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Abstract

A critical question in neurodegeneration is why the accumulation
of disease-driving proteins causes selective neuronal loss despite
their brain-wide expression. In Spinocerebellar ataxia type 1
(SCA1), accumulation of polyglutamine-expanded Ataxin-1 (ATXN1)
causes selective degeneration of cerebellar and brainstem
neurons. Previous studies revealed that inhibiting Msk1 reduces
phosphorylation of ATXN1 at S776 as well as its levels leading to
improved cerebellar function. However, there are no regulators
that modulate ATXN1 in the brainstem—the brain region whose
pathology is most closely linked to premature death. To identify
new regulators of ATXN1, we performed genetic screens and iden-
tified a transcription factor-kinase axis (ZBTB7B-RSK3) that regu-
lates ATXN1 levels. Unlike MSK1, RSK3 is highly expressed in the
human and mouse brainstems where it regulates Atxn1 by phos-
phorylating S776. Reducing Rsk3 rescues brainstem-associated
pathologies and deficits, and lowering Rsk3 and Msk1 together
improves cerebellar and brainstem function in an SCA1 mouse
model. Our results demonstrate that selective vulnerability of
brain regions in SCA1 is governed by region-specific regulators of
ATXN1, and targeting multiple regulators could rescue multiple
degenerating brain areas.
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Introduction

Neurodegenerative disorders are incurable debilitating diseases

resulting in irreversible deterioration of neuronal integrity. They

are globally prevalent with the two most common diseases, Alzhei-

mer’s (AD) and Parkinson’s disease (PD) affecting as many as

0.5% of the world population (Tysnes & Storstein, 2017; Erkkinen

et al, 2018). In general, most neurodegenerative diseases are

regarded as proteinopathies because across different disorders,

accumulation of certain toxic proteins is commonly found in both

familial and sporadic cases. For example, accumulation of b-
amyloid (Ab), a-synuclein, and tau are found in familial and

sporadic cases of AD, PD, and frontotemporal dementia (FTD),

respectively. Decreasing levels of the toxic proteins is considered to

be beneficial as many preclinical studies have shown that this

strategy can rescue various disease phenotypes (Kumar et al, 2000;

Kordasiewicz et al, 2012; Spencer et al, 2016; Friedrich et al, 2018;

Silva et al, 2019). One of the characteristic, and enigmatic,

proteinopathic patterns in neurodegenerative disorders is that

specific brain regions and/or neuronal cell types are vulnerable to

pathological protein accumulations, despite the brain-wide expres-

sion of these proteins (Saxena & Caroni, 2011; Roselli & Caroni,

2015; Fu et al, 2018).

To gain insight into mechanisms that contribute to brain region-

specific vulnerability, we turned to a well-characterized and geneti-

cally defined neurodegenerative disorder: Spinocerebellar Ataxia

type 1 (SCA1). SCA1 is a fatal late-onset neurodegenerative disorder

caused by an expansion of CAG repeats encoding polyglutamine

(polyQ) tract in the ATXN1 gene (Orr et al, 1993). Although ATXN1

is broadly expressed in the brain, cerebellar and brainstem neurons
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degenerate, causing loss of motor coordination, and premature

death due to swallowing and breathing difficulties, respectively

(Zoghbi & Orr, 2009). Neuronal toxicity of mutant ATXN1 is caused

by a gain-of-function mechanism based on the following evidence:

(i) Knockout of Atxn1 in mice does not cause neurodegeneration,

whereas increase of even wild-type protein does (Matilla et al, 1998;

Fernandez-Funez et al, 2000; Gennarino et al, 2015); (ii) polyQ

expansion stabilizes ATXN1 by retarding its proteasomal degrada-

tion (Cummings et al, 1999); (iii) reducing ATXN1 by only 20% can

rescue some disease phenotypes (Jafar-Nejad et al, 2011). Previous

efforts have identified regulators that, when targeted, can decrease

ATXN1 protein levels. However, to date, these approaches have

succeeded in identifying ATXN1 regulators that when targeted only

rescue cerebellar dysfunction. For example, MSK1 is a serine/thre-

onine kinase that phosphorylates ATXN1 at serine 776 (S776),

promoting its stability through its interaction with 14-3-3e (Chen

et al, 2003; Park et al, 2013). Loss of either Msk1 or 14-3-3e
decreases Atxn1 levels in cerebellum and rescues cerebellar related

deficits, without impacting the brainstem and its associated patholo-

gies (Jafar-Nejad et al, 2011; Park et al, 2013). Given that brainstem

dysfunction greatly impacts survival of SCA1 patients, current thera-

peutic targets have limited promise for full efficacy and thus identi-

fying ATXN1 regulators that when targeted rescue brainstem

dysfunction are of high value.

Using a forward genetic screen in cells, we found that a transcrip-

tion factor ZBTB7B, and to a lesser degree its paralog ZBTB7A,

alters ATXN1 levels. ZBTB7A and ZBTB7B are members of the BTB-

ZF family of transcription factors harboring the protein-interaction

BTB domain and DNA-binding ZF domains whose neuronal func-

tions remain largely unknown (Siggs & Beutler, 2012). Our tran-

scriptomic studies revealed that ZBTB7B modulates ATXN1

indirectly by regulating the expression of RPS6KA2, which encodes

RSK3, and this ZBTB7B-RSK3 axis regulates ATXN1 in vivo.

Although RSK and MSK belong to two distinct groups of kinases, we

found that both phosphorylate ATXN1 at S776. However, unlike

Msk1, Rsk3 predominantly regulates Atxn1 in the brainstem. The

two kinases are differentially expressed across brain regions in mice

and humans, and they showed differential efficacy in regulating

Atxn1 in a brain region-dependent manner. Our work demonstrates

that a key phosphorylation site that impacts mutant ATXN1 levels

can be modulated by different regulators in select brain regions, and

show that targeting multiple regulators may expand therapeutic

potential to rescue multiple degenerating brain areas.

Results

Genetic screen reveals that ZBTB7A and ZBTB7B regulate ATXN1,
and ZBTB7B is the more potent regulator

We discovered novel ATXN1 regulators by performing an shRNA

screen of 858 genes in a Daoy (human brain cancer) cell line

designed to report on ATXN1 levels (Fig 1A). This cell line

expresses a mRFP-ATXN1(82Q)-IRES-YFP transgene where ATXN1

levels can be monitored by measuring the RFP/YFP fluorescence

ratio (Park et al, 2013). After transducing the cell line with a pooled

library of shRNAs (8,845 shRNAs, ~ 10 shRNAs/gene), cells display-

ing a decreased or increased RFP/YFP ratio (5% lowest and 5%

highest fractions) were sorted and collected via fluorescence-acti-

vated cell sorting (FACS). Using the unsorted bulk population of

cells as a reference, shRNAs enriched in the sorted fractions were

identified by next-generation sequencing. Deconvoluting the genes

targeted by these enriched shRNAs revealed potential ATXN1 regu-

lators, which were grouped into either positive regulators (genes

targeted by shRNAs in the 5% lowest) or negative regulators (genes

targeted by shRNAs in the 5% highest). These regulators were fil-

tered and ranked (see Materials and Methods) to identify 39 positive

regulators and 13 negative regulators that when knocked down

decrease or increase ATXN1 levels, respectively (Tables EV1 and

EV2). Among the positive ATXN1 regulators, ZBTB7A and ZBTB7B,

caught our attention as they are two close paralogs that ranked in

the top five genes demonstrating a strong effect on ATXN1.

We first confirmed that knockdown of either ZBTB7A or

ZBTB7B in the reporter cell line decreased ATXN1 using Western

blot analysis (Fig EV1A). To test whether ZBTB7A and ZBTB7B

regulate endogenous Atxn1 in neurons, we transduced primary

cerebellar granule neurons (CGNs) with lentivirus containing

shRNAs that target either gene. Knockdown of either Zbtb7a or

Zbtb7b in CGNs decreased Atxn1 significantly (Figs 1B and EV1B),

and simultaneous knockdown of both of them decreased Atxn1 to

a greater extent than knockdown of either alone (Fig 1B). This

was also true in the cerebella of mice where double heterozygous

knockout of Zbtb7a and Zbtb7b decreased Atxn1 more than single

heterozygous knockout of each gene (Fig 1C). Consistent with

these results, overexpression of either Zbtb7a or Zbtb7b increased

Atxn1 in the CGNs, and co-overexpression of both of them

increased Atxn1 to a greater extent (Fig 1D). We next investigated

the in vivo genetic interaction between ATXN1 and either ZBTB7A

or ZBTB7B by expressing human ZBTB7A or ZBTB7B in the eyes

of Drosophila also expressing human wild-type ATXN1(30Q) in the

same region (Fernandez-Funez et al, 2000). These flies showed an

increase of ATXN1 levels and with severe disruption of external

ommatidia structures compared to the flies expressing ATXN1

without either ZBTB7A or ZBTB7B (Fig 1E). Altogether, these

data indicate that ZBTB7A and ZBTB7B regulate ATXN1 positively

and additively.

Although both Zbtb7a and Zbtb7b regulate Atxn1 in vivo, there

are remarkable differences between the two. While Zbtb7b�/� mice

are viable (Wang et al, 2008b), Zbtb7a�/� mice are not (Maeda

et al, 2009), suggesting that inhibiting Zbtb7b would be safer than

Zbtb7a. Also, our in vitro and in vivo data show that Zbtb7b also

had a greater effect on ATXN1 levels than Zbtb7a (Fig 1B–D).

Notably, both knockdown and knockout of Zbtb7a induced a

compensatory increase of Zbtb7b, but not vice versa (Figs 1B and C,

and EV1A–C), which might explain the weaker effect of Zbtb7a

knockdown on Atxn1. To investigate the compensatory relationship

between Zbtb7a and Zbtb7b in neurons, we measured Atxn1 levels

after knocking down one of them and overexpressing the other

simultaneously in CGNs. While Zbtb7a knockdown together with

Zbtb7b overexpression did not change Atxn1 levels, Zbtb7b knock-

down together with Zbtb7a overexpression did decrease Atxn1

protein levels, indicating that the Zbtb7a’s role in regulating Atxn1

can be partially replaced with Zbtb7b, but not vice versa

(Fig EV1D). From this one-way compensatory relationship between

Zbtb7a and Zbtb7b, we concluded that Zbtb7b is the more potent

ATXN1 regulator.
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ZBTB7B regulates ATXN1 indirectly through activating
RSK3 expression

To investigate the mechanisms underlying ATXN1 regulation by

ZBTB7B, we first focused on the two distinct domains of ZBTB7B,

the four ZF (Zinc Finger) domains which bind target DNA sequences

(Klug, 2010), and the BTB (Broad-Complex, Tramtrack and Bric a

brac) domain, which interacts with cullin3 E3 ligase (Xu et al, 2003)

or transcriptional co-regulators (Perez-Torrado et al, 2006) (Fig 2A).

