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Cerebellum-enriched protein INPP5A contributes
to selective neuropathology in mouse model
of spinocerebellar ataxias type 17
Qiong Liu1,2, Shanshan Huang3, Peng Yin4, Su Yang4, Jennifer Zhang2, Liang Jing5, Siying Cheng1,2,

Beisha Tang1,6,7, Xiao-Jiang Li4, Yongcheng Pan1,2✉ & Shihua Li 4✉

Spinocerebellar ataxias 17 (SCA17) is caused by polyglutamine (polyQ) expansion in the

TATA box-binding protein (TBP). The selective neurodegeneration in the cerebellum in

SCA17 raises the question of why ubiquitously expressed polyQ proteins can cause neuro-

degeneration in distinct brain regions in different polyQ diseases. By expressing mutant TBP

in different brain regions in adult wild-type mice via stereotaxic injection of adeno-associated

virus, we found that adult cerebellar neurons are particularly vulnerable to mutant TBP. In

SCA17 knock-in mice, mutant TBP inhibits SP1-mediated gene transcription to down-regulate

INPP5A, a protein that is highly abundant in the cerebellum. CRISPR/Cas9-mediated deletion

of Inpp5a in the cerebellum of wild-type mice leads to Purkinje cell degeneration, and Inpp5a

overexpression decreases inositol 1,4,5-trisphosphate (IP3) levels and ameliorates Purkinje

cell degeneration in SCA17 knock-in mice. Our findings demonstrate the important con-

tribution of a tissue-specific protein to the polyQ protein-mediated selective neuropathology.
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Polyglutamine (polyQ) disorders are a group of neurode-
generative diseases caused by a CAG trinucleotide repeat
expansion that encodes for an expanded polyQ tract in

disease proteins1. To date, nine polyQ disorders have been
identified: six spinocerebellar ataxias (SCA) types 1, 2, 3, 6, 7, 17;
Huntington’s disease (HD); dentatorubral–pallidoluysian atro-
phy; and spinobulbar muscular atrophy1,2. An interesting
pathological feature of polyQ diseases is that the widely expressed
expanded polyQ proteins cause selective neurodegeneration in
distinct brain regions in each disease3. For example, HD is
characterized by preferential loss of the medium spiny neurons in
the striatum4,5, while most SCA diseases show atrophy in the
cerebellum and severe loss of Purkinje cells2,6,7. The selective
neurodegeneration in polyQ diseases resembles the neuronal
vulnerability in other age-dependent neurodegenerative diseases
such as Alzheimer’s and Parkinson’s disorders and highlights the
importance in understanding its mechanism in order to develop
effective treatment for neurodegeneration.

However, despite the monogenic nature of polyQ diseases,
understanding the selective neurodegeneration in these diseases
has proven to be extremely challenging. This is because the
function of most polyQ proteins remains to be defined. Thus
investigating polyQ expansion in a well-characterized protein
would provide a better opportunity to understand polyQ disease
pathogenesis and overcome previous challenges. Spinocerebellar
ataxias type 17 (SCA17) is caused by polyQ expansion (>41
glutamines) in the TATA box-binding protein (TBP)8–11. TBP is
a well-characterized transcription initiation factor that plays a
pivotal role in the activation of eukaryotic genes transcribed by
RNA polymerase II12–14. Similar to other polyQ disease proteins,
mutant TBP is expressed ubiquitously throughout the brain and
peripheral tissues but preferentially causes neurodegeneration in
the cerebellum8,15. Given the well-characterized function of TBP
and the distinct cerebellar degeneration in SCA17, SCA17 could
be an ideal disease model for investigating the mechanism
underlying the selective neuropathology, which would also have
important implications for understanding the pathogenesis of
other SCA diseases.

In the present study, we used SCA17 mice to explore how
mutant TBP selectively affects the cerebellum and Purkinje cells.
By expressing mutant TBP via adeno-associated viruses (AAV) in
different brain regions in wild-type (WT) mice, we found that the
cerebellum is the most vulnerable brain region. Using SCA17
knock-in mice that endogenously express mutant TBP, we found
that INPP5A, a protein that is highly abundant in the cerebellum
and functions as a terminator of the inositol 1,4,5-trisphosphate
(IP3) second messenger16–18, is downregulated. This was caused
by the abnormal binding of mutant TBP to the transcription
factor SP1, leading to reduced Inpp5a transcription. Furthermore,
altering INPP5A in the cerebellum can modulate IP3 levels and
cerebellum degeneration in SCA17 knock-in mice. These findings
uncover a tissue-specific protein that plays a critical role in the
pronounced pathology in the cerebellum and also provide a
therapeutic target in SCA diseases.

Results
Overexpressed mutant TBP preferentially affects Purkinje cells
in the cerebellum. It is known that polyQ disease neuropathology
is dependent on polyQ repeat length, mutant protein expression
levels, and cell types. Because expression levels of mutant proteins
can vary in different types of cells, whether polyQ-related neu-
ropathology is brain-region-dependent remains to be defined.
This issue can be addressed by using stereotaxic injection of
adenoviral vector (AAV) expressing the same amounts of mutant
TBP in different mouse brain regions, which can avoid the

influence of intrinsically diverse expression levels of mutant TBP
in distinct brain regions. To this end, we generated AAV-TBP
expressing mutant TBP with different polyQ repeat length (TBP-
13Q, -44Q, -68Q, and -105Q) and tested their expression in
cultured human embryonic kidney 293 (HEK293) cells (Fig. 1a).
Western blotting confirmed that mutant TBP proteins with a
series of polyQ repeats were expressed with the expected sizes and
at similar levels (Fig. 1b). These viral vectors were packaged into
AAV9 viruses and then stereotaxically injected into the cere-
bellum, striatum, and prefrontal cortex in WT mice (Fig. 1c).
Immunofluorescent staining of TBP verified the expression of
AAV-TBP in the injected brain areas (Supplementary Fig. 1a).

PolyQ protein toxicity is reflected by its misfolding, which can
result in aggregates. We compared mutant TBP aggregates in
different brain regions and found that TBP aggregation is
increased by a large repeat (105Q) in the prefrontal cortex,
striatum, and cerebellum, which is evident by pronounced
aggregates formed by TBP-105Q (Fig. 1d–f). However, mutant
TBP-68Q appeared to form aggregates only in the cerebellum, but
not in the prefrontal cortex and striatum, which was confirmed
by quantifying the aggregate density in these brain regions
(Fig. 1g). These results suggest that polyQ expansion promotes
TBP to preferentially form aggregates in the cerebellum even with
smaller repeat lengths.

