
found to alleviate disease phenotypes in a variety of cellular
and animal models of polyQ diseases [45–50].

Among many downstream molecules associated with al-
tered gene transcription in SCA17 cellular and mouse models,
MANF is a promising one that can serve as a therapeutic
target. In SCA17 KI mice, expression of MANF is downreg-
ulated, owing to the decreased transcriptional activity of
XBP1 caused by mutant TBP [32]. MANF functions extracel-
lularly as a neuronal protective factor through PKC signaling
and also acts intracellularly as an ER stress-inducible protein
[32, 51]. Overexpression of MANF can successfully amelio-
rate mutant TBP-mediated Purkinje cell degeneration and oth-
er pathological phenotypes [32]. Thus, drugs and chemicals
capable of upregulating MANF levels can be used to test their
therapeutic effects. Indeed, a large-scale screening study iden-
tified an FDA-approved chemical, piperine, which could in-
crease the expression of MANF and reduce cellular ER stress.
Treating SCA17KImice with piperine significantly improved
both behavioral performances and neuropathology [52]. This
protection is also consistent with the anti-inflammatory effect
of piperine [38, 53, 54]. Uncovering the therapeutic effect of
piperine opens up a new avenue to search for other drugs with
similar structure and function that can more efficiently treat
SCA17 or other diseases that are also caused by misfolded
polyQ proteins. Drugs that have been used for treating
SCA17 cellular and mouse models are listed in Table 2.

Reducing Mutant TBP

Because mutant TBP leads to complex toxicity by affecting
multiple gene transcriptions, reducing the level of toxic mu-
tant TBP should be a more effective therapeutic strategy.
Although currently such a strategy has not been used in
SCA17 models, it has been tested in other polyQ disease
models [57]. Using CRISPR-Cas9, antisense oligonucleotides
(ASOs), small interfering RNAs (siRNAs), short hairpin
RNAs (shRNAs), or artificial microRNAs (miRNAs) to
knock down RNA of disease genes has shown promising
therapeutic efficacy in animal models of polyQ diseases, such
as HD [58, 59], SCA3 [60], SCA6 [61], and SCA7 [62].
Compared to therapeutic strategies that require continuous
administration of therapeutic agents into the brain, CRISPR-
Cas9-mediated gene targeting appears to be more efficient, as
this gene editing method can permanently deplete the expres-
sion of mutant proteins. Stereotaxic injection of viral vectors
expressing CRSIPR-Cas9 in the mouse brain has been used to
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treat HD mice and yielded promising therapeutic effects [58];
however, there are still some challenges with gene editing
approaches, including brain delivery efficiency and off-target
effects [63]. In addition, because TBP is very important for
transcription and its expression is tightly regulated, mutant
allele-specific silencing of TBP is highly recommended when
treating SCA17. Given that TBP is a well-characterized tran-
scription factor, SCA17 would provide us with an ideal model
to test whether selective removal of the polyQ repeat in TBP
via CRISPR-Cas9 would beneficially eliminate polyQ toxici-
ty without significantly affecting the important function of
TBP.

Because of the strikingmuscle pathology in SCA17 knock-
in mice, they also provide us with an excellent model to test
therapeutics on the peripheral pathology caused by mutant
polyQ proteins. Targeting the mutant polyQ protein itself as
the proximal mediator of disease has attracted much recent
attention. In the SBMA disease mouse model, gene silencing
techniques, such as antisense oligonucleotides and the Cre-
loxP system, were applied to selectively suppress the expres-
sion of mutant polyQ-AR in skeletal muscle [64, 65]. Because
CRISPR-Cas9 expression in muscle cells is readily achieved
by viral transduction, CRISPR-Cas9 would make a very use-
ful tool to assess whether removing the CAG repeat or part of
the polyQ disease gene in SCA17 mice can successfully
achieve a therapeutic goal.

Conclusions

Although SCA17 is a rare disease, mouse models of it would
be highly valuable for investigating the pathogenesis of the
polyQ diseases. This is because the function of TBP is well
characterized, enabling the study of how polyQ repeat

expansion affects important protein function. In particular,
the transcriptional function of TBP allows us to investigate
how polyQ expansion affects gene transcription, an important
pathogenic mechanism that also underlies other polyQ dis-
eases. The repeat length-dependent phenotypes, as well as
specific pathology in the brain and muscle of SCA17 mice,
provide important pathological targets for developing effec-
tive therapeutic strategies. Some promising therapeutic ap-
proaches, such as inhibiting protein misfolding by drugs and
reducing the expression of the disease genes by antisense ol-
igonucleotides or CRISPR-Cas9, can also be applied to ani-
mal models of SCA17. Success in treating SCA17 animal
models would have broad implications for developing effec-
tive treatments for other polyQ diseases.
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