With these two domains, ZBTB7B can either change gene expres-

sion or ubiquitinate proteins for degradation (Fig 2B). To determine

which domain is involved in regulating ATXN1, both ZF and BTB

A B

C

D

E

Figure 1. Genetic screens reveal that ZBTB7A and ZBTB7B regulate ATXN1, and ZBTB7B shows more pronounced effect.

A A diagram that outlines the steps of the genetic screen. ATXN1 reporter cell line produces RFP-conjugated ATXN1 and YFP internal control independently from a same
transcript, and ATXN1 levels were monitored by measuring the ratio of red to yellow fluorescence intensity. (1) ATXN1 reporter cell line was transduced with
lentivirus harboring shRNAs of 858 ubiquitination-related genes. (2, 3) The cells with the 5% lowest and 5% highest fluorescence ratio were sorted. (4) Illumina
sequencing revealed enriched shRNAs in the two groups compared to the non-sorted group. (5) Identifying the genes targeted by these enriched shRNAs revealed 39
positive regulators including ZBTB7A and ZBTB7B, and 13 negative regulators of ATXN1 protein levels (See Table EV2 for the full list).

B Western blot analysis of Atxn1 levels in cerebellar granule neurons (CGNs) after knockdown of Zbtb7a and/or Zbtb7b (n = 3).
C Western blot analysis of Atxn1 levels in the cerebella of wild-type (n = 3), Zbtb7a+/� (n = 4), Zbtb7b+/� (n = 3), Zbtb7a+/�; Zbtb7b+/� (n = 4) mice.
D Western blot analysis of Atxn1 levels in CGNs after overexpressing Zbtb7a and/or Zbtb7b (n = 3).
E Genetic interaction of wild-type human ATXN1(30Q) with either ZBTB7A or ZBTB7B expressed in the Drosophila eyes. Co-expression of ATXN1(30Q) with ZBTB7A or

ZBTB7B severely disrupted the external Drosophila eye structure and increased ATXN1 levels. Scale bar: 100 lm.

Data information: (B–D) Mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA.
Source data are available online for this figure.
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domains were mutated within the full length ZBTB7B protein and

overexpressed individually in Daoy cells, and ATXN1 levels were

monitored. For ZF domain mutant (ZFmut), we generated an R363L

mutation in the first ZF domain, because not only is R363 in direct

contact with DNA (Pavletich & Pabo, 1991), but also mutating the

corresponding residue of this in ZBTB7A (R399L) is known to abro-

gate target DNA binding ability (Liu et al, 2014). R49H and D35N/

R49Q were used for BTB domain mutants (BTBmut) as they disrupt

protein interacting function (Melnick et al, 2002) (Fig 2A). While

the overexpression of BTBmut increased ATXN1 despite its low

expression levels, overexpression of ZFmut did not, suggesting that

DNA binding ZF domain is critical for regulating ATXN1 (Fig 2C).

Therefore, we first hypothesized that ZBTB7B can change ATXN1

gene expression. However, the cerebella of Zbtb7b knockout mice

showed no change in the Atxn1 mRNA levels (Fig 2D), suggesting

that ZBTB7B indirectly regulates ATXN1 protein levels via

unknown, intermediate regulators that can directly alter ATXN1

protein levels. To identify potential intermediate regulators, we

performed an RNA-seq on RNA from Daoy cells expressing either

the wild-type or ZFmut ZBTB7B, and analyzed differentially

expressed genes (DEGs) (Fig 2E). The cells expressing WT ZBTB7B

clearly showed an expression profile distinct from those expressing

ZFmut ZBTB7B (Figs 2F and EV2A). After filtering our DEGs (see

Materials and Methods), we focused on RSK3 (RPS6KA2) because its

expression distinctively increase (4 fold) in cells overexpressing the

wild-type ZBTB7B compared to those expressing ZFmut, and RSK3

could potentially regulate Atxn1 directly as it can post-translation-

ally modify proteins in the nucleus where ATXN1 mainly resides

(Fig 2E and Table EV3).

To test whether RSK3 is epistatic to ZBTB7B in ATXN1 regula-

tion, we knocked out RSK3 in Daoy cells and measured ATXN1

levels upon overexpressing ZBTB7B in this cell line. CRISPR-medi-

ated deletion of RSK3 exon3 induced a frameshift mutation, and

qRT–PCR confirmed the absence of RSK3 expression in these cells

(Fig 2G). In contrast to the control cells, RSK3 knockout cells failed

to increase ATXN1 levels in the presence of ZBTB7B overexpression

and only showed the increase when the RSK3 expression was

restored (Fig 2H). Consistent with these results, knockdown of the

Drosophila RSK3 homolog S6kII partially suppressed the eye degen-

eration observed upon co-expression of human mutant ATXN1

(82Q) and ZBTB7B in the eyes (Fig EV2B), suggesting that ZBTB7B

regulates ATXN1 indirectly by regulating RSK3 expression.

We also confirmed that knockdown of ZBTB7B decreased RSK3

mRNA in Daoy cells, and a conditional knockout of Zbtb7b signifi-

cantly decreased Rsk3 mRNA in the mouse cerebella (Fig 2I and J).

To locate the putative ZBTB7B binding sites on RSK3 promoter, we

obtained human ZBTB7B binding motif and scanned its binding

sites in human RSK3 promoter using the JASPAR 2018 website

(http://jaspar.genereg.net/) (Khan et al, 2018) (Fig 2K). There are

four putative ZBTB7B binding sites within the 200 bp upstream

from the RSK3 transcription start site (TSS). Among these four, the

top two ZBTB7B binding sites are located next to each other in the

region within the 70 bp upstream from TSS. Given this, we used the

70 bp sequence in a luciferase reporter assay to test the transcrip-

tional regulation of the RSK3 promoter by ZBTB7B. Overexpression

of ZBTB7B increased luciferase activity 2.2- and 1.8-fold in

HEK293T and HeLa cells, respectively (Fig 2L), which was depen-

dent on ZF domain, as the overexpression of ZFmut failed to

increase the luciferase activity despite being expressed at higher

levels than wild-type ZBTB7B (Fig EV2C). Mutating either one of

the two putative ZBTB7B binding sequences in the RSK3

promoter significantly lowered the luciferase activity, and mutating

both of them together additively reduced the activity in both

HEK293T and HeLa cells (Fig EV2D). Altogether, these data suggest

that ZBTB7B regulates RSK3 mRNA via binding and activating the

RSK3 promoter.

RSK3 regulates ATXN1 by phosphorylating S776

To test whether RSK3 regulates ATXN1 protein levels, we knocked

down or overexpressed RSK3 in Daoy cells and monitored ATXN1

levels. Knockdown of RSK3 significantly decreased ATXN1 whereas

◀ Figure 2. ZBTB7B regulates ATXN1 indirectly through activating RSK3 expression.

A ZBTB7B’s domain structure marked with the mutations in BTB and ZF domain used in this study.
B Two representative biological functions of ZBTB7B: (1) changing target gene expression; (2) recruiting target proteins for ubiquitination. CUL3: Cullin3, E2: ubiquitin-

conjugating enzyme, SUB: substrate.
C Western blot analysis of ATXN1 levels after overexpression of ZBTB7B wild-type (WT), zinc-finger domain mutant (ZFmut), or BTB domain mutants (BTBmut1 and

BTBmut2) (n = 3).
D qRT–PCR results of Atxn1 mRNA levels in the cerebella of wild-type (n = 3), Zbtb7b+/� (n = 4), and Zbtb7b�/� mice (n = 4).
E MA plot (M: log ratio; A: mean average) of the differentially expressed genes (DEG) analysis from RNA-seq samples of the cells overexpressing either WT or ZFmut

ZBTB7B. Four filters and the number of genes kept after applying each filter are described. Two genes that passed the 4th filter are labeled.
F Expression heatmap of the 16 genes that passed the 3rd filter. Color scale: row z-score.
G qRT–PCR results of RSK3 mRNA levels across different CRISPR knockout cell lines (n = 2).
H Epistatic relationship between ZBTB7B and RSK3 in terms of ATXN1 regulation. ATXN1 levels were measured after overexpression of ZBTB7B in the RSK3 knockout cell

line (sgRSK3) and control cell lines (WT and sgControl) (n = 3). ZBTB7B + RSK3: co-overexpression of both ZBTB7B and RSK3.
I qRT–PCR results of RSK3 mRNA levels after knockdown of ZBTB7B in Daoy cells (n = 2).
J qRT–PCR results of Rsk3 mRNA levels in the cerebella of Zbtb7b conditional knockout mice (n = 6).
K Position frequency matrix of ZBTB7B binding DNA sequence and a table of the predicted ZBTB7B binding sites on human RSK3 promoter. Start and End position

numbers are described based on TSS. The seventy base pairs upstream RSK3 promotor includes top two potential binding sites and was used for luciferase assays. C:
mutated into A in Fig EV2D.

L Luciferase assay result of RSK3 promoter in HEK 293T and HeLa cells transfected with either an empty or ZBTB7B expressing vector (n = 3).

Data information: (C, D) Mean � SD, ***P < 0.001, ****P < 0.0001, one-way ANOVA. (G–I) Mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way
ANOVA. (J, L) Mean � SD, *P < 0.05, ***P < 0.001, ****P < 0.0001, two-tailed t-test.
Source data are available online for this figure.
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overexpression of RSK3 increased ATXN1, although not as high as

the increase observed with ZBTB7B overexpression (Fig 3A and B).

Importantly, RSK’s ability to regulate ATXN1 was dependent on its

kinase activity, as the ATXN1 levels in the Daoy cells expressing

ATXN1(82Q) were increased only with the overexpression of wild-

type RSK3, but not with the catalytically inactive RSK3 K91A/K44A

(Bjorbaek et al, 1995) (Fig 3C).

We next examined if RSK3 can phosphorylate ATXN1 by

performing in vitro kinase assays with recombinant RSK3 and wild-

type ATXN1(30Q). MSK1 was used as a positive control kinase

because it has been previously shown to phosphorylate ATXN1 at

S776 (Park et al, 2013). We found that RSK3 phosphorylated ATXN1

at a similar level to MSK1 (Fig 3D). Notably, across all four RSK

paralogs (RSK1-4), only RSK3 was able to strongly phosphorylate

ATXN1 (Fig 3E). To locate where RSK3 phosphorylates ATXN1,

we fragmented ATXN1 into three parts (N-terminal, middle, and

C-terminal—see Materials and Methods for details), and performed

the kinase assay using the fragments. We found that the C-

terminal fragment was predominantly phosphorylated (Fig 3F).

Mass spectrometry analysis of this fragment revealed that RSK3

A

D

H

I

E

F

G

B

C

Figure 3.
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phosphorylates ATXN1 mainly at S776 whose phosphorylation is

well-known to stabilize ATXN1 by mediating interaction with 14-3-3

(Chen et al, 2003) (Fig 3G).

To test whether inhibition of RSK3’s catalytic activity can

decrease ATXN1 in SCA1 patient cells, we differentiated induced

pluripotent stem cells (iPSCs) from an SCA1 patient into neurons

(Rousseaux et al, 2018a), and titrated an RSK-specific inhibitor BI-

D1870 (Sapkota et al, 2007). The differentiated neurons were posi-

tively stained with a neuronal marker MAP2, and most of them were

characterized as VGLUT1-positive excitatory neurons (Fig EV3A).