Next, we wanted to examine whether mutant TBP also
differentially affects different types of neuronal cells when same
amount of AAV-TBP was used for transduction for the same
period length of time. Double immunofluorescent staining clearly
showed that mutant TBP-44Q could reduce the number of
Purkinje cells, which are labeled by calbindin, in the cerebellum to
the same extent as TBP-68Q and TBP-105Q (Fig. 2a). However,
only TBP-105Q could drastically diminish the number of NeuN-
positive cells in the cerebellum, suggesting that only TBP with a
very large polyQ repeat could affect different types of neurons
(Fig. 2a). Nissl staining also confirmed that only TBP-105Q
decreased the number of granular cells in the cerebellum
(Supplementary Fig. 1b, c). In the striatum, TBP-68Q and TBP-
105Q dramatically reduced the number of DARPP32-positive
cells (Fig. 2b), while mutant TBP with different polyQ repeats
slightly reduced the number of NeuN-positive cells in the
prefrontal cortex (Fig. 2c). The differential effects of polyQ
length-dependent neurotoxicity in brain regions were validated
by quantifying the numbers of neurons that were identified by
cell-type-specific antibodies (Fig. 2d).

Reactive astrocytes are another hallmark of neurodegenerative
diseases and can be assessed by astrocyte marker glial fibrillary
acidic protein (GFAP) staining19–21. In the cerebellum, compared
with TBP-13Q, both TBP-68Q and TBP-105Q caused signifi-
cantly increased GFAP staining, while TBP-44Q only slightly
increased astrocyte reactivity (Supplementary Fig. 2a). Consistent
with less severe effects of mutant TBP in the striatum and
prefrontal cortex, only a slight increase in reactive astrocytes was
seen in these two brain regions (Supplementary Fig. 2b–d). Taken
together, our results indicated that the cerebellum is the most
vulnerable brain region to mutant TBP toxicity and Purkinje cells
are preferentially affected by mutant TBP.

Selective neuronal loss is also caused by endogenously
expressed mutant TBP. It is important to validate the differential
effects of mutant TBP in various brain regions when mutant TBP
is expressed at the endogenous level. We therefore examined the
previously generated SCA17 knock-in mouse model that endo-
genously expresses full-length mutant TBP-105Q22. TBP-105Q
readily forms aggregates in adult SCA17 mice to the extent that
western blotting is only able to detect aggregated proteins and
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unable to detect soluble mutant TBP in brain tissues22. Consistent
with our earlier results from AAV-TBP-injected mice, western
blotting showed that endogenous mutant TBP is more likely to
aggregate in the cerebellum than in the striatum and prefrontal
cortex in 3-month-old SCA17 knock-in mice (Fig. 3a). We then

compared neuronal vulnerability in different brain regions in
SCA17 mice. Because Purkinje cells are specifically localized
between the molecular layer and granule layer in the cerebellum,
immunofluorescent staining of calbindin-positive cells can
determine whether there is loss of Purkinje cells. This staining
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clearly showed a drastic loss of Purkinje cells in SCA17 knock-in
cerebellum as compared with WT control (Fig. 3b). We also
performed western blotting of calbindin, which allowed for
quantitative analysis of the relative level of calbindin, and found a
significant reduction (Fig. 3c). However, NeuN expression in the
cerebellum was not affected by endogenously expressed mutant
TBP (Fig. 3c). In the striatum, reduced DARPP32 protein level
was also seen in the striatum of 5-month-old SCA17 knock-in
mice (Fig. 3d). Moreover, immunofluorescent staining showed a
slightly but significantly reduced number of DARPP32-positive
cells (Fig. 3e). However, NeuN expression in the prefrontal cortex
was not changed (Fig. 3f). These results suggest that mutant TBP
at the endogenous level also preferentially affects Purkinje cells
and striatal cells, which is consistent with the selective loss of
Purkinje cells and degeneration of striatal neuronal cells in
SCA17 patients8,15.

Cerebellum-enriched INPP5A is downregulated in SCA17
knock-in mice. The above results suggest that the most promi-
nent neuronal degeneration in SCA17 knock-in mice occurs in
the cerebellum. Given that TBP is a ubiquitously expressed
transcription factor, the selective neurotoxicity of mutant TBP
could involve the alteration in the expression or function of
tissue-specific proteins. To identify such targets, RNA sequencing
was performed using cerebellum, striatum, and prefrontal cortex

tissues from 3-month-old SCA17 knock-in mice and WT litter-
mates (Fig. 4a). As expected, the cerebellum from SCA17 knock-
in mice displayed the greatest number of differentially expressed
genes, while the prefrontal cortex had the least number of affected
genes (Fig. 4b, Supplementary Data 1). Gene set enrichment
analyses were performed on the differentially expressed genes in
different brain regions (Supplementary Fig. 3). Interestingly, the
28 genes that were upregulated in all three brain regions (Fig. 4c)
were enriched in immune-related pathways (Supplementary
Fig. 3g), which is consistent with increased reactive astrogliosis in
AAV-TBP-injected mouse brains (Supplementary Fig. 2).

RNA sequencing identified 245 cerebellar specifically dysregu-
lated genes (110 upregulated genes and 145 downregulated
genes). However, all of the 110 upregulated genes were expressed
at the comparable level in three brain regions and are involved in
immune-related pathway (Supplementary Data 1, Supplementary
Fig. 3a). Therefore, we focused on the 145 specifically down-
regulated genes and ranked them based on their abundance and
specificity in the cerebellum (Supplementary Data 1). Among
these genes, Inpp5a is an interesting candidate gene because of its
selective expression in the cerebellum. INPP5A protein is the
major enzyme that hydrolyzes IP3, an intracellular messenger that
increases intracellular calcium to mediate cell responses to
various stimulations16,23,24. Inpp5a deletion was also reported
to cause ataxia in mice25. The Inpp5a gene has three different
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splicing isoforms, named A, B, and C, encoding predicted
proteins of 412aa, 422aa, and 420aa, respectively (Supplementary
Fig. 4a). Sequence alignment reveals that isoform A has a distinct
C terminus, whereas isoform C has a unique N terminus. PCR
studies using isoform-specific primers showed that isoforms (A
and C) are highly expressed in the cerebellum compared to the
prefrontal cortex. However, isoform C is expressed at a very low
level in both the cerebellum and cortex (Supplementary Fig. 4b,
c), whereas isoform A is much more abundant in the cerebellum
than in the cortex. Western blotting also revealed that, among all
the tissues examined, Inpp5a is expressed at a much higher level
in the cerebellum (Fig. 4d).

RNA sequencing results showed that Inpp5a, but not other
Inpp5 paralogs (Supplementary Fig. 4d), was significantly
decreased in the SCA17 knock-in mouse cerebellum compared
to the WT littermates. Real-time PCR assay verified the decreased
level of Inpp5a transcripts in the cerebellum but not in the
striatum and prefrontal cortex in SCA17 knock-in mice (Fig. 4e).
Moreover, western blotting results showed that INPP5A was
significantly reduced in the cerebellum of SCA17 knock-in mice
(Fig. 4f). Immunofluorescent staining demonstrated that INPP5A
is highly expressed in Purkinje cells in WT mice but is markedly
decreased in SCA17 knock-in mice (Fig. 4g). These results
suggested that mutant TBP reduces the expression of Inpp5a
mRNA, leading to a decrease in its protein level.

Expanded polyQ affects the interaction between TBP and SP1
and impairs the transcription of Inpp5a. Given that Inpp5a is
highly expressed in Purkinje cells and its deletion is associated
with ataxia phenotypes in mice25, we then explored how mutant
TBP can affect Inpp5a transcription. Since there is no TATA box
sequence present in the Inpp5a promoter proximal region,
mutant TBP may not directly bind to its promoter to inhibit its
transcription. However, we found several sites that can bind zinc
finger transcription factor SP1, which showed higher scores for
the potential to regulate Inpp5a (Supplementary Table 1).

Mutant TBP has been reported to bind to SP1 to affect gene
expression in cultured cells26. We performed chromatin immu-
noprecipitation (ChIP) in Neuro2a cells, which had been
transfected with SP1 and TBP (either 13Q or 105Q) plasmids,
and investigated whether the binding efficiency of SP1 to the two
Inpp5a isoform (A and C) promoters was affected by mutant
TBP. In the presence of mutant TBP, there was a significant
reduction in the association of SP1 with the endogenous Inpp5a
isoform A promoter compared with the control proliferating cell
nuclear antigen (PCNA) promoter. However, there was a slight
but not significant decreased association with Inpp5a isoform C
promoter (Fig. 5a). Since there was only one SP1-binding site in
the remote region of Inpp5a isoform C promoter and the
expression of isoform C was low (Supplementary Fig. 4b, c), we
then focused on isoform A and refer to Inpp5a isoform A as
Inpp5a unless otherwise stated.

To functionally assess the effect of mutant TBP on the
transcription of Inpp5a, we generated a luciferase reporter vector
(Fig. 5b) to express luciferase under the control of the proximal
promoter of Inpp5a (−1419 to −109). TBP stably transfected
PC12 cell lines (13Q or 105Q) were transfected with SP1 or green
fluorescent protein (GFP) plasmid (Fig. 5c). As expected,
overexpression of SP1 dramatically enhanced luciferase intensity,
indicating that SP1 indeed activates Inpp5a transcription (Fig. 5d).
Moreover, TBP-105Q cell lines yielded a much lower level of
transcriptional activity compared to TBP-13Q cells (Fig. 5d).
Furthermore, transiently transfected HEK293 cells expressing the
Inpp5a promoter reporter and SP1 plus TBP-13Q or TBP-105Q
confirmed the decreased activity of this reporter in the presence

of mutant TBP-105Q (Fig. 5e, f). In addition, TBP-44Q and TBP-
68Q also significantly affected the SP1-mediated Inpp5a tran-
scriptional activity (Supplementary Fig. 5).

We then wanted to know whether mutant TBP bound more
tightly to SP1 to affect Inpp5a expression. To this end, HEK293
cells were transfected with SP1 and TBP-13Q or TBP-105Q. Co-
immunoprecipitation showed that significantly more TBP-105Q
than TBP-13Q was coprecipitated with SP1 (Fig. 5g), suggesting
that polyQ expansion enhances the binding of SP1 with mutant
TBP and may impair SP1 binding to the Inpp5a promoter region,
leading to the reduction of Inpp5a transcription. To provide
in vivo evidence for this idea, immunoprecipitation using anti-
TBP antibody was performed with cerebellar extracts from WT
and SCA17 knock-in mice. More SP1 was precipitated from
SCA17 knock-in mouse brain compared to the brain lysates from
WT mice (Fig. 5h). Taken together, the above results suggest that
SP1 is involved in transcriptional regulation of Inpp5a and
mutant TBP could inhibit the transcriptional activity of SP1
through its abnormal interaction.

Knockdown of Inpp5a leads to loss of Purkinje cells while
overexpression of Inpp5a could ameliorate Purkinje cell
degeneration. Previous studies have shown that Inpp5a deletion
generated by gene-trap insertion causes perinatal lethality and
cerebellar degeneration in a mouse model with mixed genetic
background25. However, earlier literature indicates that gene-trap
insertion for generating gene deletion based on mixed genetic
background would affect phenotypes27. Thus whether Inpp5a
knockdown in adult mouse brain could induce Purkinje cell
degeneration is still inconclusive. We used CRISPR/Cas9 editing
method to knockdown Inpp5a in adult mouse brain by stereotaxic
injection of AAV viruses carrying Inpp5a guide RNAs (gRNAs)
into the cerebellum of Cas9 transgenic mice (Fig. 6a). Cas9
transgenic mice were generated by crossing EIIa-Cre mice with
conditional Cas9 mice that were obtained from the Jackson
Laboratory and described previously28. The efficiency of gRNAs
targeting Inpp5a was verified by T7 Endonuclease I assay before
virus packaging (Supplementary Fig. 6a). Inpp5a gRNA or control
gRNA virus was bilaterally injected into the cerebellum of Cas9
transgenic mice. After 4 weeks, brain tissues were isolated for
analysis. Western blotting showed that the level of INPP5A was
dramatically reduced in the Inpp5a gRNA-injected side compared
to the control side injected with control viruses (Fig. 6b). Since
AAV vector also expressed red fluorescent protein (RFP), we
performed double immunofluorescent staining of the injected
mouse cerebellum. Knockdown of Inpp5a led to an obvious
reduction in calbindin-labeled Purkinje cell density (Fig. 6c,
Supplementary Fig. 6b).

Since Inpp5a knockdown in the cerebellum reduced Purkinje
cell numbers, it is possible that overexpression of Inpp5a could
alleviate Purkinje cell degeneration. To test this idea, we
generated an AAV-Inpp5a expression vector to overexpress
mouse Inpp5a under the control of a CMV promoter (Fig. 6a).
We then injected AAV-Inpp5a or control AAV-GFP bilaterally
into the cerebellum of 4-month-old SCA17 knock-in mice. One
month after injection, brain tissues were collected and the
expression of Inpp5a or GFP was confirmed by western blotting
(Fig. 6d) and immunofluorescent staining (Fig. 6e). Overexpres-
sion of Inpp5a in SCA17 knock-in mouse brain increased the
number of calbindin-labeled Purkinje cells, while AAV-GFP-
injected SCA17 knock-in cerebellum still showed a significant
reduction of Purkinje cells (Fig. 6e), which was further confirmed
by Nissl staining (Supplementary Fig. 6c). Western blotting
analysis also showed the increased level of calbindin in the AAV-
Inpp5a-injected side (Fig. 6f). Quantitative analysis of calbindin-
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positive cells in immunofluorescent staining and the relative
expression level of calbindin in western blots also verified that
INPP5A is protective for Purkinje cells (Fig. 6g). All these results
confirmed the protective effect of INPP5A on mutant TBP
toxicity and its involvement in the Purkinje neuron degeneration.