Treatment with BI-D1870 dramatically reduced both wild-type and

mutant ATXN1 protein levels in the neurons at a dose of 2.5 lM,

that failed to completely block the phosphorylation of RSK’s known

substrate GSK3b [pGSK3b, Ser9 (Nemoto et al, 2000; Carriere et al,

2008) (Fig 3H)]. At a lower concentration of 500 nM, BI-D1870

could still significantly decrease the ATXN1 levels together with the

active phospho-RSK3 [pRSK3, Thr356/Ser360 (Carriere et al, 2008)]

in the neurons (Fig EV3B). These results suggest that the partial

inhibition of RSK3 activity could decrease ATXN1 protein levels.

Combinatorial treatment of the patient iPSC-derived neurons with

both RSK3 and MSK1 inhibitors had an additive effect on decreasing

both total and phospho-S776 ATXN1 (pS776 ATXN1) at concentra-

tions where pGSK3b and the active phospho-MSK1 [pMSK1, Ser376

(Arthur, 2008)] levels were not drastically decreased (Fig 3I). Taken

together, we found that RSK3 regulates ATXN1 by phosphorylating

S776, and RSK3 and MSK1 additively regulate ATXN1 by phosphory-

lating the same site. These data establish a convergent mechanism

for ATXN1 regulation by two distinct kinases.

Reducing RSK3 rescues behavioral phenotypes in SCA1 animal
models by decreasing ATXN1

To test whether RSK3 regulates ATXN1 in vivo, we first used SCA1

Drosophila models which express human mutant ATXN1(82Q) in

the eyes (Fernandez-Funez et al, 2000) or in the central nervous

system (CNS) (Al-Ramahi et al, 2007). To express the ATXN1(82Q)

transgenes in Drosophila, we used the GAL4/UAS system because

expression levels can be modulated with temperature of the fruit fly

cultures: high expression of the transgene at 29°C and moderate

expression at 25°C. Knockdown of S6kII (also known as CG17596),

the Drosophila homolog of RSK3, decreased ATXN1(82Q) protein,

but not mRNA levels, and ameliorated the ATXN1(82Q)-induced

eye phenotype observed at 29°C (Figs 4A, and EV3C and D). Moder-

ate expression of either ATXN1(82Q) or S6KII at 25°C induced mild

phenotypes in the Drosophila eye, but their co-expression in the

same condition led to a severe eye degeneration at a comparable

degree to the eye expressing ATXN1(82Q) at 29°C. In addition,

knockdown of the S6kII significantly ameliorated motor impair-

ments induced by expression of ATXN1(82Q) specifically in the CNS

(Fig 4B). We next used a SCA1 mouse model which has the polyQ

expansion knocked into the endogenous locus Atxn1 (Atxn1154Q) to

replace one wild-type allele (Atxn12Q) (Watase et al, 2002). Both

Atxn12Q and Atxn1154Q can be detected by Western blot, but the

signal from Atxn1154Q is much weaker than Atxn12Q due to lower

solubility. This animal model faithfully replicates both cerebellum-

derived (motor incoordination and cerebellar atrophy) and brain-

stem-related (breathing difficulties and premature death) deficits of

SCA1 (Zoghbi & Orr, 1995; Orengo et al, 2018). Notably, we found

that the Rsk3 protein levels increased in both cerebella and brain-

stem of SCA1 mice, the two mainly affected regions in SCA1,

compared to the wild-type mice (Fig 5D). To test whether knock-

down of Rsk3 decreases Atxn1 in the SCA1 mice, we delivered an

adeno-associated virus serotype 9 (AAV9) carrying shRsk3 into the

cerebella of adult SCA1 mice by stereotaxic injection. The virus

infected almost the entire cerebellum, reducing Rsk3 levels to one

third of the levels in control mice (Fig 4C and D). These mice

showed that both wild-type (2Q) and mutant (154Q) Atxn1 protein

levels decreased without changes in the Atxn1 mRNA levels

(Figs 4D and EV3E). We also measured Atxn1 levels in the brain of

the SCA1 mice with Rsk3 heterozygous knockout (Atxn1154Q/2Q;

Rsk3+/�). The mice showed decrease of both wild-type and polyQ-

expanded Atxn1 proteins not only in the cerebella but also in the

brainstem without changing Atxn1 mRNA levels (Figs 4E and

EV3F). Decrease of cerebellar Atxn1 in SCA1 mice was reported to

rescue motor performances in many studies (Jafar-Nejad et al, 2011;

Park et al, 2013; Friedrich et al, 2018). To confirm this in our study,

we next compared the motor performance of Atxn1154Q/2Q; Rsk3+/�

mice with that of Atxn1154Q/2Q mice by rotarod assay, and con-

firmed that Atxn1154Q/2Q; Rsk3+/� improved the motor performances

moderately but significantly at 11–12 weeks old (Fig 4F). Collec-

tively, these data suggest that RSK3 regulates ATXN1 levels in vivo

in the SCA1 animal models, and that reducing RSK3 in these

animals can rescue ATXN1-driven disease phenotypes by decreasing

ATXN1 protein levels.

◀ Figure 3. RSK3 regulates ATXN1 by phosphorylating S776.

A Western blot analysis of ATXN1 after knockdown of RSK3 in Daoy cells. Bottom left panel: qRT–PCR results of RSK3 mRNA. Bottom right panel: densitometry of the
western blot image in the top panel (n = 3 except for shATXN1 where n = 1).

B Western blot analysis of ATXN1 after overexpression of RSK3, ZBTB7B, or eGFP in Daoy cells (n = 3).
C Western blot analysis of ATXN1(82Q) after overexpression of either wild-type or inactive RSK3 in Daoy cells expressing ATXN1(82Q) (n = 3).
D In vitro kinase assay of RSK3 with ATXN1. MSK1 was used as a positive control. Asterisk: auto-phosphorylated RSK3.
E In vitro kinase assay of four different RSK members with ATXN1.
F In vitro kinase assay of RSK3 with N-terminal (F1), middle (F2), and C-terminal fragment (F3) of ATXN1.
G Mass spectrometry analysis of phosphorylated residues in ATXN1 F3 after in vitro kinase assay with RSK3.
H Western blot analysis of ATXN1 after a treatment with RSK3 inhibitor (BI-D1870) on SCA1 patient iPSC-derived neurons (n = 3).
I Western blot analysis of total and phospho-S776 ATXN1 after a co-treatment with MSK1 (SB-747651A) and RSK3 inhibitor (BI-D1870) on SCA1 patient iPSC-derived

neurons (n = 3).

Data information: RSK3 antibody used in (B, C) is only suitable for detecting overexpressed RSK3 but not for endogenous RSK3. (A–C) Mean � SD, *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001, one-way ANOVA. (H, I) Mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA.
Source data are available online for this figure.
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RSK3 and MSK1 are differentially expressed across brain regions
in mice and humans

Although RSK3 has a convergent function with MSK1 in regulating

ATXN1, Rsk3 is the only one of the two to modulate Atxn1 levels in

the brainstem. To gain insight into what drives this, we investigated

whether the two kinases are differentially expressed across different

brain regions including brainstem, using Western blot analysis in

wild-type mouse brain (Fig 5A). While Msk1 is predominantly

expressed in the cerebellum, Rsk3 expression is enriched in several

brain regions including brainstem. This distinct expression pattern

of the two kinases in multiple brain areas was also confirmed at the

cellular level; Rsk3 mRNA was labeled using BaseScope assay and

Msk1 protein was stained by immunofluorescence (Figs 5B and C,

and EV4A and B). Importantly, Rsk3 and Msk1 show a sharp

contrast in their expression in cerebellum and brainstem, the two

main regions that degenerate in SCA1. While Rsk3 is enriched in the

brainstem, Msk1 is predominantly expressed in the cerebellum.

A

C

E

F

D

B

Figure 4.

8 of 22 The EMBO Journal 40: e106106 | 2021 ª 2021 The Authors

The EMBO Journal Won-Seok Lee et al



Specifically, the total and active form of Rsk3 (pRsk3) were enriched

over 6.1- and 4.6-fold in the brainstem compared to in the cerebel-

lum, respectively, whereas the total and pMsk1 were enriched over

3.1- and 16.7-fold in the cerebellum compared to the brainstem,

respectively, in both wild-type and SCA1 mice (Figs 5D and EV5A).

We also investigated this regional difference in expression levels of

the two kinases in the cerebellum and brainstem (pons and medulla

oblongata) of human control and SCA1 patient brains (Fig 5E).

While MSK1 expression is significantly lower in the brainstem than

in the cerebellum, RSK3 expression tends to be higher in the brain-

stem than in the cerebellum. Notably, RSK3 protein levels are signif-

icantly increased in the SCA1 patients’ brainstem, suggesting that

inhibition of RSK3 might prove helpful for lowering ATXN1 levels.

Our RNA-seq data of wild-type mouse brains and the RNA-seq data

of postmortem human brains from (Webb et al, 2015) also support

the differential expression of RSK3 and MSK1 in the two regions

(Fig EV5B and C). Moreover, by comparing the expression of the

two kinases in the same brain region, we found that RSK3 has a

greater expression than MSK1 in the brainstem, whereas MSK1 has

a similar or greater expression compared to RSK3 in the cerebellum.

Altogether, these data suggest that RSK3 and MSK1 might differen-

tially regulate ATXN1 in the brainstem and cerebellum, respectively.

Rsk3 and Msk1 regulate Atxn1 levels differentially in the
brainstem and cerebella of SCA1 mice

To test whether Rsk3 and Msk1 regulate Atxn1 differentially in the

brainstem and cerebella of SCA1 mice, we bred the animals with

single or double heterozygous knockout of the two kinases in SCA1

background (Atxn1154Q/2Q), and compared their biochemical,

behavioral, physiological, and histological phenotypes side by side

across the different genotypes. We found that the brainstem of

Atxn1154Q/2Q; Rsk3+/� mice showed a greater decrease of both total

and pS776 wild-type (2Q) and mutant (154Q) Atxn1 levels than

Atxn1154Q/2Q; Msk1+/� mice without changing Atxn1 mRNA levels

(Figs 6A and EV6A). Similar to SCA1 patients, SCA1 mice develop

brainstem-driven breathing difficulties at the later stage of the

disease. Despite higher breathing frequency, these mice have a

smaller total ventilation in a given amount of time (lower minute

ventilation) due to shallow breathing (smaller tidal volume)

compared to wild-type mice, which contributes to premature death.