Previous studies demonstrated the critical role of INPP5A in
regulating IP3 and intracellular calcium by terminating the IP3

signal16,29,30. Perturbation of IP3 signal has been implicated in the
pathogenesis of SCAs16,31–35. Therefore, we detected the IP3 level
using IP3 enzyme-linked immunosorbent assay (ELISA) assay.
We found that the IP3 level was significantly increased in adult
SCA17 knock-in cerebellar lysate (Fig. 6h, left). We further
examined the IP3 level after AAV-Inpp5a or AAV-GFP injection
into the cerebellum of adult SCA17 knock-in mice and found that
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and full blots are provided as a Source Data file.
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Inpp5a overexpression reduced IP3 level compared with the GFP-
injected side (Fig. 6h, right). In combination with the protective
effect of INPP5A against Purkinje cell degeneration, we propose
that INPP5A plays a critical role in selective neurodegeneration in
SCA17 because mutant TBP impairs its expression to affect IP3/
Ca2+ signal pathway, leading to Purkinje cell degeneration
(Fig. 6i).

Discussion
As an important transcription factor, TBP is essential for the
function and viability of a vast majority of cells. However, how
polyQ expansion in this ubiquitously expressed transcription
factor can cause selective cerebellar neuronal degeneration is still
unclear. In the current study, we provide strong evidence that this
selective vulnerability involves Inpp5a that is highly expressed in
Purkinje cells. Our findings highlight the importance of cell-type-
specific proteins for the selective neurodegeneration in polyQ
diseases.

Several lines of evidence in our findings support the critical role
of INPP5A in SCA17 pathogenesis. First, when mutant TBP is
overexpressed via AAV vector transduction or expressed at the
endogenous level in SCA17 knock-in mice, it preferentially affects
Purkinje cells, suggesting that Purkinje cell specific protein(s)
may be involved in this selective vulnerability. Second, western
blotting and immunofluorescence results indicated that Inpp5a is
highly expressed in the cerebellum, especially in Purkinje cells.
Third, INPP5A is reduced in SCA17 knock-in cerebellum, and
more importantly, mutant TBP binds SP1 to inhibit Inpp5a
transcription. Finally, knockdown of Inpp5a in the cerebellum of
WT mice led to Purkinje cell degeneration, whereas over-
expression of Inpp5a in the cerebellum of SCA17 knock-in mice
alleviated Purkinje cell degeneration.

INPP5A belongs to the inositol polyphosphate 5-phosphatase
family of enzymes that inactivate the second messenger molecules
IP3 in a signal terminating reaction16. IP3 binds to IP3R and
stimulates the transient release of Ca2+ from the endoplasmic
reticulum16,18,36. It is well documented that subtle changes in IP3/
Ca2+ signaling pathway causes abnormal alteration in intracel-
lular Ca2+, which contributes to the onset of a range of human
diseases, such as Alzheimer’s disease, amyotrophic lateral
sclerosis, and HD16,32, and some SCAs, like SCA2 and SCA334,37.
In our SCA17 KI mice, cerebellar IP3 level is increased
corresponding to the reduced INPP5A, while overexpression of
Inpp5a significantly decreased IP3 levels in the cerebellum.
Moreover, overexpression of Inpp5a alleviated Purkinje cell
degeneration in SCA17 mice. These results indicated that dysre-
gulated IP3 is involved in mutant TBP-induced selective cere-
bellar neurodegeneration.

Most SCA diseases share the common pathological feature in
Purkinje cells, but the underlying mechanism is still not clear.
Kasumu et al. reported that AAV-mediated expression of Inpp5a
could be used to prevent the onset of Purkinje cell dysfunction
and reduce Purkinje cell degeneration in SCA2-58Q mice38. In
our study, we provide direct evidence for the vital role of INPP5A
in the pathogenesis of SCA17, as knockdown of Inpp5a in the
cerebellum led to Purkinje cell degeneration but overexpression of
Inpp5a alleviated Purkinje cell degeneration. Since we also com-
pared mutant TBP-mediated neuropathology in different brain
regions and since INPP5A is enriched in the Purkinje cells, our
finding revealed its selective function in Purkinje cells, high-
lighting the importance of IP3/Ca2+ signaling pathway for SCAs.

In addition, the unique ability of Purkinje cells to deal with
misfolded polyQ proteins also contributes to selective vulner-
ability. By overexpressing mutant TBP in different brain regions,
we found that TBP-68Q can readily form aggregates in Purkinje

cells. Aggregated mutant TBP is unlikely to be as effective as
soluble mutant TBP to bind transcription factors and to affect
gene expression. Evidence supporting this idea includes the fact
that overexpressed TBP-44Q, which does not form obvious
aggregates in the cerebellum, still caused Purkinje cell degenera-
tion to the similar extent as overexpressed TBP-68Q and TBP-
105Q. Also, biochemical studies revealed that soluble mutant TBP
binds SP1 and reduces Inpp5a transcription. However, the extent
of aggregated polyQ proteins reflects the accumulation of mis-
folded proteins, which is a prerequisite for the toxicity of mutant
proteins, especially when expressed at the endogenous level.

Another interesting finding in our study is the striatal
pathology in SCA17. Overexpression of mutant TBP (TBP-68Q
and TBP-105Q) via AAV vector transduction reduced the num-
ber of DARPP32-positive cells. Meanwhile, both DARPP32 pro-
tein level and DARPP32-positive cells were also reduced in the
striatum of 5-month-old SCA17 knock-in mice. The reduced
number of DARPP32-positive neurons is consistent with the
degeneration of striatal neuronal cells in SCA17 patients. Gene set
enrichment analysis on striatum-specific differentiated genes
revealed that most downregulated genes are involved in calcium
transport or calcium transmembrane transport (Supplementary
Fig. 3d, k) or associated with striatal degeneration, mental
retardation, dyskinesia, ataxia, and epilepsy (such as Camk2b,
Pde10a, Kcnab1, Tomm70a, and Cacna2d3; Supplementary
Data 1). These findings may provide some clues for why
SCA17 shares striatal neuropathology and symptoms with HD39.
However, whether the striatal pathology in SCA17 is mediated by
the same mechanism underlying HD neuropathology remains to
be investigated.