Consistent with the different regional effects of the two kinases in

regulating Atxn1 protein levels, our plethysmography data revealed

that Atxn1154Q/2Q; Rsk3+/� mice showed moderate rescue of

breathing phenotype at 34 weeks old displaying greater minute

ventilation mainly due to the increase of tidal volume, whereas

Atxn1154Q/2Q; Msk1+/� mice did not show a rescue (Figs 6B and

EV6B). Diverse groups of brainstem neurons drive and control

breathing; these include rhythmogenic complexes [PreBötzinger

complex (PreBötC) and Bötzinger complex (BötC)], motor and

premotor nuclei that control diaphragm and upper airway muscula-

ture [cranial nerve XII (hypoglossal nucleus), XI, X, and parabra-

chial nuclei], and chemosensory nuclei that regulate breathing

frequency (retrotrapezoid nucleus and Raph�e) (Smith et al, 2013).

To investigate whether Rsk3 is expressed in the PreBötC and BötC,

Atoh1Cre/+; Rosalsl-tdTomato/lsl-tdTomato mouse was used for locating the

two complexes, as they are surrounded by Atoh1 positive [lateral

reticular nucleus (LRN) and nucleus ambiguus (AMB)] and negative

neurons [facial nerve (VII)] (Huang et al, 2012). Using this mouse,

we confirmed that RSK3 is expressed in the PreBötC and BötC

(Fig EV6C). Rsk3 is also expressed in the hypoglossal nucleus in the

mouse brainstem (Fig EV6D) and in human Raph�e nuclei

(Fig EV5C), suggesting that reducing Rsk3 could rescue breathing

phenotypes by decreasing Atxn1 levels in these area.

In addition to breathing deficits, swallowing difficulty contributes

to premature death in SCA1 patients, partially due to the degenera-

tion of hypoglossal nucleus that controls tongue movement. In line

with the Rsk3 expression in the hypoglossal nucleus (Fig EV6D),

Atxn1154Q/2Q; Rsk3+/� mice showed a decreased number of Iba1+

reactive microglia in the hypoglossal nucleus, whereas

Atxn1154Q/2Q; Msk1+/� mice did not (Fig 6C and D).

When it comes to a cerebellar phenotype, however, Atxn1154Q/2Q;

Msk1+/� mice showed a decrease of Atxn1 levels without changing

Atxn1 mRNA levels (Figs 7A and EV6A). We stained cerebellar

molecular layer with anti-Calbindin1 antibody and measured the

thickness of the layer between the lobule V and VI across the dif-

ferent genotypes (Fig EV6E). While SCA1 mice (Atxn1154Q/2Q) have

thinner molecular layers than wild-type mice due to Purkinje cell

atrophy, Atxn1154Q/2Q; Msk1+/� mice recovered molecular layer

thickness to a greater extent than Atxn1154Q/2Q; Rsk3+/� mice (Fig 7C

and D). Taking advantage of reducing these two kinases together,

Atxn1154Q/2Q; Rsk3+/�; Msk1+/� mice effectively decreased both total

and pS776 wild-type and mutant Atxn1 levels in the brainstem as

well as in the cerebellum (Figs 6A and 7A).

Consistent with the protein levels, double heterozygotes signifi-

cantly rescued the loss of neurons and reactive microgliosis in the

hypoglossal nucleus, and delayed brainstem-derived premature

death of SCA1 mice by 3 weeks (7.7% of the median lifespan)

◀ Figure 4. Reducing RSK3 rescues behavioral phenotypes in SCA1 animal models by decreasing ATXN1.

A Images of Drosophila eyes expressing human ATXN1(82Q) with either knockdown or overexpression of the Drosophila RSK3 homolog Sk6II. Scale bar: 100 lm (top) and
20 lm (bottom).

B Improvement of motor performance by the knockdown of Sk6II in Drosophila SCA1 model expressing ATXN1(82Q) in the central nervous system. Mean � SEM,
*P < 0.05, Linear mixed-effect model ANOVA, n = 10/genotype, four times of measurements.

C A representative image of a mouse brain 4 weeks after AAV injection of shRsk3 into 12-week-old SCA1 mice (Atxn1154Q/2Q) cerebellum. Scale bar: 2 mm.
D Western blot analysis of wild-type (2Q) and mutant Atxn1 (154Q) in the cerebella of 16-week-old SCA1 mice dissected 4 weeks after the stereotaxic injection of AAV9

harboring shControl (n = 3), shRsk3 (n = 3), or shAtxn1 (n = 2). Mean � SD, *P < 0.05, ***P < 0.001, ****P < 0.0001, one-way ANOVA.
E Western blot analysis of wild-type (2Q) and mutant Atxn1 (154Q) in the brainstem (BS) and cerebella (CBM) of 8-week-old Atxn1154Q/2Q (n = 6) and Atxn1154Q/2Q;

Rsk3+/� mice (n = 7). Mean � SD, *P < 0.05, **P < 0.01, two-tailed t-test.
F Rotarod motor performance test result of Atxn1154Q/2Q; Rsk3+/� mice at 11–12 weeks old. Mean � SEM, *P < 0.05, two-way ANOVA, n = 35, 31, 34, 38 for WT, Rsk3+/�,

Atxn1154Q/2Q, Atxn1154Q/2Q; Rsk3+/� genotype, respectively.

Source data are available online for this figure.
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(Fig 6C–G). In addition, the double heterozygotes significantly

improved cerebellar motor performance together with the recovery

of molecular layer thickness (Fig 7B–D). Of note, they also showed

an enhancement of rescuing SCA1 phenotypes in each brain region

compared to single heterozygote, as Atxn1154Q/2Q; Rsk3+/�; Msk1+/�

mice rescued loss of hypoglossal motoneurons, extended lifespan,

and improved motor performance to a greater degree thanAtxn1154Q/2Q;

Rsk3+/� andAtxn1154Q/2Q; Msk1+/� mice did, respectively.

Collectively, our results demonstrate that Atxn1 S776 phosphory-

lation and levels in the brainstem are modulated by Rsk3, whereas

in the cerebellum they are predominantly modulated by Msk1.

These data suggest that a combinatorial approach to simultaneously

target both kinases could increase therapeutic efficacy in SCA1 by

ameliorating symptoms derived from the two affected brain regions.

Discussion

Selective vulnerability of brain regions is a hallmark of multiple

neurodegenerative diseases. In SCA1, the accumulation of mutant

ATXN1 is the root cause of selective degenerating neurons in the

cerebellum and brainstem. Although reducing toxic ATXN1 levels

has therapeutic potential (Jafar-Nejad et al, 2011; Park et al, 2013),

lowering ATXN1 in the brainstem remains a challenge as the

benefits from current disease modifiers has been limited to the cere-

bellum. Here, we use an unbiased shRNA screen and uncovered

regulators that can modulate ATXN1 protein levels in a brain

region-specific manner and potentially contribute to the selective

vulnerability of two degenerating brain regions in SCA1. We identi-

fied two paralogs of BTB-ZF transcription factors, ZBTB7A and

ZBTB7B, that additively regulate Atxn1 in mouse brain. Focusing on

the more potent ATXN1 regulator from the two, our transcriptomic

and genetic approaches found that ZBTB7B regulates ATXN1 indi-

rectly by activating RSK3 transcription. We show that RSK3 phos-

phorylates ATXN1 mainly on S776, which is a residue critical for

regulating ATXN1 stability and is also phosphorylated by MSK1.

RSKs and MSKs are related kinases as they both have similar kinase

domains, share a RXXS consensus sequence on their target proteins,

and act downstream of the MAPK pathway (Hauge & Frodin, 2006;

Cargnello & Roux, 2011). However, we found that the two kinases

are disproportionally responsible for Atxn1 regulation in different

brain regions in line with their differential expression in the brain-

stem and cerebellum observed in mice and humans. Rsk3 is the

main kinase regulating ATXN1 levels in the brainstem where it is

expressed in the hypoglossal nucleus, respiratory centers, and

Raph�e nuclei. In contrast, Msk1 is the predominant regulator in the

cerebellum. Finally, we demonstrate that reducing each kinase

modulates Atxn1 levels and primarily rescues behavioral deficits

◀ Figure 5. Differential expression of RSK3 and MSK1 in mouse and human brains.

A Fluorescent Western blot analysis of Atxn1, Msk1, and Rsk3 in seven different brain regions of wild-type mice at 9 weeks old (n = 3). Each protein levels were
represented relative to the protein levels in brainstem. Mean � SD, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA.

B Representative BaseScope assay images of Rsk3 in the whole-brain sagittal sections of wild-type (top) and Rsk3�/� mice (bottom) at 5–6 weeks old. The areas within
the black squares are magnified in the right panels in each genotype. Scale bar = 2 mm in whole brain images; 50 lm in the magnified images.

C Representative IF images of Msk1 in the whole brain sagittal sections of wild-type (top) and Msk1�/� mice (bottom) at 6 months old. The areas within the white
squares are magnified in the right panels in each genotype. Scale bar = 2 mm in whole brain images; 50 lm in the magnified images.

D Western blot analysis of total and active form of Rsk3 and Msk1 in the cerebella and brainstem of 12-week-old WT and SCA1 mice (n = 4). Relative Rsk3 and Msk1
levels were represented into log2 scale. The protein levels of the two kinases are significantly different between the two brain regions. Mean � SD, *P < 0.05,
**P < 0.01, ****P < 0.0001, two-way ANOVA.

E Western blot analysis of ATXN1, RSK3, pRSK3, MSK1, and pMSK1 in the postmortem cerebella, pons, and medulla oblongata of human controls and SCA1 patients (n = 3
per genotype). Total protein was used for normalization, and protein levels are represented relative to cerebellar protein levels in control group. C: Cerebellum, P: Pons,
M: medulla oblongata. Values from P and M are combined and presented in BS. Mean � SEM, *P < 0.05, **P < 0.01, two-way ANOVA, n = 3 (CBM) and 6 (BS).

Data information: BS: brainstem, CBM: cerebellum, MB: midbrain, ST: striatum, HC: hippocampus, CTX: cortex, OB: olfactory bulbs.
Source data are available online for this figure.

▸Figure 6. Differential effect of Rsk3 and Msk1 on Atxn1 regulation and disease phenotypes in SCA1 mice brainstem.

A Western blot analysis of total and pS776 wild-type and mutant Atxn1 in the brainstem of 8-week-old SCA1 mice with heterozygous knockout of either one or both
kinases. Mean � SD, *P < 0.05, **P < 0.01, ****P < 0.0001, one-way ANOVA, n = 7, 6, 4, 7 following the order of genotypes in the Western blot, respectively.

B Plethysmography data measuring breathing ability (total ventilated gas volume per minute) of 34-week-old mice with different genotypes. Mean � SD, *P < 0.05,
two-tailed t-test, n = 12, 13, 15, 13, 15, 9, 15, 13 following the order of genotypes in the graph, respectively.

C Representative immunohistochemistry images of Iba1+ reactive microglia in the coronally sectioned hypoglossal nucleus of 36-week-old mice with different
genotypes. Yellow arrows indicate Iba1+ microglia, and larger pyramidal shaped cells are motoneurons. scale bar = 50 lm.

D Quantification of the number of Iba1+ cells shown in (C). Mean � SD, *P < 0.05, ***P < 0.001, one-way ANOVA, n = 3 mice per genotype, each dot is an averaged
measurement from six sections per mouse.