In summary, our studies identified INPP5A as a cell-type-
specific protein that is highly abundant in Purkinje cells and is
involved in the selective pathogenesis of SCA17. This finding also
underscores the potential importance of other tissue-specific
proteins in the selective degeneration of distinct populations of
neuronal cells in polyQ diseases. Also, given that altered IP3/
calcium signaling is known to associate with ataxia, the identifi-
cation of INPP5A as the primary molecule involved in the
selective neurodegeneration in SCA17 provides a promising
therapeutic target for the treatment of SCA17 and perhaps other
diseases with ataxia as well.

Methods
Animals. All mice were maintained on a 12:12 h light/dark cycle (lights off at
7 p.m.). The temperature was maintained at 22 ± 1 °C with relative humidity
(30–70%). All animal procedures were performed in accordance with the NIH and
U.S. Public Health Service’s Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use Committee at Emory
University, which is accredited by the American Association for Accreditation of
Laboratory Care. The Tbp-105Q germline knock-in mice were generated as
described previously22. In brief, heterozygous TBP floxed mice were crossed with
EIIa-Cre transgenic mice and the resulting knock-in progeny was then crossed with
WT mice to obtain germline knock-in mice. Genotyping was performed by PCR
and agarose gel electrophoresis with TBP primers, Forward: 5’-CCA CAG CCT
ATT CAG AAC ACC-3’ and Reverse: 5’-AGA AGC TGG TGT GGC AGG AGT-3’.

Plasmids and viruses. The Inpp5a reporter plasmid was generated by cloning the
mouse Inpp5a promoter containing SP1 motif sequence GGGCGG from mouse
genomic DNA into the pGL4.14 vector using Kpn I and Hind III restriction sites
with primers Inpp5a reporter primers, Forward: 5’-CCA GAA CCC ATG CTA
TAA GAA GAG-3’ and Reverse: 5’-AAT CTA CAG ACT TGG GTC TTA GGC-3’.
The pRK5-SP1 plasmid and AAV-CMV-TBP-13Q/44Q/68Q/105Q plasmids were
generated in our previous studies40,41. AAV-CMV-Inpp5a plasmid was generated
by cloning cDNA of mouse Inpp5a isoform A from mouse first-strand cDNA into
the AAV-CMV vector using EcoR I and Xba I restriction sites with Inpp5a isoform
A primers, Forward: 5’-CCG GAA TTC ATG GCG GGG AAG GCG GCC GC-3’,
and Reverse: 5’-TGC TCT AGA TTA GGA GGA TGA GTT GGA TAC ACT GC-
3’. AAV-Inpp5a-gRNAs were generated by inserting gRNA into a modified PX552
vector42 via SapI restriction site. gRNA sequences are: Inpp5a gRNA-1: ATT TGG
AGG GAA AAA CTA CG agg and Inpp5a gRNA-2: TTT GTC CAC ATG GGA
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CAT GG agg and control gRNA: ACC GGA AGA GCG ACC TCT TCT (PAM
sequences are shown in lowercase; control gRNA was verified previously)42. All
constructs were confirmed by double direction Sanger sequencing. AAV serotype 9
viruses, including AAV-TBP-13Q/44Q/68Q/105Q, AAV-Inpp5a, AAV-GFP, and
AAV-gRNAs viruses were produced at the Viral Vector Core at Emory University.
The genomic titers of viruses were determined by PCR.

Antibodies. Primary antibodies used in this study include: 1TBP18 (QED
Bioscience, 70102, 1:1000), Calbindin (Millipore, ab1778, 1:1000), DARPP32
(Abcam, ab40801, 1:1000), NeuN (Cell Signaling Technology, 24307s, 1:2000), GFP
(BD Living Colors, 632376, 1:1000), RFP (Abcam, ab62341, 1:1000), vinculin (Cell
Signaling Technology, 13901, 1:5000), β-actin (Cell Signaling Technology, 4967L,
1:10,000), and INPP5A (Invitrogen, PA5-45906, 1:1000), SP1 (Santa Cruz, sc-
17824 X, 1:1000). Secondary antibodies were donkey anti-rabbit and donkey anti-
mouse Alexa Fluor 488 or 594 from Jackson ImmunoResearch.

Stereotaxic injection of AAVs into mouse brain. Stereotaxic surgery was per-
formed as described previously43. Briefly, the mice were anesthetized with 1.5%
isoflurane inhalation and stabilized on a stereotaxic instrument (David Kopf
Instruments). The location for cerebellum injection was determined according to
the distance from bregma: anterior–posterior=−6.3 mm, medial–lateral= ±1.7
mm, dorsal–ventral=−1.5 mm. For striatum: anterior–posterior= 0.55 mm,
medial–lateral= ±2 mm, dorsal–ventral=−3.5 mm. For prefrontal cortex:
anterior–posterior= 2 mm, medial–lateral= ± 0.25 mm, dorsal–ventral=−1.8
mm. Small holes were drilled in the skull, and a 30-gauge Hamilton microsyringe
connected to a syringe infusion pump (World Precision Instruments, USA) was
used to deliver the viruses at a speed of 200 nl/min. AAVs were injected unilaterally
or bilaterally into the brain regions as indicated. Meloxicam at 5 mg/kg was given
before surgery as an analgesic, and the mice were placed on a heated blanket to
recover from the anesthetic after surgery. Four to five mice per group were used for
stereotaxic injection.

Immunofluorescent staining. Mice were anesthetized and perfused intracardially
with 0.9% saline solution, followed by 4% paraformaldehyde in 0.1 M phosphate
buffer at pH 7.2. Brains were removed, cryoprotected in 30% sucrose at 4 °C, and
sectioned at 40 µm for subsequent immunofluorescence study: free-floating sec-
tions were permeabilized, blocked, and incubated with primary antibodies at 4 °C
overnight. After incubation with Alexa Fluor-conjugated secondary antibodies
(1:200) and 4′,6-diamidino-2-phenylindole (1:5000), the brain sections were
mounted to coated glass slides and visualized with a Zeiss scope.

Reverse transcriptase PCR and quantitative real-time PCR. Total RNA was
extracted from mice brain tissue using Trizol reagent (Invitrogen) according to the
manufacturer’s protocol. Complementary DNA (cDNA) was synthesized from
total RNA (2 μg) using a High Capacity cDNA Reverse Transcription Kit (4368814,
Applied Biosystems, Thermo Scientific) and oligo dT primers. For reverse tran-
scriptase PCR, dNTP, rTaq with matched reaction buffer from TaKaRa were used.
Quantitative PCR was carried out on a Master Cycler RealPlex4 System (Eppen-
dorf) using Power SYBR Green PCR Master Mix (4367659, Applied Biosystems,
Thermo Scientific) and analyzed with the comparative cycle threshold method
(also referred to as the 2−ΔΔCT method). Primers for each gene are as follows:
Inpp5a primers, Forward: 5’-ACA CAC ACA AGC CTC ACT TCAT-3’ and
Reverse: 5’-TCA TTG CGT CAC TGG ATA GTA GTT-3’; GAPDH primers,
Forward: 5’-CAT GGC CTC CAA GGA GTA AGA AAC-3’ and Reverse: 5’-TGT
GAG GGA GAT GCT CAG TG-3’.