E Representative Hematoxylin and Eosin stained motoneurons in the coronally sectioned hypoglossal nucleus (white dashed line) of 36-week-old mice with different
genotypes. The motoneurons are dark purple with pyramidal shape within the nucleus. C: central canal. Scale bar = 100 lm.

F Quantification of the number of motoneurons shown in (E). Mean � SD, *P < 0.05, one-way ANOVA, n = 3 mice per genotype, each dot is an averaged measurement
from six sections per mouse.

G Kaplan–Meier survival graphs of SCA1 mice with heterozygous knockout of either one or both kinases. The data of Msk1+/�, Rsk3+/�, and Msk1+/�; Rsk3+/� mice
overlap those of wild-type mice. *P < 0.05, Gehan-Breslow-Wilcoxon test, n = 15, 15, 12, 13, 22, 11, 20, 19 following the order of genotypes in the legend on top of the
figure, respectively.

Source data are available online for this figure.
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attributed to the brain region in SCA1 mice where their function for

Atxn1 regulation is dominant. These data define a convergent mech-

anism for two distinct kinases in different degenerating brain

regions, as well as provide a proof-of-concept for achieving symp-

tomatic rescue in SCA1 when regional regulators of toxic protein

levels are targeted (Fig 8).

A

B

D

C

Figure 7. Differential effect of Rsk3 and Msk1 on Atxn1 regulation and disease phenotypes in SCA1 mice cerebella.

A Western blot analysis of total and pS776 wild-type and mutant Atxn1 in the cerebella of 8-week-old SCA1 mice with heterozygous knockout of either one or both
kinases. Mean � SD, **P < 0.01, ***P < 0.001, one-way ANOVA, n = 7, 6, 4, 7 following the order of genotypes in the Western blot, respectively.

B Rotarod motor performance test result of 11- to 12-week-old SCA1 mice with heterozygous knockout of either one or both kinases. Mean � SEM, *P < 0.05, two-way
ANOVA, n = 18, 12, 13, 11, 19, 13, 15, 13 following the order of genotypes in the legend on top of the figure, respectively.

C Representative immunofluorescent (IF) images of cerebellar molecular layer between the cerebellum lobule V and VI across different genotypes at 36 weeks old,
stained with anti-Calbindin 1 antibody. Scale bar = 100 lm.

D Quantification of the thickness of top and bottom molecular layers shown in (C). Mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA, n = 3 mice per
genotype, each dot is an averaged measurement from three sections per mouse.

Source data are available online for this figure.
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ZBTB7A and ZBTB7B are widely expressed in the human brain

(Uhlen et al, 2015), but their impact on neurodegeneration has not

been reported. Although ZBTB7A and ZBTB7B share common func-

tions (Widom et al, 2001; Vacchio et al, 2014; Carpenter et al,

2017), bind to similar DNA sequences (Wang et al, 2012; Khan et al,

2018), and both regulate ATXN1, our data suggest that their roles

are not completely redundant as Zbtb7a and Zbtb7b additively regu-

late Atxn1, and Zbtb7a cannot replace Zbtb7b’s role in regulating

Atxn1. Interestingly, they have one-way compensatory relationship

where loss of Zbtb7a induces compensatory increase of Zbtb7b and

not vice versa. This relationship, together with the greater effect size

on Atxn1, makes Zbtb7b a more potent Atxn1 regulator. We found

that ZBTB7B regulates ATXN1 indirectly by activating RSK3 tran-

scription. This transcriptional activation is dependent on the ZF

domain of ZBTB7B and its regulatory elements in the RSK3

promoter, revealing for the first time a relationship between a BTB-

ZF transcription factor and RSK3 gene expression.

Here, we reported Rsk3 as a new regulator of ATXN1. RSKs

have not received much attention for the regulation of ATXN1,

partly because RSK1 and RSK2, the two most studied RSKs, do not

phosphorylate ATXN1 (Park et al, 2013). However, the previous

work did not extensively evaluate RSK’s contribution to regulating

brain ATXN1 levels because the study did not include RSK3 which

we now know has much higher expression levels across brain

regions, including brainstem, than other RSK members (Zeniou

et al, 2002). Our data illuminate the importance of RSK3 in regulat-

ing ATXN1 levels especially in the brainstem. The protein levels of

Rsk3 were elevated in the brainstems of SCA1 mice and human

patients compared with controls (Fig 5D and E), and decreasing

Atxn1 by reducing Rsk3 improves the brainstem-related phenotype

(Fig 6A–D). Rsk3 moderately regulates Atxn1 in the mouse cerebel-

lum where it has lower expression than Msk1. However, consider-

ing that RSK3 is expressed as high as MSK1 in the human

cerebellum (Fig EV5C), RSK3 may play a more important role in

regulating ATXN1 in the human cerebellum. Moreover, pharmaco-

logical inhibition of RSK3 dramatically decreases ATXN1 in SCA1

patient-derived neurons. RSK3’s known substrates include GSK3b,
PP1G, and c-Fos (Bjorbaek et al, 1995; Nemoto et al, 2000), and it

is noteworthy that the decrease of ATXN1 in neurons was

observed at a low dose that preserve the phosphorylation of

GSK3b. The molecular mechanism by which RSK3 regulates

ATXN1 is the phosphorylation of ATXN1 at S776 to a comparable

level as MSK1. This convergent function, but differential effect of

the two kinases in two vulnerable brain regions suggests that

targeting both to modulate complementary signaling pathways

may yield more therapeutic benefit than targeting only one of the

two (Posch et al, 2013; Tolcher et al, 2018). Indeed, co-application

of RSK3 and MSK1 inhibitors showed an additive effect in decreas-

ing both total and pS776-ATXN1 in SCA1 patient-derived neurons

(Fig 3I), and reducing both kinases enhanced the beneficial effects

in the brainstem and cerebella of SCA1 mice.

Current drug targets for SCA1 show isolated effect on cerebel-

lar phenotypes through regulation of Atxn1 levels. For example,

reducing Msk1 or Nlk rescues cerebellar phenotypes, and phar-

macological inhibition of PAKs decreases cerebellar Atxn1 levels

in SCA1 mice (Ju et al, 2013; Park et al, 2013; Bondar et al,

2018). Investigating the therapeutic potential of Rsk3, which regu-

lates Atxn1 in the brainstem, revealed expanded benefits of

inhibiting Rsk3 in vivo. Knockdown of Drosophila homolog of

RSK3 in flies reduces ATXN1(82Q) protein levels concomitant

with phenotypic rescue of eye degeneration. In mice heterozygous

for either Rsk3 or Msk1, we see predominant reduction of Atxn1

(WT and mutant) and behavioral rescue in the region where they

dominantly regulate Atxn1 levels. Atxn1154Q/2Q; Rsk3+/� mice

show preferential reduction of toxic Atxn1 in the brainstem and

rescue of breathing difficulties and reactive microgliosis in the

hypoglossal nucleus with minor improvements of motor dysfunc-

tion. This rescue of brainstem deficits is closely related to local

Rsk3 expression, as Rsk3 is expressed in the breathing center

nuclei and hypoglossal nucleus. We note that the rescue of brain-

stem deficits is partial, probably, in part due to the severity of

the mutation (154 CAG repeats, with the largest in humans being

82), and in part because other mechanisms beyond S776 might

contribute to toxicity. In contrast, Atxn1154Q/2Q; Msk1+/� mice

show more pronounced rescue of cerebellar molecular layer

thickness and motor dysfunction. Merging the effects of the two

kinases, the mice heterozygous for both kinases show rescue of

deficits in both affected brain regions demonstrating expanded

therapeutic potential.

Ultimately, our data demonstrate that the mechanisms regulat-

ing levels of a toxic protein in a neurodegenerative disorder can

be region-specific, and therefore in part, contribute to selective

vulnerability. These concepts may be applicable to other neurode-

generative disorders. Namely, selective vulnerability could be

driven in part by the differential regulation of toxic protein levels

across brain regions. If this is the case, we may need to target

multiple selective regulators to achieve full rescue of degeneration

and disease symptoms.

Figure 8. Summary diagram for the differential expression of RSK3 and
MSK1 in the SCA1-affected brain regions.

RSK3 is predominantly expressed in the brainstem where it increases ATXN1
levels and leads to brainstem deficits such as breathing difficulties, premature
death, neuronal loss and microgliosis in the hypoglossal nucleus. In contrast,
MSK1 predominantly regulates ATXN1 in the cerebellum, resulting in
cerebellar motor incoordination and Purkinje cell degeneration.
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Materials and Methods

Forward genetic screen

We used the reporter Daoy cell line harboring the same transgene

described in Park et al (2013) (a bicistronic transgene encoding

polyQ-expanded ATXN1 fused to RFP followed by an independently

translated YFP), but lacking a puromycin resistance gene. The cells

were cultured in DMEM with 10% FBS and 1× Pen/Strep. The

reporter cells were transduced in 150-mm dishes with retroviruses

containing shRNAs against 858 genes involved in ubiquitin signal-

ing (Rousseaux et al, 2018b) at an MOI of 0.3 to ensure a single

copy integration and give 1,000× representation of each shRNA in

the pool. Twenty-four hours after transduction, the transduced cells

were subject to puromycin selection (1 lg/ml) for 3 days, and then

cultured for 6 more days. On the following day, the cells were sorted

on a Sony SH800 sorter using a 100-lm sorting chip. The live single

cells with the 5% highest or 5% lowest RFP/YFP ratio were

collected to obtain 100× representation of shRNAs, spun down at

4,000 g for 10 min at 4°C, and frozen until library preparation. All

of these above steps were biologically quadruplicated. For preparing

library, genomic DNA (gDNA) was extracted from the sorted cells

using the Blood and Tissue DNeasy Blood and Tissue Kit (QIAGEN,

69506). Virally integrated shRNAs were amplified from gDNA using

Q5 Hot Start High-Fidelity 2× Master Mix (NEB, M0494L) supple-

mented with 2% DMSO and 1 mM MgCl2, with the FORamp and

REVamp primer (Table EV4). The 360 bp amplicon was purified via

Pippin Prep (Sage Science) and further processed to create next-

generation sequencing libraries using the Nextera XT DNA Library

Prep kit (Illumina). After sequencing the libraries on a HiSeq 2500

(Illumina), FastQC (https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/) was used to check for sequencing quality. Reads

with low sequencing quality were trimmed using an in-house

Python script. A stripped Smith-Waterman alignment algorithm

(Zhao et al, 2013) was used to identify candidate reads containing

unique shRNA identification sequences. Principal component analy-

sis was used to detect outliers in the samples. Read counts for each

shRNA were computed using an in-house C program (Dataset EV1)

and then normalized by the trimmed mean of M-values normaliza-

tion method of edgeR (Robinson & Oshlack, 2010) (Dataset EV2).

To identify shRNAs enriched or depleted relative to bulk samples,

we applied a generalized linear model with negative binomial link

function to test for statistical significance (McCarthy et al, 2012)

(Dataset EV2). Batch effects were adjusted by adding a batch vari-

able in the regression model. After applying the linear model to each

shRNA, we defined the five statistics for every gene: Pavg (geometric

mean of P-values of shRNAs which target the gene), log2FCavg (aver-

age of log of fold-changes of the shRNAs), representation ratio (av-

erage number of shRNAs represented in bulk samples divided by

the number of shRNAs represented in library), hit ratio (the number

of shRNAs whose P values are less than 0.05 divided by average

number of shRNAs represented in bulk samples), and conflict (the

number of shRNAs whose sign of log2FC opposite to log2FCavg). We

initially defined sets of top enriched and depleted hits based on Pavg
cutoff of 0.05. To reduce false positive, we performed additional fil-

tering using the following criteria: (i) genes with a representation

ratio greater than or equal to 0.6, (ii) genes whose conflict statistics

were zero, and (iii) genes whose log2FCavg were higher than 2, and

(iv) genes with a hit ratio of enriched shRNAs higher than 0.25.

After these filtering, we identified 39 genes as suppressors and 13

genes as enhancers in our screen.

Culturing human neurons

SCA1 patient-derived iPSCs were induced into Neural Progenitor

Cells (NPCs) as described in Rousseaux et al (2018a) NPCs were

maintained and plated in Neural Proliferation Medium [NPM,

DMEM/F12:Neurobasal (1:1) supplemented with 0.5× B27, 0.5× N2,

2 mM Glutamax, 20 ng/ml FGF2, and 20 ng/ml EGF]. Two million

NPCs were seeded in Cultrex-coated T75 flask with Neural Induction

Medium [NIM, DMEM/F12:Neurobasal (1:1) supplemented with 1×

B27, 1× N2, and 2 mM Glutamax] supplemented with 20 ng/ml

FGF2. Three days later, the cells were incubated in NIM without

FGF2 for 4 more days and differentiated in Neural Differentiation

Medium (NDM, Neurobasal with 1× B27, 2 mM Glutamax, 20 ng/ml

BDNF, 10 ng/ml GDNF, 10 ng/ml NT-3, 100 µM db-cAMP, and

200 µM ascorbic acid) for 14 days, with full exchange of the media

every 2 days. A flask of differentiated neurons was passaged with

trypsin into two Cultrex-coated 24-well plates. Three days later, the

neurons were treated with BI-D1870 (Selleckchem, S2843) and/or

SB-747651A (Tocris, #4630) in fresh media and incubated for

3 days, and lysed for Western blot analysis.

Immunostaining of human neurons

Twenty thousand NPCs were seeded in each well of Cultrex-coated

Millicell EZ Slide 8-well glass (EMD Millipore, PEZGS0816). The

NPCs were differentiated into neurons for 3 weeks as described

above. Neurons were fixed with 4% PFA at RT for 10 min and

permeabilized with 0.3% PBST at RT for 15 min. Cells were then

blocked with 2% NGS in 0.3% PBST for 1 h and incubated with

chicken anti-MAP2 (Abcam, ab5392, 1:1,000), mouse anti-VGLUT1

(Sigma Aldrich, AMAB91041, 1:200), or rabbit anti-GABA antibody

(Sigma Aldrich, A2052, 1:200) in blocking solution at RT for 2 h.

After incubating with secondary antibodies conjugated with fluo-

rophore (Invitrogen, A-21449, A-21424, A-11008, 1:500) in block-

ing solution at RT for 1 h, cells were counterstained with DAPI

for 5 min. Cells were mounted on a slide glass and observed

under a Nikon Eclipse Ti2-E confocal microscopy equipped with

DS-Ri2 camera.

Culturing mouse cerebellar granule neurons

Ten to twenty cerebella of wild-type P4–P7 pups were dissected and

incubated at 37°C for 10 min in DMEM supplemented with 1× Pen/

Strep and 0.025% trypsin. Cells were dissociated by syringing five

times with 10-ml syringe fitted with 22G1/2 needle and DNAseI was

added to the 250 µg/ml of final concentration, followed by another

incubation at 37°C for 10 min. The media of dissociated cells were

serially changed into HBSS with high BSA (0.8% BSA, 0.6%

glucose), HBSS with low BSA (0.2% BSA, 0.6% glucose), and finally

CGN medium [Neurobasal medium supplemented with B27,

Insulin/transferring/selenite (1×), Sodium pyruvate (1×), 0.45%

glucose, 2 mM glutamine, Linoleic acid/albumin (1×), 16 lg/ml of

N-acetyl-cysteine, Non-essential amino acids (1×), Pen/Strep (1×),

25 mM KCl] by spinning down cells at 270 g for 10 min in RT,
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aspirating old media and resuspending them in new media. Three

million cells in CGN medium were seeded in each Poly-L-lysine-

coated 12 well plates. Viruses were transduced 4 h after seeding,

and a half volume of media was changed to fresh media every other

day for 11 days.

Lentivirus production and infection

HEK293T cells were transfected with lentiviral plasmids (W118-1

and pLX304 for overexpression, and pGIPZ and pZIP UltramiR for

shRNA expression) and helper plasmids (pMD2.G and psPAX2)

using TransIT�-293 transfection reagent (Mirus Bio LLC). Next day,

transfection media was changed to fresh growth media [DMEM,

10% FBS and 1× Antibiotic-Antimycotic (AA)] and cells were

further incubated for 2 more days. The media was collected and fil-

tered by 0.45-lm polyethersulfone filter, and viruses were concen-

trated by Lenti-X concentrator (Takara Bio Inc.) following the

manufacturer’s protocol. For transducing cells, the concentrated

virus was simply added into media with an MOI of 5–10 for overex-

pression, and 10–40 for knockdown. After transduction, Daoy cells

and CGNs were incubated for 72 h and 11 days, respectively.

Drosophila methods

The UAS-ATXN1(82Q) lines were previously described (Fernandez-

Funez et al, 2000). Human ZBTB7A and ZBTB7B cDNA were cloned

into pUAST-attb, and transgenic flies were generated by injecting

plasmids into embryos harboring the VK37 attP docking site and

PhiC31 integrase. The nervous system driver line, nrv2-GAL4, the

eye driver line, GMR-GAL4, the inducible shRNA line, 51694 target-

ing CG17596 (also known as S6kII, Drosophila homolog of RSK3),

and the UAS-CG17596 overexpression line, 8714, were obtained

from the Bloomington Drosophila Stock Center (BDSC). The indu-

cible shRNA line, 101451, targeting CG17596 was obtained from the

Vienna Drosophila Stock Center. For the Drosophila motor perfor-

mance assay, we used an automated data acquisition system as

previously described (Rousseaux et al, 2018b). Vials were tapped at

7-s intervals, and video files were recorded for the duration of the

experiment. Files were processed using a custom software that

calculates the average speed of the animals in each vial. Ten virgin

females were used per replicate and at least four replicates per geno-

type were tested. Animals were crossed and raised at the tempera-

tures indicated in the eye image panels, and were transferred daily

into new vials containing fresh media. The external eyes were

imaged using scanning electron microscopy as previously described

(Fernandez-Funez et al, 2000). For statistical analysis, we performed

linear mixed-effect model ANOVA across the indicated genotypes

using four replicates per genotype.

RNA-seq

All of the experiments were biologically triplicated. Daoy cells were

transduced with lentivirus with an MOI of 15 and incubated for 72 h.

Total RNA was extracted from the cells using AurumTM Total RNA

Fatty and Fibrous Tissue kit (Bio-Rad), and 2 lg of total RNA was

used to prepare sequencing libraries by using NEBNext� UltraTM RNA

Library Prep Kit for Illumina� (NEB), following the manufacturer’s

protocol. The produced libraries were sequenced by Illumina HiSeq

4000 (Illumina) and more than 35 million pairs of 150 bp pair-end

reads were generated per sample. These raw reads were first

groomed by trimming adapter sequences with Cutadap (Martin,

2011). Trimmed reads were then aligned to the Mus musculus

genome (GRCh38, GENCODE, version24) using TopHat v2.0.9 (Kim

et al, 2013) with default parameters (-r 200 –p 8). The mappability

for all six samples was average at 71%. To convert the aligned

sequence reads into expression levels for differential gene analysis,

we employed the free Python program HTSeq (Anders et al, 2015).

The htseq-count function of HTSeq allowed us to accumulate the

number of aligned reads that fall under the exons of the gene (union

of all the exons of the gene). Read counts obtained were analogous

to the expression level of the gene. Using the obtained read counts,

differential gene analysis was carried out using the DESeq2 package

in the R environment. DESeq2 included functions that allowed us to

normalize the read counts of multiple samples across different exper-

imental groups by using the negative binomial distribution and a

shrinkage estimator for the distribution’s variance (Love et al, 2014).

Specifically, each gene was tested to check whether its expression

level in the cells overexpressing wild-type ZBTB7B was different

from that of the cells overexpressing ZF mutant ZBTB7B (control).

The statistical significance of the observed changes was reported by

the false discovery rate (FDR), which are the P-values adjusted for

multiple testing with the Benjamini-Hochberg procedure. A gene was

identified as significantly changed if it changed by at least two-fold

and fell under the FDR of 1%. To find potential ZBTB7B targets

which regulate ATXN1 directly, we applied additional criteria: (i)

genes whose base mean was higher than 1,000, (ii) genes encoding

proteins localized in nucleus, and (iii) genes encoding proteins

which have protein modifying activity. After these filters, we identi-

fied two genes including RPS6KA2. The correlation heatmap of

samples in Fig EV2A showed the pair-wise Pearson’s correlation

coefficient of samples computed on the regularized log-transformed

expression from DESeq2. It was plotted using the pheatmap function

(https://cran.r-project.org/package=pheatmap) in R environment.

Expression data for RPS6KA2 (RSK3) and RPS6KA5 (MSK1) in the

human brainstem Raph�e nuclei and cerebellum from GSE68559

(Webb et al, 2015) were downloaded from Gen Expression Omnibus

(GEO). The Fragments Per Kilobase of transcript per Million mapped

reads (FPKM) values of each transcript were first converted to Tran-

scripts per Million mapped reads (TPM). TPM values of multiple

transcripts of the same gene were summed up to compute the final

expression for each gene used in the following analysis.

To quantify the expression levels of Rps6ka2 (Rsk3) and Rps6ka5

(Msk1) in the mouse brainstem and cerebellum, the raw reads from

four samples of each brain region were aligned to the mouse refer-

ence genome mm10 using STAR 2.5.3a (Dobin et al, 2013). Whole-

genome FASTA sequence and annotations of respective mm10

genome build were downloaded from the UCSC genome browser

portal. Sample-wise alignments were saved as coordinate sorted

binary format (BAM) files. Expression levels of Rps6ka2 and

Rps6ka5 were quantified as TPM using TPMCalculator (Vera

Alvarez et al, 2019).

Protein extraction and Western blot

To prepare mouse brain tissue lysates, 1 and 0.6 ml of cold lysis

buffer (0.5% Triton X-100, 50 mM Tris–HCl [pH 7.4], 150 mM NaCl)
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were added for a half of cerebellum and half of brainstem, respec-

tively. The tissue was homogenized by syringing using an 1-ml

syringe first fitted with a 22G needle, and then with a 27G needle.