RNA sequencing and gene enrichment analysis. Total RNA was extracted from
the cerebellum, prefrontal cortex, and striatum of 3-month-old germline SCA17
knock-in mice and age-matched WT mice (three to four mice per genotype) using
Trizol reagent (Life Technologies) following the manufacturer’s instructions.
Messenger RNA sequencing was performed at Emory Yerkes Gen Core using the
Illumina HiSeq1000 system. After quality control, reads were mapped and nor-
malized using multiple tools including the Cufflinks software package. Normalized
read counts were compared across samples and adjusted for multiple testing using
the Cuffdiff package. The resulting P values were adjusted using the
Benjamini–Hochberg False Discovery Rate method. Genes with an adjusted P value
< 0.05 (in green background) were assigned as differentially expressed. Gene set
enrichment analyses of differentially expressed genes were performed in terms of
their enrichment by MetaCore’s ontologies, including ontologies and Gene
Ontology (GO) ontologies: Pathway Maps and GO Processes. To identify
cerebellum-specific genes, all genes are listed in order of Reads Per Kilobase per
Million mapped reads in WT. Genes whose expression in the cerebellum is at least
three times higher than that in the striatum and prefrontal cortex were defined as
cerebellum-enriched genes.

Cell culture and transfection. HEK293 cells and Neuro2a cells were grown at
37 °C under 5% CO2 in Dulbecco’s modified Eagle medium supplemented with
10% fetal bovine serum and 100 U/ml of penicillin/streptomycin. The stable TBP-

transfected PC12-expressing cell lines were generated in our previous study26,41

and were cultured in Dulbecco’s modified Eagle medium supplemented with 10%
horse serum, 5% fetal bovine serum, 100 U/ml of penicillin/streptomycin, and 800
µg/ml G418. Plasmid transient transfection study was performed using Lipo-
fectamine 2000 reagent (Invitrogen) according to the manufacturer’s protocol.

Luciferase promoter activity assay. The transcription factor-binding sites ana-
lysis was performed on the hypothetical promoter region of Inpp5a (from −2000 to
0) using an online transcription factor analysis tool (Matin spector). The proximal
promoter of Inpp5a (from −1419 to −109), which contains 2 GC boxes, was linked
to luciferase reporter pGL4.14 (Promega). The reporter assays were performed in
both PC12 and HEK293 cells. The PC12 cell lines expressing TBP-13Q or -105Q
were transfected with Inpp5a reporter with or without SP1 plasmids. HEK293 cells
were transfected with Inpp5a reporter and SP1 with TBP plasmids (TBP-13Q or
-105Q). Cells were transfected for 24 h, then collected for luciferase promoter
activity assay. Independent experiments were repeated three times. ONE-Glo
Luciferase Assay System reagent (Promega, E6120) was used to detect reporter
activity using a microplate reader (Synergy H4, BioTek).

Co-immunoprecipitation and western blot. Methods for co-immunoprecipitation
and western blot were described previously22. For in vitro co-immunoprecipitation,
HEK293 cells were co-transfected with TBP (TBP-13Q or -105Q) and SP1 plas-
mids. Cells were harvested with 1% NP40 lysis buffer (150 mM NaCl, 1% NP-40,
2 mM EDTA, 50 mM Tris, pH 8.0, 1 mM phenylmethylsulfonyl fluoride, and
protease inhibitor cocktail, Thermo Fisher) 48 h after transfection. Primary anti-
bodies were incubated with 500 μg protein from whole cell lysates overnight at 4 °C.
Protein A-beads (20 μl), after pre-blocking, were then added into the mixture and
kept for 1 h with rocking at 4 °C. The beads were collected by centrifugation and
boiled with 1× sodium dodecyl sulfate (SDS) loading buffer for western blot
analysis.

For in vivo co-immunoprecipitation experiments, cerebellum from 1-month-
old WT and SCA17 knock-in mice were homogenized in 1% NP40 lysis buffer with
protease inhibitor and phosphatase inhibitor cocktails. Approximately 800 μg brain
homogenates were incubated with primary antibody overnight at 4 °C. Protein A
beads were used to capture the antibody–protein complex.

Protein samples were separated by 4–20% SDS–polyacrylamide gel
electrophoresis gel and were then transferred to a polyvinylidene difluoride
membrane (Millipore). After blocking, blots were probed with the appropriate
antibodies overnight. Western blots were developed using an ECL Prime
Chemiluminescence Kit (GE Healthcare) at a Kwik Quant developing and imaging
platform.

Chromatin immunoprecipitation. ChIP assay with semiquantitative PCR was
performed as described previously44. Neuro2a cells were transfected with TBP
(TBP-13Q or -105Q) and SP1 plasmids. Cells were harvested 48 h after transfection
and fixed with 1% formaldehyde for 10 min at 37 °C and transferred to SDS lysis
buffer. The cell lysates were sonicated for 6 times, 10 s per time, to shear DNA to
lengths between 200 and 1000 bp. ChIP assay was performed according to the
protocol of the ChIP Assay Kit (Millipore, 17-295). Anti-SP1 antibody (5 μg, Santa
Cruz, sc-17824 X) was used to pull down DNA–protein complex. Primers used to
amplify promoter regions are listed as follows: Inpp5a isoform A/B primers, For-
ward: 5’-CAC AGC TGG CTA TCC AAA CA-3’ and Reverse: 5’-GCT ATG AGT
TCG AGG CCA AC-3’; for Inpp5a isoform C primers, Forward: 5’-TCC TGG GTT
TTG TGT GTC AA-3’ and Reverse: 5’-CGT AAG CCC CAG GAA TAC AA-3’;
PCNA primers, Forward: 5’-TCC TAA GGA TGG AAA CTG CAG CCT-3’ and
Reverse: 5’-ATA GGC GAG GGG CAT CAC GG-3’.

T7 Endonuclease I assay. T7 Endonuclease I assay was performed as described
previously45. In brief, genomic DNA was isolated from Neuro2a cells transfected
with Cas9 and gRNA plasmids. The target genomic regions were amplified with the
following primers: Inpp5a T7 primers, Forward: 5’-AAT CTG TAA AGA ACT
TGT GG-3’ and Reverse: 5’-AAC TTC AAT TTG ATC CCT GG-3’. The PCR
products were reannealed under the following conditions: 95 °C for 5 min, ramp to
4 °C by 1 °C/30 s, and then incubated with T7 Endonuclease I (New England Bio
Labs) for 60 min at 37 °C. The reaction products were subjected to 2% agarose gel
electrophoresis.

IP3 ELISA assay. Cerebellum of 3-month-old germline SCA17 knock-in mice and
age-matched WT mice (three to four mice per genotype) were collected and rinsed
in phosphate-buffered saline (PBS). The tissues were finely minced and homo-
genized in PBS with a glass homogenizer on ice and lysed by ultrasonication,
followed by centrifugation at 5000 × g for 5 min. The supernatant was collected for
assaying. IP3 ELISA assay was performed following the manufacturer’s instruction
(Lifespan Biosciences, LS-F25696).

Statistical analysis. Data were analyzed using the Prism 8 (GraphPad) software.
Two-tailed Student’s t test was normally used to compare two groups, and one-way
analysis of variance followed with Tukey’s multiple comparisons test was
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performed for comparison of more than two groups. Statistical tests used are
indicated in the figure legends. All quantification data were presented as mean ±
SEM. A P value of <0.05 was considered statistically significant.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
Data that support the findings of this study are available from the corresponding author
upon reasonable request. The RNA sequencing data are available in NCBI’s Gene
Expression Omnibus under accession code GSE145067. The source data underlying
Figs. 1g, 2d, 3c, 4c, f, e, 5a, d, f–h, and 6b, f–h and Supplementary Figs. 1c, 2d, 3, 4c, d, 5b,
and 6c are provided as a Source data file. The full blots are included in the Source
data file.

Received: 17 September 2019; Accepted: 11 February 2020;

References
1. Orr, H. T. & Zoghbi, H. Y. Trinucleotide repeat disorders. Annu. Rev.

Neurosci. 30, 575–621 (2007).
2. Klockgether, T., Mariotti, C. & Paulson, H. L. Spinocerebellar ataxia. Nat. Rev.

Dis. Prim. 5, 24 (2019).
3. Saxena, S. & Caroni, P. Selective neuronal vulnerability in neurodegenerative

diseases: from stressor thresholds to degeneration. Neuron 71, 35–48 (2011).
4. Vonsattel, J. P. et al. Neuropathological classification of Huntington’s disease.

J. Neuropathol. Exp. Neurol. 44, 559–577 (1985).
5. Bates, G. P. et al. Huntington disease. Nat. Rev. Dis. Prim. 1, 15005 (2015).
6. Zoghbi, H. Y. & Orr, H. T. Pathogenic mechanisms of a polyglutamine-

mediated neurodegenerative disease, spinocerebellar ataxia type 1. J. Biol.
Chem. 284, 7425–7429 (2009).

7. Shimobayashi, E. & Kapfhammer, J. P. Calcium signaling, PKC gamma, IP3R1
and CAR8 link spinocerebellar ataxias and Purkinje cell dendritic
development. Curr. Neuropharmacol. 16, 151–159 (2018).

8. Nakamura, K. et al. SCA17, a novel autosomal dominant cerebellar ataxia
caused by an expanded polyglutamine in TATA-binding protein. Hum. Mol.
Genet. 10, 1441–1448 (2001).

9. Fujigasaki, H. et al. CAG repeat expansion in the TATA box-binding protein
gene causes autosomal dominant cerebellar ataxia. Brain 124, 1939–1947
(2001).

10. Koide, R. et al. A neurological disease caused by an expanded CAG
trinucleotide repeat in the TATA-binding protein gene: a new polyglutamine
disease? Hum. Mol. Genet. 8, 2047–2053 (1999).

11. Liu, Q., Pan, Y., Li, X. J. & Li, S. Molecular mechanisms and therapeutics for
SCA17. Neurotherapeutics 16, 1097–1105 (2019).

12. Burley, S. K. & Roeder, R. G. Biochemistry and structural biology of
transcription factor IID (TFIID). Annu. Rev. Biochem. 65, 769–799 (1996).

13. Hernandez, N. TBP, a universal eukaryotic transcription factor? Genes Dev. 7,
1291–1308 (1993).

14. Martianov, I., Viville, S. & Davidson, I. RNA polymerase II transcription in
murine cells lacking the TATA binding protein. Science 298, 1036–1039 (2002).

15. Rolfs, A. et al. Clinical features and neuropathology of autosomal dominant
spinocerebellar ataxia (SCA17). Ann. Neurol. 54, 367–375 (2003).

16. Berridge, M. J. The inositol trisphosphate/calcium signaling pathway in health
and disease. Physiol. Rev. 96, 1261–1296 (2016).

17. Communi, D., Lecocq, R. & Erneux, C. Arginine 343 and 350 are two active
residues involved in substrate binding by human type I D-myo-inositol 1,4,5,-
trisphosphate 5-phosphatase. J. Biol. Chem. 271, 11676–11683 (1996).

18. Mitchell, C. A. et al. Inositol polyphosphate 5-phosphatases: lipid
phosphatases with flair. IUBMB Life 53, 25–36 (2002).

19. Yu, Z. X. et al. Mutant huntingtin causes context-dependent
neurodegeneration in mice with Huntington’s disease. J. Neurosci. 23,
2193–2202 (2003).

20. Serrano-Pozo, A., Frosch, M. P., Masliah, E. & Hyman, B. T.
Neuropathological alterations in Alzheimer disease. Cold Spring Harb.
Perspect. Med. 1, a006189 (2011).

21. Ben Haim, L. et al. The JAK/STAT3 pathway is a common inducer of
astrocyte reactivity in Alzheimer’s and Huntington’s diseases. J. Neurosci. 35,
2817–2829 (2015).

22. Huang, S. et al. Large polyglutamine repeats cause muscle degeneration in
SCA17 mice. Cell Rep. 13, 196–208 (2015).

23. Connolly, T. M., Bansal, V. S., Bross, T. E., Irvine, R. F. & Majerus, P. W. The
metabolism of tris- and tetraphosphates of inositol by 5-phosphomonoesterase
and 3-kinase enzymes. J. Biol. Chem. 262, 2146–2149 (1987).

24. Ooms, L. M. et al. The role of the inositol polyphosphate 5-phosphatases in
cellular function and human disease. Biochem J. 419, 29–49 (2009).

25. Yang, A. W., Sachs, A. J. & Nystuen, A. M. Deletion of Inpp5a causes ataxia
and cerebellar degeneration in mice. Neurogenetics 16, 277–285 (2015).

26. Shah, A. G. et al. Transcriptional dysregulation of TrkA associates with
neurodegeneration in spinocerebellar ataxia type 17. Hum. Mol. Genet. 18,
4141–4152 (2009).