Proteins from fly heads were extracted by immersing 25–30 fly heads

in 100 ll of the lysis buffer and grinding the heads with pellet pestle.

To extract proteins from the cells cultured in a plate, culturing media

was aspirated, and the lysis buffer was added onto cells. The cells

were then scraped, and the lysate was transferred into a new tube.

These lysates were incubated for 10 min on ice and spun down at

the maximum speed at 4°C for 15 min. After transferring the super-

natant into a new test tube, loading samples were made by mixing

the same amount of protein from each lysate with lysis buffer and

NuPAGETM LDS Sample Buffer. The mixture was incubated at 95°C

for 10 min and cooled down at RT. To prepare human brain tissue

lysates, 20 ll of cold urea lysis buffer (8 M urea, 1% IGEPAL CA-

630, 20 mM DTT) was added per mg tissue. The tissue was homoge-

nized by syringing with 22G and 27G needles and was further lysed

using a sonicator (Branson Sonifier 450, Branson) with output 2,

duty cycle 30%, seven pulses at RT, twice with a 10-min interval.

After adding sample buffer and boiling for 10 min, the mixture was

cooled down at RT and sonicated again. These protein samples were

loaded onto NuPAGE 4–12% Bis-Tris protein gel (Invitrogen), trans-

ferred to a nitrocellulose membrane (0.2 µm) with 1× Tris-Glycine

transfer buffer with 20% methanol. Total protein was stained for the

Western blot of human brain tissue lysates using the RevertTM 700

total protein stain kits (LI-COR, P/N 926), following the manufac-

turer’s protocol. The membrane was blocked with 5% skim milk in

TBST and incubated with primary antibody in 3% BSA in TBST for

overnight at 4°C. Primary antibodies used in this study are as

follows: endogenous RSK3 (Abcam, ab32563), overexpressed RSK3

(Bethyl Laboratories, A304-244A), pRSK3 (Cell Signaling Technol-

ogy, #9348), MSK1 (R&D Systems, AF2518), pMSK1 (Cell Signaling

Technology, #9591), pGSK3a/b (Cell Signaling Technology,

#9331S), ZBTB7A (Bethyl Laboratories, A300-548A), ZBTB7B (Cell

Signaling Technology, #13205S), GAPDH (Advanced ImmunoChemi-

cal Inc, MAb 6C5), GFP (GeneTex, GTX26556), ATXN1 (in house,

11750 and 534), pS776 ATXN1 (in house, PN1248), tGFP (OriGene,

TA150041), fly Actin (Thermo Scientific, ICN691001), and b3-TUB
(Sigma Aldrich, T8578). After washing the membrane with TBST,

secondary antibodies conjugated with either HRP or fluorophore

were applied for 1 h at RT in 5% skim milk in TBST for chemilumi-

nescence, and 3% BSA in TBST for fluorescence. After washing the

membrane again with TBST, the blot for chemiluminescence was

applied with ECL (GE Healthcare, RPN2236) and imaged by Image-

Quant LAS 4000 imager (GE Healthcare). The blot for fluorescence

was scanned by Odyssey� CLx imager (LI-COR).

Reverse transcription and qRT–PCR

RNA from tissue and cells was extracted by TRIzol� reagent (Invit-

rogen) and RNeasy Kit (Qiagen), respectively, and 150–3,000 ng of

total RNA was reverse-transcribed by SuperScript� III First-strand

Synthesis kit (Invitrogen), following the manufacturer’s protocol.

For qPCR, 10–20 ng of cDNA was mixed with SYBR reagent, exon

spanning primers, and water in a total volume of 20 ll, and the

samples were run in C1000TM Thermal Cycler (Bio-Rad). Relative

gene expression was calculated by regular DDCt method, where

GAPDH and/or ACTB were used as reference genes.

siRNA transfection into Daoy cells

Daoy cells were plated in 12-well plates [(20K cells in 1 ml of

growth media (DMEM, 10% FBS)/well] and incubated for 20 h.

Each siRNA was transfected to a final concentration of 20 nM using

Dharmafect reagent (Horizon Discovery), following the manufac-

turer’s protocol. Briefly, 0.8 ll of Dharmafect was added to 50 ll of
DMEM and incubated for 5 min. The solution was mixed with 50 ll
of DMEM with 440 nM siRNA, and incubated for 20 min. The

100 ll of transfection mixture was added to each well, and the

transfected cells were incubated for 72 h.

Generating knockout cells using CRISPR

Single guide RNAs targeting upstream and downstream of exon3 of

RPS6KA2 were designed using the http://crispr.mit.edu/ website,

and negative control gRNA was obtained from the Human Brunello

CRISPR knockout pooled library (Doench et al, 2016). These sgRNAs

were cloned into pLentiCRISPR V2 vector (addgene, 52961) and

transfected into Daoy cells by using Lipofectamine LTX with a modi-

fied protocol. Briefly, Daoy cells were seeded in 6-well plates with

low serum media (DMEM, 5% FBS, 1× AA), and next day, the cells

were washed with PBS. After the PBS was aspirated, transfection

mixture (200 ll) was added dropwise directly on top of the cells and

incubated for 5 min at RT, followed by adding 1 ml of low serum

media. After 4 h, the media was changed to growth media (DMEM,

10% FBS, 1× AA), and cells were further incubated for 24 h and

then selected with puromycin (1 lg/ml) for 3 days. The survived

cells were expanded and sorted into single cells in 96-well plates

using BD FACSAria II (BD Biosciences). After allowing each cell to

expand to an individual colony, each colony was split into two 96-

well plates, with one plate being used for genotyping. Genomic DNA

was extracted by treating cells with 50 mM NaOH at 95°C for

10 min, and neutralized with 1 M Tris (pH 7.5). RSK3up_F and

RSK3down_R primers were used for genotyping PCR (Table EV4).

Luciferase assay

The sequence 70 base pairs upstream of RSK3 TSS was cloned into

pGL4.10 luciferase reporter vector (Promega), and point mutations

were generated on the tentative ZBTB7B binding sites. Wild-type

and ZF mutant ZBTB7B were cloned into pcDNA3.1+/N-DYK vector.

HeLa (100K cells/well) and HEK293T (150K cells/well) cells were

seeded in 24-well plates, and next day, 200 ng of pcDNA vector and

100 ng of the luciferase reporter vector were co-transfected into the

cells using LipofectamineTM 2000 (Invitrogen) according to the

manufacturer’s protocol. Transfected cells were incubated for 24 h,

and luciferase assay was performed by using Dual-Luciferase�

Reporter Assay System (Promega) following the manufacturer’s

protocol except that the luciferase activity was normalized by total

amount of protein measured by BCA assay instead of the second

luciferase activity. The luciferase activity was measured with TD-

20/20 Luminometer (Turner Design).

Producing ATXN1(30Q) and fragmented ATXN1 in Escherichia coli

Human wild-type ATXN1(30Q) or fragmented ATXN1 (F1: 1-336,

F2: 337-562, F3: 563–815 amino acids of ATXN1) was cloned into
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pET-28a(+)-TEV vector. The vector was transformed into One ShotTM

BL21(DE3) Chemically Competent E. coli (Invitrogen) and grew in

1 l of LB medium supplemented with Kanamycin (50 µg/ml) until

the OD600 value reached 0.5. The cells were induced with 0.2% L-

arabinose and 0.5 mM IPTG for 4 h at 37°C while shaking and spun

down. The cells were resuspended in 15 ml of bacterial lysis buffer

(6 M urea, 20 mM 2-mercaptoethanol, 0.5 M NaCl, 30 mM Imida-

zole and 50 mM NaPO4, [pH 7.4]) and lysed using a sonicator

(Branson Sonifier 450, Branson) with output 3, duty cycle 30%, 15

pulses on ice, five times with 4-min interval, followed by syringing

five times for shearing DNAs. After adding Triton X-100 to a final

concentration of 1%, the lysates were incubated for 1 h at 4°C while

rotating and spun down for 1 h at 6,000 g in 4°C. The supernatant

was loaded onto Ni Sepharose High Performance beads (GE Health-

care, 17-5268-02) and passed through the column with gravity flow,

a process which was performed three times. The beads were washed

with bacterial lysis buffer for five times and eluted with the lysis

buffer supplemented with 300 mM imidazole.

In vitro kinase assay

In a test tube, 150 ng of RSK3 (Signalchem, R16-10G) or MSK1 (Sig-

nalchem, R19-10G) was mixed with 1 lg of whole or fragmented

ATXN1 in a kinase reaction buffer (25 mM MOPS [pH 7.2], 25 mM

MgCl2, 5 mM EGTA, 2 mM EDTA, 0.1 mg/ml BSA). Cold and hot

(c-32P) ATP were added to a final concentration of 1 lM and

0.13 lM (12 lCi), respectively, and the reaction mixture was incu-

bated at 30°C for 1 h. The reaction was stopped by adding NuPAGE

LDS sample buffer and reducing agent and boiled for 15 min. The

samples were loaded and run on a NuPAGE 4–12% Bis-Tris Gel,

and exposed to an X-ray film for 1 h. For the samples used in mass

spectrometry, only cold ATP was used.

LC-MS/MS analysis

The target band from SDS–PAGE gel was excised and processed for

in-gel digestion using trypsin (GenDepot, T9600) and chymotrypsin

(Promega, V1061) separately. The peptides were resuspended in

10 ll of loading solution (5% methanol containing 0.1% formic

acid) and subjected to nanoflow LC-MS/MS analysis using a nano-

LC 1200 system (Thermo Scientific) coupled to Orbitrap FusionTM

Lumos (Thermo Scientific) mass spectrometer. The peptides were

loaded onto a Reprosil-Pur Basic C18 (1.9 µm, Dr. Maisch GmbH,

Germany) precolumn of 2 cm × 100 µm size. The precolumn was

switched in-line with an in-housed 5 cm × 150 µm analytical

column packed with Reprosil-Pur Basic C18 equilibrated in 0.1%

formic acid/water. The peptides were eluted using a 45-min discon-

tinuous gradient of 5–28% acetonitrile/0.1% formic acid at a flow

rate of 750 nl/min. The eluted peptides were directly electro-sprayed

into the mass spectrometer. The instrument was operated in the

data-dependent mode acquiring fragmentation under direct control

of Xcalibur software (Thermo Scientific). Precursor MS spectrum

was scanned at 300–1,400 m/z with 120,000 resolution by Orbitrap

followed by collision-induced dissociation (CID) fragmentation in

the ion trap with 20 s of dynamic exclusion time. The raw file from

MS was searched via Mascot 2.4 (Matrix Science) in Proteome

Discoverer 1.4 interface (Thermo Scientific). Variable modification

of oxidation on methionine, phosphorylation on serine, threonine,

and tyrosine, and acetylation on protein N-terminal were allowed.

The precursor mass tolerance was confined within 20 ppm with a

fragment mass tolerance of 0.5 Da and a maximum of two missed

cleavages was allowed. The peptides identified from the mascot

result file were validated with 5% FDR. The total MS1 area intensity

for quantification was calculated using Skyline software (MacCoss

lab, Univ. of Washington) as described previously (Dharmat et al,

2018). The phosphorylated sites and the degree of phosphorylation

of ATXN1 protein were manually validated and quantified.

Postmortem human brain tissues

All experiments using postmortem human tissues were performed

following the protocol (H-1020) approved by Institutional Review

Board (IRB) at Baylor College of Medicine (BCM). Frozen cerebella,

pons, and medulla oblongata from three control subjects and three

SCA1 patients were obtained from the Michigan Brain Bank and

University of Florida (UF), respectively, following protocols of each

institution approved by respective research ethics board. The autho-

rization of retention for SCA1 brain tissues and protection of donor-

subjects anonymity was approved and assured by the IRB at Univer-

sity of Michigan (UM) and UF.

Mouse work

All experiments performed with mice followed the animal protocol

approved by the IACUC at Baylor College of Medicine. All mice were

housed with 12 h light and 12 h dark cycle at RT, and were

provided with water and standard rodent diet ad libitum.

Atxn1154Q/2Q, Rsk3+/�, Msk1+/�, Zbtb7a+/�, Zbtb7b+/�, Zbtb7bflox/flox,
and En1Cre mice were previously described (Watase et al, 2002;

Maeda et al, 2007; Wang et al, 2008a; Li et al, 2013; Park et al,

2013; Rousseaux et al, 2018a). All these mice were maintained on a

C57BL/6 background and genotyped by standardized procedures

using the primers listed in Table EV4.

Measuring mouse motor performance, breathing phenotype, and
life span

Rotarod assay and plethysmography were performed as previously

described (Watase et al, 2002; Orengo et al, 2018; van der Heijden &

Zoghbi, 2018). For rotarod assay, 11- to 12-week-old mice were put

on a rod which accelerates from 4 to 40 rpm in rotating speed

during the first 5 min, and stays at 40 rpm for the next 5 min. The

amount of time it takes for each mouse to fall from the rod was

measured. Four trials were performed per day for 4 days. For

plethysmography, 34-week-old mice were housed in a chamber for

90 min and the breathing record for the last 30 min was used for

analyzing the tidal volume, breathing rate, and minute gas

exchange, using a custom MATLAB software (van der Heijden &

Zoghbi, 2018). For measuring life span, mice were housed until they

met the endpoint (inability to move) in animal protocol.

Immunostaining of Msk1 and measuring cerebellar molecular
layer thickness

Deeply anesthetized mice were perfused with PBS followed by 4%

PFA in PBS. Isolated brain tissues were post-fixed with 4% PFA in
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PBS for 48 h at 4°C, followed by 15% and then 30% sucrose in PBS

for cryoprotection. The brain tissues were then embedded in Tissue-

tek OCT compounds (Sakura, #4583) and sagittally sectioned with

30 lm thickness around the midline of the brain and freely floated

in PBS for staining. The floating cryosections were blocked with 5%

NDS for staining Msk1 and 10% NGS for staining Calbindin in 0.2%

Triton X-100 for an hour at RT. Goat anti-Msk1 (R&D Systems,

AF2518, 1:200) and mouse anti-Calbindin antibody (Swant,

McAB300, 1:600) were added into the blocking buffer and incubated

for 24 h at 4°C with gentle shaking. After three times of wash with

PBS, the sections were then incubated with anti-mouse secondary

antibody conjugated with Alexa Fluor 488 (Invitrogen, A11055 and

A11029, 1:500) for 24 h at 4°C with gentle shaking. The stained

sections were washed with PBS, counterstained with Hoechst for

5 min, and mounted on a slide with Vectashield antifading mount-

ing media (Vector Laboratories, H-1000). Fluorescence imaging of

the tissues was performed on a Nikon Eclipse Ti2-E confocal micro-

scopy. The whole brain or cerebellum image of each stained section

was obtained using a tile-scanning function, and the thickness of

the two molecular layers between the lobule V and VI were

measured using an ImageJ software (Fiji, version 2.0.0-rc-69/1.52p).

BaseScope assay of Rsk3

BaseScope assay was performed using BaseScopeTM Detection

Reagent Kit v2 (Advanced Cell Diagnostics, #323900), following

manufacturer’s protocol with some modifications. Brain tissues

were quickly isolated from wild-type (5–6 weeks old), Rsk3�/� (5–

6 weeks old), and Atoh1Cre/+; Rosalsl-tdTomato mice (8 weeks old).

These tissues were embedded into OCT compounds, sectioned with

20 lm thickness, and placed onto slides. For Atoh1Cre/+; Rosalsl-tdTo-

mato mouse brain sections, fluorescence images were taken by using

a Nikon Eclipse Ti2-E confocal microscopy equipped with DS-Ri2

camera before proceeding with the assay. The sections are fixed

with 4% PFA in 1× PBS for 30 min at RT, dehydrated, dried at RT,

and treated with protease III (included in the kits) at 37°C for 1 h.

Rsk3 BaseScope probe [1ZZ, targeting 322–366 of Rps6ka2 mRNA

(NCBI accession: NM_011299.4)] and control probes [1ZZ Ppib

and 1ZZ DapB probes in Control Probe Pack (Advanced Cell Diag-

nostics, #322976)] were then hybridized for 3 h, and signal were

amplified from step 1 to 8, with step 1, 6, 7, and 8 being prolonged

into twice of the time in the protocol. After signal development,

counterstain was done with 20% Hematoxylin + solution (Fisher

Scientific, 220-100) for 7 sec, and the samples were dried and

mounted using VectaMount� Mounting Medium (Vector Laborato-

ries, H-5000). Brightfield images were taken using a Nikon Eclipse

Ti2-E microscopy.

H&E Stain and immunohistochemistry

Perfused mouse brain tissues were post-fixed with 4% PFA in PBS

for 48 h at 4°C, dehydrated, and embedded in paraffin wax. Embed-

ded tissue block was coronally sectioned with 6 lm thickness and

mounted onto slides. For H&E stain, the sections were rehydrated

and immersed in Hematoxylin + and Eosin Y solution (Fisher

Scientific, 314–631), followed by dehydration. IHC of Iba1 was

performed using the Vectastain� Elite ABC-HRP Kit (Vector Labora-

tories, PK-6101) following the manufacturer’s protocol with minor

modifications. After deparaffinization and rehydration, citrate-based

solution (10 mM Na3C6H5O7�2H2O, 0.05% Tween-20, pH 6.0) was

used for unmasking antigen at 95°C for 9 min, and endogenous

peroxidase activity was quenched with 3% H2O2 in water for 5 min

at RT. Rabbit anti-Iba1 antibody (Wako Chemicals, 019-19741, 1:200)

were added into the blocking buffer and incubated for overnight at

4°C. The slides were developed using Vector� DAB substrate (Vector

Laboratories, SK-4100) for 4 min and dehydrated. These dehydrated

H&E and IHC sections were mounted using CytosealTM XYL mounting

media (Thermo Scientific), and brightfield images were taken using a

Nikon Eclipse Ti2-E microscopy. The number of motoneurons and

Iba1+ cells was counted using an ImageJ software.

AAV production

AAV9 virus was produced by transfecting 80 lg of pAAV-CBA-YFP-

miR-E, AAV9 packaging, and AAV helper plasmids into four conflu-

ent 15-cm plates of HEK293T cells using TransIT�-293 transfection

reagent. Next day, the transfection media was replaced with fresh

complete media (DMEM, 10% FBS, 1× AA), and cells were further

incubated for 48 h. Then, cells were scraped, transferred into 50 ml

tubes, and spun down for 15 min at 1,500 g. Virus in the media (su-

pernatant) was concentrated by adding PEG solution (40% PEG,

2.5 M NaCl) making a final concentration of 8%, and spinning

down at 3,700 g for 30 min at 4°C. The pellet was resuspended in

1 ml of PBS-MK buffer (1× PBS, 1 mM MgCl2, 2.5 mM KCl). Virus

on the pellet was collected by resuspending the pellet in 5 ml of

freezing buffer (0.15 M NaCl; 50 mM Tris, pH 8.0) and disrupting

the cells through two cycles of freezing and thawing. After second

thawing, 500 U of benzonase (Millipore, 70664) was added and the

cell lysate was incubated at 37°C for 30 min. Disrupted cell pellets

were spun down for 20 min at 3,700 g, and the supernatant was

merged with the virus derived from media and slowly loaded onto

iodixanol gradient (60, 40, 25, 15% gradient from the bottom) in an

OptiSeal polypropylene tube (Beckman Coulter, 361625). After

ultracentrifugation at 184,000 g for 3 h and 20 min, the tube was

punctured with 18 g needle and the 40% iodixanol layer was

collected. This liquid was mixed with 10 ml of PBS-MK buffer (1×

PBS, 1 mM MgCl2, 2.5 mM KCl), loaded on centrifugal filters with

100 kDa molecular weight cutoff (Millipore, UFC910024), and spun

down until the filtered-in volume was less than 200 µl. This step

was repeated one more time and virus titer was measured by regular

qPCR, with standard line generated from Ct values of serially diluted

pAAV-CBA-YFP-miR-E plasmids.

Stereotaxic injection of AAV into cerebellum

Twelve-week-old mice were anesthetized with isoflurane, and their

heads were fixed in stereotaxic frame. The skin of mice heads was

disinfected and incised to expose the skull. To target the entire cere-

bellum, four spots (left, right, middle anterior, and middle posterior)

above cerebellum were marked with a sterile pen and were drilled

with a microdrill. Six microliters of AAV (120 billion genome

copies) was loaded into 10-ll Hamilton syringe fitted with 32G

needle, and 1.5 ll of the virus was injected into each spot at a

0.15 ll/min flow rate. Three coordinates (x: ML, y: AP, z: DV) for

each spot were derived based on bregma (for x and y) and brain

surface (for z), and written in millimeter unit: left/right (�/+1.75,
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�6.2, �2.1), middle anterior (0, �6.2, �1.4), and middle posterior

(0, �6.8, �1.4). After injection, the needle was slowly withdrawn

0.2 mm upward and held for 5 min, allowing the virus to be distrib-

uted, and then completely removed from the brain. The incision

was sutured and the mouse was rehydrated and monitored until it

became ambulatory. The operated mice were dissected 4 weeks

after injection for experiments.

Statistical analysis

Two-tailed Student’s t-test and one-way or two-way ANOVA were

performed using GraphPad Prism 7 software. Post-hoc analysis was

performed either by Tukey’s tests (comparing every mean with

every other mean), or Dunnett’s tests (comparing every mean to a

control mean) unless otherwise specified. All center values and

error bars are mean and standard deviation (SD), respectively,

unless otherwise specified. Statistical significances were marked as

follows: *P < 0.05, **P < 0.01, ***P or †P < 0.001, ****P or
‡P < 0.0001.

Data availability

RNA-seq data: Gene Expression Omnibus GSE151276 (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151276).

Expanded View for this article is available online.
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