27. Doray, B., Govero, J. & Kornfeld, S. Impact of genetic background on neonatal
lethality of Gga2 gene-trap mice. G3 (Bethesda) 4, 885–890 (2014).

28. Platt, R. J. et al. CRISPR-Cas9 knockin mice for genome editing and cancer
modeling. Cell 159, 440–455 (2014).

29. Speed, C. J., Neylon, C. B., Little, P. J. & Mitchell, C. A. Underexpression of the
43 kDa inositol polyphosphate 5-phosphatase is associated with spontaneous
calcium oscillations and enhanced calcium responses following endothelin-1
stimulation. J. Cell Sci. 112(Pt 5), 669–679 (1999).

30. Speed, C. J., Little, P. J., Hayman, J. A. & Mitchell, C. A. Underexpression of
the 43 kDa inositol polyphosphate 5-phosphatase is associated with cellular
transformation. EMBO J. 15, 4852–4861 (1996).

31. Huang, L. et al. Missense mutations in ITPR1 cause autosomal dominant
congenital nonprogressive spinocerebellar ataxia. Orphanet J. Rare Dis. 7, 67
(2012).

32. Hisatsune, C. & Mikoshiba, K. IP3 receptor mutations and brain diseases in
human and rodents. J. Neurochem. 141, 790–807 (2017).

33. van de Leemput, J. et al. Deletion at ITPR1 underlies ataxia in mice and
spinocerebellar ataxia 15 in humans. PLoS Genet. 3, e108 (2007).

34. Liu, J. et al. Deranged calcium signaling and neurodegeneration in
spinocerebellar ataxia type 2. J. Neurosci. 29, 9148–9162 (2009).

35. Schorge, S., van de Leemput, J., Singleton, A., Houlden, H. & Hardy, J. Human
ataxias: a genetic dissection of inositol triphosphate receptor (ITPR1)-
dependent signaling. Trends Neurosci. 33, 211–219 (2010).

36. Furuichi, T. & Mikoshiba, K. Inositol 1, 4, 5-trisphosphate receptor-mediated
Ca2+ signaling in the brain. J. Neurochem. 64, 953–960 (1995).

37. Bezprozvanny, I. Inositol 1,4,5-tripshosphate receptor, calcium signalling and
Huntington’s disease. Subcell. Biochem. 45, 323–335 (2007).

38. Kasumu, A. W., Liang, X., Egorova, P., Vorontsova, D. & Bezprozvanny, I.
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 (2012).

39. Wild, E. J. & Tabrizi, S. J. Huntington’s disease phenocopy syndromes. Curr.
Opin. Neurol. 20, 681–687 (2007).

40. Li, S. H. et al. Interaction of Huntington disease protein with transcriptional
activator Sp1. Mol. Cell. Biol. 22, 1277–1287 (2002).

41. Friedman, M. J. et al. Polyglutamine domain modulates the TBP-TFIIB
interaction: implications for its normal function and neurodegeneration. Nat.
Neurosci. 10, 1519–1528 (2007).

42. Yang, S. et al. CRISPR/Cas9-mediated gene editing ameliorates neurotoxicity
in mouse model of Huntington’s disease. J. Clin. Invest. 127, 2719–2724
(2017).

43. Yang, S., Huang, S., Gaertig, M. A., Li, X. J. & Li, S. Age-dependent decrease in
chaperone activity impairs MANF expression, leading to Purkinje cell
degeneration in inducible SCA17 mice. Neuron 81, 349–365 (2014).

44. Hong, Y., Zhao, T., Li, X. J. & Li, S. Mutant Huntingtin inhibits alphaB-
crystallin expression and impairs exosome secretion from astrocytes. J.
Neurosci. 37, 9550–9563 (2017).

45. Zhao, T., Hong, Y., Yin, P., Li, S. & Li, X. J. Differential HspBP1 expression
accounts for the greater vulnerability of neurons than astrocytes to misfolded
proteins. Proc. Natl Acad. Sci. USA 114, E7803–E7811 (2017).

Acknowledgements
We thank Tharp Gregory from Yerkes National Primate Research Center for processing
RNA seq raw data and submitting data to NCBI’s Gene Expression Omnibus. This work
was supported by the National Natural Science Foundation of China grants 81830032,
31872779 (to X.-J.L.), 81701281 (to Q.L.), 2016YFC1306000 (to B.T.), and 81501182 (to
Y.P.) and grants from the National Institutes of Health (R01NS095181, NS095279,
NS101701, AG019206).

Author contributions
Q.L. and Y.P. designed the study, performed most experiments, and wrote the manu-
script; S.H., P.Y., S.Y., and B.T. provided advice, technical assistance, and support to the
study; J.Z., L.J., and S.C. maintained and provided EIIa-Cas9 transgenic mice; Y.P. col-
lected the data and analyzed the data; X.L. and S.L supervised the study and revised the
manuscript.

Competing interests
The authors declare no competing interests.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-14931-8

12 NATURE COMMUNICATIONS |         (2020) 11:1101 | https://doi.org/10.1038/s41467-020-14931-8 | www.nature.com/naturecommunications

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145067
www.nature.com/naturecommunications


Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-14931-8.

Correspondence and requests for materials should be addressed to Y.P. or S.L.

Peer review information Nature Communications thanks Gillian Bates and the other
anonymous reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-14931-8 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:1101 | https://doi.org/10.1038/s41467-020-14931-8 | www.nature.com/naturecommunications 13

https://doi.org/10.1038/s41467-020-14931-8
https://doi.org/10.1038/s41467-020-14931-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Cerebellum-enriched protein INPP5A contributes to selective neuropathology in mouse model of�spinocerebellar ataxias type 17
	Results
	Overexpressed mutant TBP preferentially affects Purkinje cells in the cerebellum
	Selective neuronal loss is also caused by endogenously expressed mutant TBP
	Cerebellum-enriched INPP5A is downregulated in SCA17 knock-in mice
	Expanded polyQ affects the interaction between TBP and SP1 and impairs the transcription of Inpp5a
	Knockdown of Inpp5a leads to loss of Purkinje cells while overexpression of Inpp5a could ameliorate Purkinje cell degeneration

	Discussion
	Methods
	Animals
	Plasmids and viruses
	Antibodies
	Stereotaxic injection of AAVs into mouse brain
	Immunofluorescent staining
	Reverse transcriptase PCR and quantitative real-time PCR
	RNA sequencing and gene enrichment analysis
	Cell culture and transfection
	Luciferase promoter activity assay
	Co-immunoprecipitation and western blot
	Chromatin immunoprecipitation
	T7 Endonuclease I assay
	IP3 ELISA assay
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




